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ABSTRAKT

Teorie zamrzl¢ plasticity je punktuacionalistickou teorii adaptivni evoluce, podle které se v evoluci
pohlavnich druhti sttidaji dlouha obdobi staze, béhem kterych reaguji populace na selekéni tlaky pouze
elastickou zménou ve frekvenci jiz pritomnych alel, s kratkymi obdobimi plastické evoluce, béhem
kterych mize dochazet k fixaci a eliminaci alel piisobenim usmérnéného vybéru. Nepohlavni druhy by
si podle tohoto konceptu sice nemély dlouhodobé udrzovat tak vysoky geneticky polymorfismus, zase
by ale mély vykazovat potencial plasticky reagovat na selekéni tlaky v prubéhu celé své existence. Tento
rozdil mezi dynamikou evoluce pohlavnich a nepohlavnich kladii ma celou fadu ekologickych a
makroevoluénich implikaci. Co se ekologie tyce, mohli bychom oc¢ekavat odlisné environmentalni
preference pohlavnich a nepohlavnich druhti. V nasi prvni praci jsme v souladu s tim na zaklade¢
srovnavaci studie statisticky vyznamné podpofili hypotézu, Ze se (starobyle) nepohlavni skupiny
(eukaryot) vyskytuji pfednostné ve stabilnéjSich a homogennéjSich habitatech nez jejich pfibuzné
pohlavni kontroly. Zasadnim faktorem se pritom ukazalo vychazet ze skute¢né zazivané, tj. subjektivni,
heterogenity prostiedi. Z hlediska makroevoluénich implikaci teorie zamrzlé plasticity je zasadni
predpoklad, Ze se v prubehu existence evolucnich linii efektivné nevratn€ hromadi polymorfni alely a
dale neproménlivé prvky genotypovo-fenotypové mapy. Jak argumentujeme v na$i druhé, teoretické,
praci, toto ,,makroevoluéni zamrzani“ je dalezitym faktorem evoluce evolvability pohlavnich linii.
Vysledkem tohoto procesu je snadnéj$i adaptace, modularni organizace a robustnost organismui.
Zaroven se ale projevuje poklesem makroevolu¢niho potencialu, tj. pravdépodobnosti vzniku zdsadnich
evolu¢nich novinek. To ma za nasledek mj. snizovani proménlivosti evolu¢nich linii nebo jejich
mezidruhové a vnitrodruhové disparity. Makroevoluéni zamrzani je vysledkem tfidéni z hlediska
stability — univerzalniho procesu hromadéni prvki, které vykazuji mensi pravdépodobnost svého zaniku
nebo zmény v prvky jiné. Teoretické analyze tohoto fenoménu, jeho vztahu k pfirozenému vybéru a
(makro)evolucnich diisledkli jsme se vénovali v nasi tfeti praci. Plati pfitom, Ze v relativné malych
populacich eukaryotickych organismil patrné nedokdze makroevolu¢ni zamrzani zastavit ani druhovy
vybér na zakladé nejvyssiho zbyvajiciho makroevolu¢niho potenciadlu. V nasledujici Ctvrté, rovnéz
teoretické, praci argumentujeme, ze se v pozemské evoluci pfili§ neuplatituji alternativy zamrzajici
modularni genetické architektury a makroevolu¢nimu zamrzani nedokazi zcela zabranit ani obCasné
kombinace nékolika do velké miry zamrzlych znaki, vzacna ,,rozmrznuti* takovychto elementt télni
stavby ¢i fungovani, heterochronické zmény, nebo radikalni zjednoduSeni vyvoje. Jedinou efektivni
cestou, jak obnovit makroevolu¢ni potencidl, tak patrn€ zlstava postup na vyssi Groven hierarchické
organizace. K makroevolu¢nimu zamrzani vSak dochézi i na vyssi Grovni, pficemz jedinou cestou ze
»slepé ulicky* zlistava postup na jesté vyssi uroven hierarchické komplexity. Makroevoluéni zamrzani,
respektive tfidéni na zéklad¢ stability, proto nabizi ultimatni vysvétleni trendu zvySovani hierarchické
komplexity v prabéhu existence pozemského zivota i jeho doprovodnych fenoméni jako jsou modularni

organizace organismu, zvySovani riznorodosti mezi elementy na bezprostfedné niz§i urovni,
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zjednodusovani elementi na této Grovni a urovnich nizSich, postupné zrychlovani trendu se dvéma
velkymi skoky v neoproterozoiku a kambriu, jeho typicnost pro eukaryota a zejména jejich komplexni
zastupce, odliSnost pre-neoproterozoické (a hlavné prekambrické) evoluce od evoluce post-
neoproterozoické (a hlavné fanerozoické), nebo odlisny charakter evoluce prokaryot a eukaryot.
V samotném zavéru této prace davam do vzajemného kontextu ekologické a makroevoluéni implikace
teorie zamrzlé plasticity a ukazuji, Ze nejsou pouze koherentni, ale navic umoziuji nacrtnout rozvrh
udalosti, které mohly vést od biosféry sestavajici z relativné jednoduchych nepohlavnich
prokaryotickych organismll az k dne$ni biosféte charakteristické pfitomnosti komplexnich a stale se

komplikujicich eukaryotickych organismii s mnohotroviiovou genotypovo-fenotypovou mapou.
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ABSTRACT

The frozen plasticity theory is a punctuationalist theory of adaptive evolution. It states that long periods
of stasis, during which populations respond to selection pressures only by elastic change in the frequency
of already present alleles, alternate in the evolution of sexual species with short periods of plastic
evolution, during which alleles can get fixed or eliminated by directed selection. Asexual species are
not expected to maintain such high genetic polymorphism in the long term. They should, however, be
able to plastically respond to selection pressures throughout their whole existence. This difference
between the evolutionary dynamics of sexual and asexual clades has a number of ecological and
macroevolutionary implications. Concerning ecology, we could expect different environmental
preferences of sexual and asexual species. Accordingly, in our first work that was based on a
comparative study, we statistically significantly supported the hypothesis that (ancient) asexual groups
of (eukaryotes) inhabit more stable and homogeneous habitats than their related sexual controls.
Focusing on actually experienced, i.e. subjective, heterogeneity of the environment turned out to be the
crucial factor of this type of research. From the viewpoint of macroevolutionary implications of the
frozen plasticity theory, it is essential that irreversibly polymorphic alleles and further unchangeable
clements of the genotype-phenotype map accumulate effectively irreversibly in the course of the
existence of evolutionary lineages. As we argue in our second, theoretical, work, this
"macroevolutionary freezing" is an important factor in the evolution of evolvability of sexual lincages.
This process results in easier adaptation, modular organization and increased robustness of organisms.
At the same time, however, it manifests as the reduction of macroevolutionary potential, i.e. the
probability of producing major evolutionary innovations. This results, among other things, in decreasing
variability of evolutionary lineages or their interspecific and intraspecific disparity. Macroevolutionary
freezing is the result of stability-based sorting — a universal process of preferential accumulation of
elements that are less likely to disappear or change to other elements. Theoretical analysis of this
phenomenon, its relation to natural selection and macroevolutionary consequences was the topic of our
third work. It is shown that even species selection based on the highest remaining macroevolutionary
potential probably cannot stop macroevolutionary freezing in relatively small populations of eukaryotic
organisms. In the following fourth, also theoretical, work, we argue that alternatives to freezing modular
genetic architecture are not frequent in terrestrial evolution and that macroevolutionary freezing cannot
be entirely prevented even by occasional combinations of several considerably frozen traits, rare
“thawings” of such elements of body function and organization, heterochronic changes, or radical
simplifications of development. The only effective way to restore macroevolutionary potential thus
remains a transition to a higher level of hierarchical organization. However, macroevolutionary freezing
proceeds also at the higher level, whereas the only way from this “dead end” remains to be a transition
to an even higher level of hierarchical complexity. Macroevolutionary freezing, or stability-based

sorting, therefore propose the ultimate explanation for the trend of increasing hierarchical complexity



during the existence of life on Earth and its accompanying phenomena such as the modular organization
of organisms, increasing diversity between elements at an immediately lower level, simplification of
elements at this level and lower levels, gradual acceleration of the trend with two large boosts in the
Neoproterozoic and Cambrian, its typicality for eukaryotes and especially their complex representatives,
the difference of pre-Neoproterozoic (and especially Precambrian) evolution from post-Neoproterozoic
(and mainly Phanerozoic) evolution, or the different character of prokaryotic and eukaryotic evolution.
At the very end of this thesis I mutually contextualize ecological and macroevolutionary implications of
frozen plasticity theory and show that they are not only coherent but also allow us to outline a schedule
of events that could lead from a biosphere consisting of relatively simple asexual prokaryotic organisms
to the contemporary biosphere characterized by the presence of complex and increasingly complicated

eukaryotic organisms with a multi-level genotype-phenotype map.

Keywords: Frozen plasticity theory, frozen evolution theory, sexual reproduction, evolvability,

complexity, macroevolutionary potential
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1 Uvop

Explozivni rozvoj evolu¢ni biologie v poslednich desetiletich odsunul do pozadi fakt, Ze na celou fadu
dulezitych evoluénich otazek stale nezname spolehlivé odpovédi. Zdaleka se nejedna pouze o zahadu
pohlavniho rozmnozovani, bez kterého se prokaryotické organismy obejdou, ale které navzdory fadé
nevyhod dominuje mezi eukaryoty. Na mnoho problému jsme si zvykli seriozné viibec neptat. Uplatiuji
se v evoluci néjaké velké, smérované trendy? Proc se tak li$i dynamika prekambrické a fanerozoické
evoluce? Meéni se evolu¢ni proménlivost kladd béhem jejich existence? Z jakych pficin se v historii
pozemského zivota zvySovala komplexita organismii? A jak je mozné, Ze evoluce nezavisle na sob¢
nékolikrat dospéla k modularni stavbé organismt? V této praci se pokusim ukazat, ze tyto otazky
nemuzeme smést ze stolu jako triviality, nebo zavadéjici pozistatky mysleni 19. stoleti. Koherentné je
naopak muze zodpovédét teorie zamrzlé plasticity, respektive jeji makroevolucni rozsiteni v podobé
teorie zamrzlé evoluce.

V ramci svého doktorského studia jsem se vénoval ekologickym a makroevolu¢nim implikacim
teorie zamrzlé plasticity. Tento koncept, jehoZz zaklady si pfedstavime v nasledujici kapitole, na ptrelomu
tisicileti zavrs$il fadu punktuacionalistickych koncepti, podle kterych pohlavnost komplikuje adaptivni
evoluci svych nositeldl. Zaroven jim ale mize piinaset kratkodobé az stiednédobé vyhody plynouci
z dlouhodobého udrzovani vysokého genetického polymorfismu v populaci. Jednou z téchto
ekologickych vyhod by hypoteticky mohla byt vétsi evolu¢ni Zivotaschopnost v proménlivém a
heterogennim prostfedi. Tuto moznost jsem testoval uz ve své diplomové praci (Toman, 2013; viz také
navazujici monografie Toman, 2015), data jsme ale nové doplnili, vyhodnotili a vysledky publikovali
v ¢lanku ,,General environmental heterogeneity as the explanation of sexuality? Comparative study
shows that ancient asexual taxa are associated with both biotically and abiotically homogeneous
environments® (Toman & Flegr, 2017a, viz pfiloha 1), o kterém pojednam v kapitole 3.1.

Mozné makroevolu¢ni implikace teorie zamrzl¢ plasticity nastinil v né€kolika publikacich uz jeji
autor (Flegr, 2008, 2010, 2013, 2015). Centralni misto v téchto ivahach zastava myslenka, ze v prabéhu
evoluce miize dochazet k hromadéni dale nepromeénlivych gentl, jejich skupin, modulil a celych znak,
tj. ,,makroevoluénimu zamrzani“. Vysledny koncept, ktery zastfesuje i ptivodni teorii zamrzl¢ plasticity,
autor nazval teorii zamrzlé evoluce. V sérii teoretickych ¢lanki jsem tyto uvahy rozpracoval, prohloubil
a dal do souvislosti s daldimi makroevoluénimi fenomény a pozorovanymi patrnostmi. Clanek
~Macroevolutionary Freezing and the Janusian Nature of Evolvability: Is the Evolution (of Profound
Biological Novelty) Going to End?* (Toman & Flegr, 2018a, viz ptiloha 2), ke kterému se dostaneme
v kapitole 4.1, pojednava o evoluci evolvability a spojuje ji s makroevoluénim zamrzanim. Clanek
wotability-based sorting: The forgotten process behind (not only) biological evolution® (Toman & Flegr,
2017c, viz ptiloha 3), které¢ho se dotkneme v kapitole 4.2, analyzuje hlavni pfi¢inu makroevolu¢niho
zamrzani, fenomén tidéni z hlediska stability. Posledni publikace ,,4 Virtue Made of Necessity: Is the

Increasing Hierarchical Complexity of Sexual Clades an Inevitable Outcome of Their Declining
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(Macro)evolutionary Potential?* (Toman & Flegr, 2018b, viz ptiloha 4), ke které se dostaneme
v kapitole 4.3, potom dava makroevolu¢ni zamrzani do souvislosti s trendem zvySovani hierarchické
komplexity organismi v prib¢hu evoluce a zavrSuje makroevoluéni ¢ast doktorského projektu popisem
bezprecedentni fady dosud spolehlivé nevysvétlenych makroevoluénich fenoménti, pro které teorie
zamrzlé evoluce nabizi koherentni vysvétleni.

Tato prace nema za cil vyCerpavajici popis mého badani na poli teorii zamrzlé plasticity a
evoluce. Na dalSich tadcich se pokusim spiSe o predstaveni souvisejicich ¢lanki, jejichz jsem prvnim
autorem, a jejich zafazeni do kontextu — jak vzdjemného, tak kontextu moderniho evolucné-
biologického badani. Tyto clanky ¢tenaf nalezne v pfiloze na koci prace. Na nekterych mistech rozvedu
nase myslenky ve vétsi $ifi, neZ ndm dovolil omezeny rozsah odbornych ¢lankt, vétsSinou ale bude
nasledujici text predstavovat spiSe privodce po nasem teoretickém badani. V samotném zavéru potom
navrhnu dal§i moZnosti testovani naSich hypotéz. Jesté predtim se ale pokusim spojit ekologické a
makroevoluéni implikace teorie zamrzl¢é plasticity a nacrtnout velky, i kdyz samoziejmé zatim pouze
hypoteticky, rozvrh udalosti, které mohly vést ke vzniku komplexnich organismuti a pozemské biosféry

ve stavu, ktery zname dnes.



2 TEORIE ZAMRZLE PLASTICITY

Teorii zamrzlé plasticity formulovanou Jaroslavem Flegrem (1998, 2006, 2008, 2010, 2015) mizeme
zafadit mezi punktuacionalistické teorie adaptivni evoluce. Stejné jako fada dalSich konceptt, které
obsahle shrnul Flegr (2013, 2015, str. 278-286), totiz vychazi z ptfedpokladu, Ze se rychlost a charakter
adaptivni evoluce v prubéhu existence pravych, tj. pohlavnich, druhti vyrazné¢ méni.

Po vétSinu své existence zlstava pohlavni druh ve stavu evolu¢ni staze. Tlaku usmérnéné
selekce podléha jen omezené a po odeznéni selekéniho tlaku se jeho fenotyp vraci do piivodniho stavu.
Podle Flegra (1998, 2006, 2008, 2010, 2015) jde o disledek pohlavniho rozmnozovani, respektive faktu,
ze novi jedinci v kazdé generaci nevznikaji prostou replikaci jedinci starSich, ale kombinaci genetické
vybavy dvou rodic¢d. U prokaryot, nebo fady druhotné nepohlavnich eukaryotickych linii (Toman, 2015;
Toman & Flegr, 2017a), se genom piredava do dalSich generaci jako ucelena jednotka. Pokud vynechame
ruzné exotické jevy, jako napriklad horizontalni genovy transfer, nové vzniklé mutace se u nepohlavnich
organismi budou v kazdé generaci nachazet v kontextu stejnych alel, tj. na stejném genetickém pozadi.
Za kazdé situace tedy budou mit stejny vliv na biologickou zdatnost svych nositeld a nepohlavni druh
bude bez vyraznéjsich omezeni podléhat usmérnénému vybéru. Pohlavni proces oproti tomu zahrnuje
meidzu (tj. proces, pii kterém dochazi k segregaci chromozomti a intenzivni genetické rekombinaci mezi
dvéma kopiemi genetické informace pochazejicimi od obou rodi¢ti) a syngamii dvou pohlavnich bunék.
Potomstvo pohlavnich, tj. drtivé vétSiny eukaryotickych, organismti tudiz po genetické strance neni
kopii svych piedkd, ale do velké miry nahodnou kombinaci riznych alel pochazejicich od obou rodica.
Hypoteticka nove vznikla mutace se v disledku toho dostava v kazdé generaci na jiné genetické pozadi.
Vzhledem k tomu, ze rizné alely maji Casto odliSny vliv na fenotyp, mize tento jev piedstavovat
piekazku adaptivni evoluce.

Jak ilustroval Flegr (2005, str. 122-124), alela zvyraziiujici druhotny pohlavni znak, podle
kterého si samice vybiraji samce, se na prvni pohled jevi univerzaln€¢ vyhodna. Opravdovou selek¢ni
vyhodu vSak ptinasi pouze tém samctim, které z hlediska ostatnich zZivotnich funkci vyrazné neomezuje.
Pro drobného a slabého samce naopak mize byt alela zodpovédna naptiklad za mimotradny rozvoj parozi
vyloZené nevyhodnd. Stejné tak bylo naptiklad zdokumentovano, ze zeny ptibuzné po matei'ské linii
homosexudlnim muzim mivaji vétSi mnozstvi potomkt. Neékteré alely spoluzodpovédné za
homosexualitu u muzt tudiz pravdépodobné vyrazné zvysSuji plodnost zen (Camperio-Ciani et al., 2004,
2008; tyto studie vSak byly i kritizovany, viz napt. souhrn Baileyho et al. 2016). Také tyto alely tudiz
prinaseji vyhodu z hlediska (exkluzivni) biologické zdatnosti pouze v urcitém kontextu (ptitomnost
dvou chromozomt X) a naopak ji snizuji v kontextu jiném (pfitomnost chromozomu Y).
vyhodnost ¢i nevyhodnost ovliviiuje fada faktord. Dobfe ale ilustruji fakt, Ze u pohlavnich organismu
nemusi mit stejna alela v kazdé generaci stejny vliv na biologickou zdatnost. JeSté vétSi problém

predstavuje fakt, Ze jednotlivé alely neovliviiuji fenotyp a potazmo biologickou zdatnost svych nositelti
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separatn¢, ale naopak v siti slozitych interakci s alelami dalSich genti. U eukaryotickych organismt se
setkame jak s pleiotropii, tj. tim, ze jeden gen ovliviiuje ¢i spoluvytvari celou fadu znakd, tak s epistazi,
tj. tim, Ze je kazdy znak spoluvytvaren a ovliviiovan mnoha rtiznymi alelami (viz napf. Hansen, 2006).
U prokaryotickych organismii naopak cely genom vlastné piedstavuje jeden velky gen a podobné
problémy u nich za vétSiny situaci viibec nevyvstavaji. Fenotyp pohlavniho organismu tudiz vyplyva,
pokud nechame stranou vlivy prostiedi, ze slozité sit¢ interakci mezi alelami riznych gent. Pleiotropie
s epistazi tak dale zvysuji dimenzionalitu celého problému s ménicim se genetickym pozadim v pribéhu
generaci. Vlivy riiznych alel navic nejsou Cisté aditivni. V extrémnim piipadé mize dochazet az k tzv.
znaménkové epistazi, tj. jevu, kdy konkrétni alela na jednom genetickém pozadi méni fenotyp
organismu v opa¢ném smeéru nez v pritomnosti jinych genovych variant. Extrémni variantou téhoz jevu
je situace, kdy dveé samostatné vyrazné Skodlivé mutace zvysuji zdatnost svého nositele, pokud jsou
v genomu pfitomné obé&. Radu piikladt znaménkové epistaze shrnuli napiiklad Weinreich et al. (2005).

Vyse zminéné jevy a jejich problemati¢nost pro adaptivni evoluci pohlavnich organismi
reflektovali uz nékteti dfivéjsi autofi. Za zminku stoji naptiklad Ernst Mayr (1954, 1963), podle kterého
nedochazi v geograficky rozsitené geneticky polymorfni populaci k selekei alel zvySujicich biologickou
zdatnost na daném misté, nybrz alel-kooperatord zvySujicich biologickou zdatnost v ptitomnosti co
nejvétsiho spektra ostatnich genovych variant, Hampton L. Carson (1968) ¢i Alan R. Templeton (1980).
Celou fadu dalsich podobnych konceptti shrnul jiz zminény Flegr (2013, 2015, str. 278-286). Prevlada
vSak nazor, ze kontextovy vliv alel a znakli na biologickou zdatnost, pleiotropie a epistaze adaptivni
evoluci pohlavnich druhti komplikuji, ale nikoli znemoziuji. Druh, u kterého se tyto jevy uplatiuji, sice
neni ptisobenim selek¢nich tlakd lehce tvarny, pii dostatecné sile a trvani selekce se ale nakonec zmeéni.

Jak navic ve zndmém myslenkovém modelu s osmiveslicemi ilustroval Richard Dawkins (2003,
str. 29-49), v prubehu Casu dochdzi k mezialelické selekci na zékladé toho, jaké alely spolu dokazi
vytvaret zdatnd tela. Potencidlné vyhodné ale na tadé genetickych pozadi Skodlivé alely tudiz
z genofondu druhu vymizi. Zachovaji se jen takové, které za vétSiny okolnosti fitness svych nositelt
zvySuji, nebo alespoii nesnizuji. Pokud tuto analogii posuneme na odborné&jsi uroven, mizeme fict, ze
v prubehu ¢asu nedochazi pouze k vybéru alel samotnych, ale také k prestavbé sité jejich interakci, nebo,
presnéji, evoluci genetické architektury organismil. Vysledkem je zvySeni pravdépodobnosti, ze mutace
povedou ke vzniku zivotaschopného fenotypu s vysokou zdatnosti, a naopak snizeni pravdépodobnosti,
ze budou Skodlivé ¢i letalni (viz podkapitola 4.1.2).

Jak vSak Flegr ¢im dal intenzivn&ji akcentuje ve svych novéjsich dilech (Flegr, 2006, 2008,
2010, 2013, 2015), skutecné zasadni problém pro adaptivni evoluci pohlavnich organismt nepfedstavuji
kontextovy vliv alel a znakll na biologickou zdatnost, pleiotropie a epistaze samy o sobé€, nybrz ve
spojeni s negativnim frekvencné zavislym vlivem alel a znakti na biologickou zdatnost. Alely vykazujici
negativni frekvencné zavislou zdatnost, respektive alely podléhajici balancujici selekci, nejsou bézné.
Nejedna se ale ani o Zadnou vyjimku (Flegr, 2005, str. 105-106, 169-171; Hedrick, 2012; Delph & Kelly,

2014; Key et al., 2014). Dobrym a §iroce zdokumentovanym piikladem této tfidy alel je recesivni alela
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HBB pro srpkovitou anémii. Ta vede v recesivné homozygotnim stavu k vyraznému zdravotnimu
postizeni az Uplné nezivotaschopnosti svych nositelll, zatimco v heterozygotnim stavu svym nositelim
i pres urcité fyziologické zmény takika neskodi. Homozygoti i heterozygoti vsak vykazuji zvySenou
druhu Plasmodium falciparum. V malarickych oblastech se tudiz alela HBB intenzivné §ifi, a to az do
doby, nez jeji frekvence stoupne natolik, Ze se zacnou disproporéné Casto vystépovat nezivotaschopni
recesivni homozygoti. Vlivem toho se pomér obou genovych variant, tj. pivodni alely a HBB,
dlouhodob¢ ustali na rovnovazné hodnoté dané rizikem nakazy malarii v dané oblasti (Allison, 1954).

Jak naznacuji nedavné vyzkumy, zdravotni vyhody mize v heterozygotnim stavu ptinaset
rovnéz negativni alela genu RhD. Zatimco RhD negativni recesivni homozygoti vykazovali relativné
nejhorsi zdravotni stav, RhD pozitivni heterozygoti na tom byli ze zdravotniho hlediska v porovnani se
zbytkem populace nejlépe. Pravé to je nejspiSe diivodem, pro¢ se gen RhD v lidskych populacich
dlouhodob¢ udrzuje v polymorfnim stavu, a to i piesto, ze nositelé minoritniho fenotypu jsou v trvalé
nevyhodé kvili riziku rozvinuti hemolytické nemoci novorozenct u RhD pozitivnich potomkd RhD
negativnich matek (Flegr, 2011, 2016; Flegr et al., 2015). Balancujici selekce se ale nemusi uplatiiovat
pouze ve formé zvyhodnéni heterozygotli, nybrz také mezi alelami ruznych genl. Na zakladé
nejruznéjSich ditkazi se soudi, Ze negativni frekvenéné zavisla selekce pomaha udrzovat polymorfismus
ve zbarveni kofisti pod vlivem predatorti, polymorfismus barev kvétll v interakci s opylovaci, bohaty
repertoar MHC antigenti pod tlakem parazitd (viz napt. Flegr, 2005, str. 164-171; Ridley, 2007, str. 58-
77, Toman, 2015, str. 119-131), nebo stabilni frekvenci riznych potravnich (Raffini et al., 2017) ¢i
pohlavnich morf (Sinervo & Lively, 1996).
zavislym vlivem na zdatnost zlstavaji béhem existence druhil v trvale polymorfnim stavu — nemiize
lehce dochazet k jejich fixacim ani eliminacim. Vzhledem ke svym pleiotropnim a epistatickym vazbam
maji navic potencidl vytvorit sit’ interakci, kterd s nimi funkéné€ svaze alely dalSich geni a ipln€ nebo
takika Uplné znemozni populacim nevratné odpovidat na usmérnénou selekci. Jak pise Flegr (2006,
2008, 2010, 2013, 2015), pohlavni druhy jsou z tohoto ditvodu po vétSinu své existence ,,evoluéne
zamrzl€é“ a chovaji se ,elasticky”. Jejich evolu¢ni staze se neprojevuje statickou neménnosti, ale
rychlymi, omezenymi a vratnymi reakcemi na zmény podminek. Diky vysokému a dlouhodobé
udrzovanému genetickému polymorfismu zprvu velmi ochotné reaguji na prakticky libovolné zmény
prostiedi. Kdyz ovSem tyto zmény odezni, alely podléhajici balancujici selekei se vrati do ptivodnich
frekvenci, coz vzhledem k jejich provazani s ostatnimi alelami vede k navratu fenotypu do ptivodniho
stavu.

Pokud se selekéni tlak stuptiuje, nebo trva delsi dobu, pfitomny polymorfismus se vyCerpa a
evoluc¢ni reakce populaci zpomali. Nepohlavnimu druhu by v takové situaci stacilo pockat na vznik a
fixovani novych mutaci. U pohlavnich druhil se ale nové mutace (alely) rychle zapoji do stavajici site

mezialelickych interakeci, ktera jejich efektivni fixaci nebo eliminaci brani. V zasad¢ tak mize dochazet
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k fixaci nebo eliminaci pouze téch alel, které jsou do sité pleiotropnich a epistatickych interakci zapojené
jen slabé, nebo viibec. Konkrétné mtize dochazet k odstraniovani mutaci za vSech okolnosti $kodlivych
nebo evoluci nekterych znakd podminénych jednim az né€kolika malo geny, cemuz odpovidaji naptiklad
antigeny lidského krevniho systému ABO (Yamamoto et al., 1990), nebo (pfinejmensim v nékterych
ptipadech) barva srsti (Gratten et al., 2007) ¢i albinismus (Protas et al., 2006). Dokonce i v téch
z genetického hlediska nejjednodussich ptipadech vSak zména ptislusnych alel ovlivituje nékolik znakt
—v ptipadé krevniho systému ABO mj. srazlivost krve (O'Donnell & Laffan, 2001), nachylnost k riiznym
typtum rakoviny (Xie et al., 2010; Gateset al., 2011) ¢i citlivost k riznym druhtim patogenti (Glass et al.,
1985), v ptipadé zbarveni mj. maskovani, termoregulaci, mezidruhovou ¢i vnitrodruhovou signalizaci
(viz napft. Stuart-Fox & Moussalli, 2009).

I presto ale nékdy mohou podobnym stylem, a téeba i sympatricky, vzniknout nové, reprodukéné
oddélené, byt fenotypové nepiilis odlisné druhy. Vyznamnéj$i adaptivni evoluce za hranu jiz
pritomného genetického polymorfismu, tj. vnitrodruhové variace matetského druhu, se vSak stava velmi
obtiznou (Flegr, 2015, str. 154-186, 192-224). V extrémnim ptipad¢€, napiiklad pod vlivem lidskych
Slechtiteld, patrné nakonec miize dojit k zafixovani vétSiny stavajicich a fady novych genovych variant.
Jak ale dolozil Flegr (2006, 2008, 2013, 2015, str. 145-152, 192-224, 262-269), takika vzdy to bude,
pfinejmensim v kratkodobém az stfednédobém horizontu, na ukor plodnosti ¢i zivotaschopnosti
organismi samotnych. V dusledku pleiotropie a epistaze se totiZ mohou zmény prakticky libovolnych
znakll projevit zcela neptfedvidatelnymi dusledky v jinych, predchozi evoluci optimalizovanych,
slozkach fenotypu.

Pohlavni druhy mohou spé$n€ ,,rozmrznout* a zacit odpovidat na tlaky usmérnéné selekce jen
za uzce vymezenych okolnosti. Vyrazné a nevratné evolu¢ni zmény pohlavnich organismi jsou podle
teorie zamrzlé plasticity omezené na dobu, kdy vznikaji nové druhy, respektive na vznik nového druhu
peripatrickou speciaci (Flegr, 1998, 2006, 2008, 2010, 2013, 2015). Prvni podminkou evolu¢niho
rozmrznuti je oddéleni malé ¢asti ptivodniho druhu. K tomu mtize dojit naptiklad v disledku nahlého a
nevybérového zmenSeni populace, pfi domestikaci ne¢kolika jedincti clovékem, nebo kolonizaci nového
habitatu. V disledku efektu zakladatele a priichodu hrdlem lahve nese nova populace jen malou cast
vzacnych alel pfitomnych v populaci matefského druhu. Ani to ale samo o sob¢ ale nestaci k rozvolnéni
frekvencné zavislych, pleiotropnich a epistatickych vztahti mezi alelami. Alely vykazujici frekvencné
zavisly vliv na zdatnost se totiz zpravidla vyskytuji v relativné vysokych frekvencich a s velkou
pravdépodobnosti tak preckaji v polymorfnim stavu i dramatické zmeény populacni Cetnosti.

Pokud nova populace narazi na ptihodné podminky a zahy se zvétsi, k vyraznéjsimu rozmrznuti
nedojde. Ve vétsi populaci, pravda, s relativne vysokou frekvenci vznikaji nové mutace a roste u¢innost
ptirozené¢ho vybéru, takze se nova linie mize od matefského druhu odlisit, a dokonce vyvinout
reprodukéné izolacni bariéry. Vysledné zmény ale patrné nebudou sahat daleko za fenotypovou
riiznorodost matei'ského druhu. Castéjsi viak je, Ze novéa populace dlouhou dobu Zivoii v malém poétu

jedinctl. Prave toto obdobi je pro cely proces evolu¢niho rozmrzani klicové, nebot’ v malych populacich
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neurcuje osud jednotlivych alel ptirozeny vybér, ale geneticky drift. Zcela nahodné tudiz dochazi
k fixaci a eliminaci zbyvajicich polymorfnich alel, a to v¢etn¢ téch genovych variant, které vykazuji
negativni frekvenéné zavisly vliv na zdatnost. VEtsina populaci patrn€ pii prichodu hrdlem lahve nebo
nasledujicim ,,bloudéni po pousti“ vyhyne. Mala ¢ast ov§em muize ptrezit az do doby, kdy se podminky
zlepsi a umozni populaci zvysit svou cetnost.

Ve velké, nyni jiz geneticky uniformni, populaci se zvysi Gi¢innost pfirozeného vybéru. Rovnéz
v ni s realistickou frekvenci vznikaji nové mutace. VSechny nové mutace se zaroven budou nachazet na
stejném genetickém pozadi, v disledku ¢ehoz budou mit stejny vliv na biologickou zdatnost. Stejné tak
znaky, které koduji, budou vykazovat vysokou dédivost. Populace, respektive nové vznikajici druh, se
tak dostane do kratkého ,,plastického® stadia své existence, ve kterém miize, podobné jako kdyby byl
nepohlavni, klasickym darwinovskym zplisobem fixovat ¢i eliminovat nové mutace na zaklad¢ jejich
prispévku k biologické zdatnosti a potazmo podléhat usmérnénému piirozenému vybéru. Jak jsme vid€li
vySe a jak do detailu rozvedl Flegr (2015, str. 145-152), je mozné, Ze i v elastické fazi existence druht
mohou z nékterych populaci vnikat odlisné druhy. Ty se vSak od matetskych druhti nebudou fenotypové
prilis odliSovat. Procesem evolu¢niho rozmrznuti oproti tomu vznikaji celé nové rody, tj. vétve
fylogenetického stromu, které se od pribuznych linii 1isi daleko vyrazné&ji. Cely proces bychom proto
mohli nazyvat i ,,rodizaci, tj. procesem, pii kterém vznikaji nové rody (Flegr, 2015, str. 262-269).

Plasticka faze existence druhu vsak patrné netrva déle nez nékolik (desitek) tisic let. Casem totiz
novy druh principem tfidéni alel z hlediska stability (v tomto piipad¢é perzistence v genofondu, viz
podkapitola 4.2.3) opétovné nashromazdi geneticky polymorfismus. To se tyka, jak jsme vidéli vyse,
zejména alel vykazujicich pleiotropii, epistazi, kontextoveé a frekvencné zavisly vliv na biologickou
zdatnost, které nemtze usmérnény vybér lehce fixovat ¢i eliminovat. Tyto genové varianty a jejich
skupiny se tudiz budou pomalu hromadit v genofondu druhu, ktery v disledku tohoto procesu piejde do

daleko delsi elastické faze své existence.



3 EKOLOGICKE IMPLIKACE TEORIE ZAMRZLE PLASTICITY

V této sekci rozebereme implikace teorie zamrzl¢é plasticity tykajici se odlisného potencialu pohlavnich
a nepohlavnich druhii pro zivot v riznych typech prostfedi. Po kratkém teoretickém uvodu se budeme
vénovat pfedev§im vysledkiim srovnavaci studie mezi ,,starobyle nepohlavnimi eukaryotickymi klady
a jejich pohlavnimi kontrolami, ktera méla za kol otestovat jejich asociaci s prostfedimi o rizné
biotické a abiotické heterogenité. Ve strucnosti si predstavime vSechny dulezité aspekty provedené
analyzy a budeme diskutovat jeji vysledky, pti¢emz detaily nalezne Ctenai v Clanku ,,General
environmental heterogeneity as the explanation of sexuality? Comparative study shows that ancient
asexual taxa are associated with both biotically and abiotically homogeneous environments* (Toman
& Flegr, 2017a, viz ptiloha 1 na konci prace). Souvislosti nasich objevii s makroevolu¢nimi implikacemi

teorie zamrzlé plasticity potom budeme diskutovat v samotném zavéru prace (viz sekce 5, str. 48-50).
3.1 ODLISNY CHARAKTER PROSTREDI POHLAVNICH A NEPOHLAVNICH ORGANISMU

3.1.1 Teoreticky uvod

Jak jsme rozebrali v pifedchozi sekci, podle teorie zamrzlé plasticity nepohlavni organismy odpovidaji
na tlaky usmérnéného vybéru ,,plasticky. Darwinovskym zplisobem nevratné fixuji ¢i eliminuji nové
vznikajici mutace, coz po drobnych kruccich vede k postupnym zménam fenotypu. V Gvodni fazi
prizptisobovani mize cely proces probihat pomérné rychle. Dochazi totiz ke tfidéni jiz pritomné variace,
tj. riznych evoluénich linii na zakladé selektované vlastnosti (napi. odolnosti k antibiotiku). Jakmile se
ovSem vycerpa riznorodost na trovni koexistujicich nepohlavnich linii, cely proces vyrazné zpomali,
protoze musi ¢ekat na vznik novych mutaci. V disledku toho jsou nepohlavni druhy schopné sice
pomalého, ale stabilniho, hlubokého a nevratného ptizptisobovani podminkdm prostiedi (Flegr, 2006,
2008, 2013, 2015, 2013, 2015; Toman & Flegr, 2017a).

Evolucni reakce pohlavnich organismil na usmérnénou selekci jsou oproti tomu do velké miry
»elastické. Diky vysokému genetickému polymorfismu populace na selekéni tlaky reaguje nejdiiv
velmi rychle, pouhou zménou v zastoupendi jiz ptitomnych alel. Jak se ovSem dostavaji z rovnovaznych
frekvenci alely udrzované v polymorfnim stavu balancujici selekci, fitness a potazmo odpoveéd’ jedinct
na selekcni tlak klesaji. Pokud neni selekéni tlak extrémné silny a neptisobi na populaci velmi dlouhou
dobu, prizpiisobovani se nakonec zcela zastavi. ReSenim pfitom nejsou ani nové mutace, protoZe
nemuze dochazet k jejich efektivnimu fixovani ¢i eliminaci. Po odeznéni selek¢niho tlaku se zastoupeni
alel s frekvencné zavislym vlivem na zdatnost, stejn¢ jako alel s nimi funkéné svazanych, vraci do
ptvodniho stavu. To samé plati pro fenotyp dané populace. Pohlavni druhy jsou proto schopné velmi
rychlych a vratnych reakci na momentalni selekéni tlaky, které nedoprovazi ztrata genetického

polymorfismu. Ze stejného diivodu je pro n¢€ ale po velkou ¢ast existence druhu problémem vyrazné a



nevratn¢ se prizpiisobit novym podminkam (Flegr, 2006, 2008, 2013, 2015, 2013, 2015; Toman & Flegr,
2017a).

Z odlisného charakteru adaptivni evoluce pohlavnich a nepohlavnich organismu je ziejmé, Ze
se tyto dva typy organismi mohou podle teorie zamrzlé plasticity li$it i svou uspéSnosti v riznych typech
prostiedi. Dalo by se Cekat, ze pohlavnost pfinese svym nositelim vyhodu v prostorové velmi
ruznorodych, ostruvkovitych a neptedvidatelnych prostiedich, jejichz podminky casto fluktuuji
v opacnych smérech. Dilezitymi zdroji této heterogenity pfitom mohou byt jak faktory nezivého
prostiedi, tak nerovnomérné rozdélené zdroje ¢i ostatni koevolvujici organismy, tj. konkurenti, paraziti
a predatofi. Snizenou schopnost hlubokého a nevratného ptizplisobeni zde zastifiuje trvala schopnost
rychle, a pfitom vratné reagovat na momentalni vykyvy podminek. Nepohlavni organismy by naopak
mely byt ve vyhodé v prostiedich prostorové homogennich a dlouhodobé stabilnich, jejichz podminky
se meéni jen pomalu a kde se nenachazi velké mnozstvi koevolvujicich organismi. Vysoky geneticky
polymorfismus a schopnost rychlych vratnych reakci na selekéni tlaky zde hraji pouze malou roli.
Daleko podstatnéjsi je schopnost nevratné se ptizplsobovat, ktera svym nositelim umoznuje adaptaci
tfeba i na velmi extrémni podminky prostiedi.

Jak jsem shrnul uz ve své magisterské diplomové praci (Toman, 2013) a navazujici monografii
(Toman, 2015, str. 106-161), myslenka odlisnych environmentalnich preferenci pohlavnich a
nepohlavnich druhti neni Gplné nova. Stoji v samém jadru nékterych teorii, které se pokouseji vysveétlit
Siroké zastoupeni pohlavniho rozmnoZovani mezi eukaryotickymi organismy navzdory jeho zjevnym
nevyhodam. Tyto nevyhody shrnuli naptiklad Lehtonen et al. (2012) ¢i Toman (2015, str. 36-38),
pficemZz mezi nejpodstatnéj$imi mizeme jmenovat Casovou a energetickou naronost meidzy,
vyhledavani ¢i lakani partnert i1 pfipadného spojeni dvou jedinct, slozitost, rizikovost a nachylnost
téchto procestt ke Skodlivym mutacim, rozpad osvédCenych kombinaci alel (tzv. segregacni a
rekombinacni zat€z), ndchylnost na zmenseni populace (tvz. Alleeho efekt), fakt, Ze pohlavni jedinec
predava potomkovi pouze polovinu svych alel (tzv. dvojnadsobné cena meidzy), nebo to, ze by populace
sloZena z nepohlavnich samic mohla rtst dvojnasobnou rychlosti (tzv. dvojnasobna cena sexu).

Skupina ,.ekologickych teorii dlouhodobého udrZzovani pohlavniho rozmnozovani‘
predpoklada, Ze pohlavni rozmnozovani piindsi svym nositelim zasadni ekologickou vyhodu v souboji
s nepohlavnimi druhy. Nejde pfitom pouze o souboj s primarné nepohlavnimi prokaryotickymi
organismy, jejichz prostiedi se od podminek, ve kterych zije vétSina eukaryot, vyrazné lisi. Daleko vétsi
otazkou je, pro¢ nevytlaci pohlavni eukaryotické organismy nepohlavni klony, které ve velké vétSing
pohlavnich druhti alespoii ob¢as vznikaji a obyvaji podobna prostfedi (Toman, 2015, str. 79-105).
Tradi¢né, snad pod vlivem Ridleyho (2007), se ekologické teorie pohlavniho rozmnozovani d€li na ty,
které zdlraznuji roli abiotického prostiedi a ty, které vyzdvihuji vlivy ostatnich koexistujicich a
koevolvujicich organismi. Ve skutecnosti se vSak teorie z téchto dvou kategorii vzajemné nevylucuji a

casto se dokonce ve svych vlivech mohou prolinat ¢i dopliiovat.



Mezi teorie, které vyzdvihuji vliv ostatnich organismil, spada zejména teorie Cervené kralovny
akcentujici moznost negativni frekvencné zavislé dédicnosti biologické zdatnosti (Hamilton et al.,
1990). Paraziti vcetn¢ patogent (ale do jisté miry také konkurenti a predatofi) se v kazdé generaci
prednostné prizplsobuji nejéast&jsimu typu hostitele (resp. konkurenta, kotisti). Ve vyhodé jsou proto
vzacngjsi jedinci. Ti daji zaklad dal$i generaci, ¢imZz se ale stanou nejcetnéj§imi a potazmo
nejvyhledavangj§imi. Pohlavni rozmnozovani umoznuje svym nositelim v kazdé generaci vystépovat
vzacné kombinace vlastnosti, a tak si trvale udrzovat naskok pied protivnikem. Sexualita vSak mize
svym nositeliim pfinést zasadni vyhodu i bez frekvenéné zavislé dédi¢nosti zdatnosti, a to diky zrychleni
evoluénich reakci v koevoluc¢nich zavodech s ostatnimi organismy (Dawkins & Krebs, 1979). Vyhodu
pohlavnich druhtt v souboji s nepohlavnimi zalozenou na dlouhodobém udrzovani vysokého
polymorfismu a schopnosti rychle vystépit vhodné kombinace alel zddraznoval také Maynard Smith
(1993, str. 193-215).

Dulezitou roli abiotického prostfedi pti udrzovani pohlavnosti zdiraziuje napiiklad hypotéza
loterie a jeji specialni ptipad, hypotéza sisyfovskych genotypti (Williams, 1975). Podle téchto koncepti
ma pohlavni druh vyhodu v heterogennim prostifedi, protoze produkuje ruznorodé potomstvo.
Teoreticky tak mize vystépit jedince idealné ptizpisobeného pro kazdy mikrohabitat. Pokud je prostiedi
vyrazné proménlivé v Case, muze pohlavni druh vystépovat vzacné genotypy vyborné piizplisobené
momentalnim podminkam, jejichz nositelé daji v extrémnim pfipadé zaklad prakticky celé pristi
generaci — tzv. sisyfovské genotypy (Williams, 1975) ¢i genetickou elitu (Dobzhansky, 1964). Ur¢itou
variaci na tyto koncepty je hypotéza vlastniho pokoje (Maynard Smith, 1978, str. 89-110), podle které
plyne vyhoda pohlavnich druhti rovnéz z produkce rtiznorodého potomstva, v tomto ptipadé ale proto,
ze si vzajemné nepodobni sourozenci tolik nekonkuruji o zdroje a zvySuji tak svou inkluzivni zdatnost.
Zasadni vyhody ale mozna v heterogennim prostfedi mtze pfindSet uz samotny vétSi rozptyl ve
vlastnostech pfislusniki pohlavnich populaci, diky kterému maji podle hypotézy zivotem kypiciho
biehu (Bell, 1982, str. 127-142) pohlavni druhy $ir§i ekologickou niku. V neposledni fadé mize ptinaSet
pohlavnost vyhodu v prostiedi, kde Siroce fluktuuji podminky abiotického prostiedi. At uz proto, zZe se
jim pohlavni druh dokéaze ptizpusobit vystépenim vhodnych kombinaci alel (Smith, 1980), nebo proto,
ze se jim nikdy definitivné neptizptisobi, nepiijde o svlij polymorfismus a zachova si schopnost rychlé
reakce na dal$i ne¢ekanou zménu (Roughgarden, 1991).

Posledni skupina ekologickych teorii pohlavniho rozmnozovani ptiznava dulezitou roli jak
biotickym, tak abiotickym faktorim. Urcitou kombinaci nékolika ekologickych faktor uvazovala cela
fada starSich i novéjsich autorii (viz napt. Glesener & Tilman, 1978; Bell, 1982; Roughgarden, 1991;
Butlin et al., 1999; Colegrave et al., 2002; Kaltz & Bell, 2002; Renaut et al., 2006; Bluhm et al., 2016;
Otto, 2009; Sharp & Otto, 2016). Nekteti naptiklad rozvinuli zakladni myslenku hypotézy Zivotem
kypiciho bfehu v tom smyslu, ze vyhoda pohlavnosti souvisi hlavné s charakterem faktori omezujicich
velikost populace (napft. faktordi nezivého prostiedi, zdrojii, nebo parazitd, predatord a konkurentd).

Pokud tyto faktory zavisi na hustoté populace a zastoupeni riznych genotypti, jsou ve vyhodé¢ pohlavni
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organismy produkujici rGznorodé potomstvo. Pokud naopak tyto faktory na hustoté populace a
zastoupeni rtiznych genotypil nezavisi, ptevazi nepohlavni linie (Scheu & Drossel, 2007; Song et al.,
2011). Uz Williams (1975, str. 145-146, 149-154, 169) také navrhl, ze pohlavni rozmnozovani mize
prinaset vyhody v obecné fluktuujicim prostfedi. Diivodem je paradoxné sniZena schopnost nevratné se
prizptisobovat momentalné panujicim podminkam prostfednictvim fixaci a eliminaci alel, ktera chrani
pohlavni druhy pfed tim, aby pii kazdém vyraznéj$im vykyvu podminek ztratily sviij polymorfismus a
nasledné musely ¢ekat na vznik vzacnych mutaci. Explicitné ale tuto moznost, jak jsme mohli vidét
vyse, formuloval az Flegr (2006, 2008, 2013, 2015). Podle teorie zamrzlé plasticity se mize jednat o
jednu z hlavnich vyhod pohlavnich organismi oproti jejich nepohlavnim piibuznym. Dokonce i kdyz
vynechame nespornou vyhodu geneticky polymorfnich pohlavnich druhti plynouci ze schopnosti rychle
a operativné vyStépovat jedince s vhodnymi kombinacemi alel, Flegr a Ponizil (2018) dokazali, Ze
vyhodnd mize byt uz samotna schopnost nepodléhat selekénim tlakiim prostfedi pfili§ ochotné. Za
Sirokého rozmezi proménlivosti podminek se totiz v jejich pocitacovych modelech 1épe vedlo druhiim,
které odpovidaly na selekéni tlaky tim méné, ¢im dale se jejich fenotyp vychylil od plivodnich hodnot.
Z obecného hlediska se navic zda, Ze vSechny vyse postulované hypotetické vyhody pohlavnich druht
mizeme pievést na spole¢né jmenovatele. Nemusi se tak jednat o separatni konkurencni koncepty, ale
spiSe riizné pohledy na jeden fenomén (viz napt. Scheu & Drossel, 2007; Otto, 2009; Song et al., 2011;
Toman, 2013, 2015; Sharp & Otto, 2016; Toman & Flegr, 2017a).

Hypoteticky rozdil mezi charakterem prostfedi, kde by mély byt ve vyhodé pohlavni a
nepohlavni druhy, nam tedy umoznuje testovat nékteré zakladni predpoklady teorie zamrzlé plasticity.
Prvni pokus ovétit teorii zamrzlé plasticity na zakladé literdrnich dat o ekologii pohlavnich a
nepohlavnich druhti jsem podniknul uz ve své magisterské praci (Toman, 2013, viz také Toman, 2015).
Za ucelem rigoroznéjsi studie jsme vSak nasledné vybrali jednu testovanou hypotézu (nepohlavni druhy
previadaji v obecné [tj. Casove i prostorové, bioticky i abioticky] homogennim prostredi), data doplnili,
nove vyhodnotili a vysledky publikovali formou odborného ¢lanku (Toman & Flegr, 2017a, viz ptiloha
1). Pokud by pohlavni druhy pfevazovaly nad nepohlavnimi pouze v prostiedich s velkym mnozstvim
koevolvujicich organismi, vysledky by podporovaly ty ekologické teorie pohlavniho rozmnozovéani,
které vyzdvihuji roli biotickych faktorG pii udrzovani pohlavnosti. Pokud by naopak pfevazovaly
pohlavni druhy jen v abioticky velmi heterogennich a proménlivych prostfedich, nasvédcovalo by to
spiSe teoriim zddraziujicim vykyvy nezivého prostredi. Teorii zamrzl¢ plasticity, respektive konceptim
zdtiraziiujicim vyhodu pohlavniho rozmnozovani v obecné heterogennim a proménlivém prostiedi, by
potom nasvédCovalo zjisténi, ze pohlavni druhy pievazuji v prostiedich charakteristickych jak velkym

mnozstvim riiznych biologickych protivnikt, tak abiotickou nestabilitou a riznorodosti.

3.1.2 Material a metody
Za ucelem testovani vySe uvedené hypotézy jsme uskutecnili srovnavaci studii vychazejici z literarnich

dat o zptisobech rozmnoZovani a ekologii eukaryotickych organismi. VSechny prokaryotické organismy
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ey

jsou primarn¢ asexualni (v tom smyslu, Ze neprod€lavaji amfimixis). VSechna dnes zijici ndm znama
eukaryota jsou naopak primarné pohlavni — jejich spoleény ptfedek byl s nejvétsi pravdépodobnosti
pohlavnim organismem (Speijer et al., 2015). Pfimé srovnani ekologie prokaryot a eukaryot by nicmén¢
narazelo na jen tézko piekonatelné prekazky vyplyvajici ze zasadnich rozdili ve velikosti, genera¢ni
dobé, bunééné biologii, zivotnich strategiich a fad¢ dalsich faktort, které by vliv pohlavnosti mohly
lehce maskovat. Nastésti ale existuje fada eukaryotickych linii, které bud’ fakultativng, nebo obligatné
presly k druhotn€ nepohlavnimu rozmnozovani (de Meeus et al., 2007; Van Dijk, 2009; Speijer et al.,
2015). Detaily téchto procesii byly rozebrany jinde (viz napt. Toman, 2013, 2015), na zakladé srovnani
druhotné nepohlavnich eukaryot a jejich pohlavnich ptibuznych v§ak miizeme testovat riizné ekologické
teorie pohlavniho rozmnoZovani.

Srovnavaci studie podobného typu podnikla fada badatell uz pfed nami. Jak jsme shrnuli
(Toman & Flegr, 2017a), cela fada z nich se tykala (nebo byla pozdé&ji interpretovana jako) testovani
jednotlivych navrzenych ekologickych teorii pohlavniho rozmnozovani — hypotéz loterie a sisyfovskych
genotypu (Williams, 1975; Hoérandl, 2009), hypotézy vlastniho pokoje (Garcia & Toro, 1992; Koella,
1993), teorie Cervené kralovny (Burt & Bell, 1987; Neiman & Koskella, 2009), rychlé odpovédi
pohlavnich druhti na selekci (Becerra et al., 1999), riznych vyhod pohlavnosti za fluktuujicich
podminek abiotického prostiedi (Maynard Smith, 1993; Griffiths & Butlin, 1995; Schén & Martens,
2004; Horandl, 2009; Vrijenhoek & Parker, 2009), nebo hypotézy zivotem kypiciho biehu (Vrijenhoek,
1984; Burt & Bell, 1987; Griffiths & Butlin, 1995; Domes et al., 2007b; Maraun et al., 2012). Patrn¢
nejobsahlejsi podobné srovnani podnikl Bell (1982, str. 160-392), podle kterého ekologicka distribuce
pohlavnich a nepohlavnich skupin mnohobunéénych zivoc€ichi (Metazoa) nejvice nasvédcuje hypotéze
zivotem kypiciho bfehu.

Vsechny vyse uvedené analyzy ale trpi zdsadnimi nedostatky a jejich vysledky jsou dosti
nejednozna¢né. Hlavnim problémem je, ze vétSina z nich jsou de facto pouhé kazuistiky — popis
patrnosti, které vykazuje ndhodné vybrand evolucni linie (Casto pouhy druh nebo rod) obyvajici
partikularni ndhodné vybrané prostredi. Studie, které se zabyvaly Sir§im spektrem organismtl, zase mezi
zkoumané skupiny zahrnuly i relativné mladé nepohlavni linie, které nemusi byt zcela reprodukéné
izolované od matefskych ¢i ptibuznych pohlavnich druhti (viz Turgeon & Hebert, 1994; van Raay &
Crease, 1995; Butlin et al., 1998b; Mantovani et al., 2001; Bogart et al., 2007) ¢i dlouhodobé& evolu¢né
zivotaschopné (viz Nunney, 1989; Butlin, 2002; Janko et al., 2008; Vrijenhoek & Parker, 2009), nebo
dokonce linie, které jsou nepohlavni pouze fakultativné nebo v ¢asti jejich geografického rozsahu.
Dokonce i obsahla Bellova (1982, str. 160-392), srovnavaci studie je spiSe nevybérovym piehledem.
V neposledni fadé potom vyvolava pochybnosti zaméfeni drtivé vétSiny autoril na pohlavnost, ktera ale
mezi eukaryoty nepfedstavuje vyjimku, takze by fenoménem zvlast’ hodnym zkoumani méla byt spise
jejich daleko vzacné&jsi nepohlavnost.

Ze vsech téchto diivodll jsme vyrazné zaostfili na§ zajem, a to pouze na jisté, dlouhodobé (> 1

milion let) a obligatné nepohlavni linie eukaryot, které prokazaly svou dlouhodobou evoluéni
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zivotaschopnost (detaily naseho vybéru viz Toman & Flegr, 2017a, ptiloha 1, a to vetné online
Supporting Information). Tyto linie byvaji nazyvany ,,starobylymi asexudly* (ancient asexuals). Na
rozdil od vétSiny nepohlavnich eukaryotickych linii, které sestavaji pouze z n€kolika mladych druhii
nebo maximalné rodu, casto vykazuji vétsi diverzitu, ale jsou také daleko vzacnéjsi. Dikladny prizkum
souvisejici literatury (detaily naseho vybéru viz Toman & Flegr, 2017a, pfiloha 1, a to véetné online
Supporting Information) ukazal, ze z nékolika desitek navrzenych kladii dodnes nékterymi autory
povazovanych za starobyle nepohlavni spliiuje nase kritéria pouze 8 skupin: vinici ze skupiny pijavenek
(Bdelloidea), lasturnatky skupiny Darwinulidae, n¢kolik linii rozto¢t skupiny Oribatidae, nékolik linii
rozto¢u ze skupin Endeostigmata a Trombidiformes, netikovita kapradina Vittaria appalachiana, tti
druhy strasilek (Phasmatodea) rodu Timema a n€kolik linii rodu mlzi Lasaea.

Nasledné jsme urcili jejich sesterské (nebo, podle moznosti, alespoii blizce piibuzné) ekologicky
srovnatelné pohlavni linie, tj. pohlavni kontroly (detaily naseho vybéru viz Toman & Flegr, 2017a,
priloha 1, a to véetné online Supporting Information). V dalSim kroku jsme na zaklad¢ literarnich dat
shromazdili informace o charakteru ekologického prostiedi studovanych starobyle nepohlavnich linii a
jejich pohlavnich kontrol (detaily naseho vybéru viz Toman & Flegr, 2017a, pfiloha 1, a to v¢etné online
Supporting Information). Poté stacilo uz jen vyhodnotit tato data a urcit, zda se prostiedi starobyle
nepohlavnich linii a jejich pohlavnich kontrol 1i8i, respektive zda starobyle nepohlavni linie obyvaji
bioticky a/nebo abioticky homogenngéjsi a stabilné;si habitaty nez jejich pohlavni kontroly.

Ur¢ity problém piedstavoval fakt, Ze ¢ast (5/8) studovanych starobyle nepohlavnich skupin byla
polyfyleticka, tj. sestdvala zn¢kolika prfibuznych nepohlavnich linii s riznymi predky. Tyto
polyfyletické skupiny jsme kvuli blizké ptibuznosti jejich dil¢ich monofyletickych linii, ekologické
podobnosti téchto linii, a tudiz nejspise i podobnosti faktori stojicich za jejich nepohlavnosti, do analyzy
zahrnuli jako jednotlivd pozorovani. Jejich celkové vyznéni (starobyle nepohlavni skupina obyva
bioticky/abioticky homogennéjsi/heterogennéjsi prostiedi nez pohlavni pribuzni) jsme poté zalozili na
prevladajicim sméfovani vztahli mezi jejich dil¢éimi monofyletickymi liniemi a dil¢imi pohlavnimi
kontrolami (detaily viz Toman & Flegr, 2017a, ptiloha 1).

Vysledna data jsme analyzovali vprogramu R v. 3.1.2 prostiednictvim exaktniho
neparametrického jednostranného binomického testu, ktery byl také jedinym testem, ktery jsme mohli
na data naSeho typu (parova a binarni) pfi tak nizkém poctu pozorovani pouzit. Ve dvou ptipadech
(Lasaea a Timema) se neliSil charakter biotického ani abiotického prostfedi starobyle nepohlavni
skupiny a pohlavni kontroly a vjednom piipadé (Darwinulidae) se nelisil charakter abiotického
prostedi starobyle nepohlavni skupiny a pohlavni kontroly. Vzhledem k tomu, Ze tento (indiferentni)
typ vysledkli nedokaze binomicky test analyzovat, nejprve jsme tato pozorovani vypustili. Ve vysledku
jsme tak testovali 6 par na biotickou heterogenitu, 5 na abiotickou a 6 na oba typy heterogenity
prostiedi (resp. obyvani bioticky nebo abioticky homogennégjsiho prostiedi). S cilem ovéfit robustnost
vysledkli jsme vSak nasledné provedli stejny test, jako kdyby indiferentni vysledky ve skuteCnosti

svédCily proti testované hypotéze (nepritkaznd starobyle nepohlavni skupina ve skutecnosti obyva
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bioticky/abioticky heterogennéjsi prostredi), a jako kdyby svéd¢ily proti testované hypotéze, jejiz
pravdépodobnost ale neni 1/2, nybrz pouze 1/3 (tj. jako kdyby bylo stejné pravdépodobné, ze starobyle
nepohlavni skupiny budou obyvat bioticky/abioticky heterogennéjsi prostredi, homogenngjsi prostiedi

a Ze se jimi obyvané prostredi nebude lisit, detaily viz Toman a Flegr, 2017a, ptiloha 1).

3.1.3 Vysledky a diskuse

Jak jsem nastinil uz v pfedchozi podkapitole, nase podminky pro vymezeni starobyle nepohlavnich
eukaryot splnilo 8 skupin: pijavenky (Bdelloidea), Darwinulidae, nékolik linii Oribatidae, nékolik linii
Endeostigmata a Trombidiformes, Vittaria appalachiana, tti druhy Timema a nékolik linii Lasaea.
Nedokazali jsme odhalit zadné systematické rozdily mezi biotickou ani abiotickou heterogenitou
starobyle nepohlavnich Lasaea a Timema ve srovnani s jejich pohlavnimi kontrolami, coz plati i pro
abiotickou heterogenitu Darwinulidae. Ve vSech zbyvajicich pfipadech vSak starobyle nepohlavni
skupiny obyvaly bioticky i abioticky homogenngéjsi a stabilnéj$i habitaty (detaily v¢etné konkrétnich
hodnocenych faktorti viz Toman a Flegr, 2017a, ptiloha 1).

Vysledky tedy ukazaly, Ze starobyle nepohlavni skupiny obyvaji ve srovnani s pohlavnimi
kontrolami statisticky signifikantné bioticky (6 ze 6, p = 0,016) i abioticky (5 z 5, p = 0,031), a tudiz
také obecné (6 ze 6, p = 0,016) homogennéjsi prostiedi. Pokud by se distribuce starobyle nepohlavnich
linii obyvajicich bud’ bioticky, nebo abioticky stabilni prostiedi vyrazné li§ily, mohlo by to svédcit spiSe
ve prospéch biotickych, nebo abiotickych teorii pohlavniho rozmnozovani. Podobny vysledek, tj.
dominantni asociace starobyle nepohlavnich skupin s bioticky i abioticky homogenngj$imi habitaty,
vSak jednoznaéné svédéi ve prospéch teorii postulujicich vyhodu pohlavnosti v obecné heterogennich
prostfedich. Alternativni moznost, totiz Ze jsou mezi sebou biotickd a abiotickd heterogenita ve
studovanych prostiedich tak silné korelované, ze je efektivné nemtzeme rozlisit, vede ke stejnému
zavéru. Vysledky nasi ekologické srovndvaci studie jsou tudiz v plné shodé€ s postulovanymi
ekologickymi implikacemi teorie zamrzl¢é plasticity.

Pokud zahrneme indiferentni vysledky jakozto pozorovani svédcici proti testované hypotéze (t;.
starobyle nepohlavni skupiny, jejichz prostfedi se svou biotickou/abiotickou heterogenitou nelisi od
pohlavnich kontrol, budeme pocitat, jako kdyby obyvaly heterogenngj$i prostiedi), vysledky se stanou
statisticky nesignifikantnimi (6 z 8, p=0,145; 5z 8, p=0,363; 6 z 8, p = 0,145). Tato nizka robustnost
je ale ocividné disledkem nizkého poctu pozorovani a celkovy trend je ztejmy i v tomto piipad€. Pokud
budeme postupovat stejné, ale pravdépodobnost pozitivniho vysledku stanovime pouze na 1/3 (viz
predchozi podkapitola), vysledky se stanou hrani¢né signifikantnimi (6 z 8, p = 0,02; 5 z 8, p = 0,088;
6 z8 p = 0,02). Stak nizkym poctem pozorovani bohuzel nemlzeme pfistoupit k zddnym
sofistikovanéj$im statistickym analyzdm. Vzhledem k tomu, Ze signifikantni vysledky vydal exaktni
neparametricky binomicky, a tudiz nepfili§ citlivy, test, stejn¢ jako faktu, Ze ani jedno pozorovani
fakticky nesvédcilo proti testované hypotéze, nicméné miZzeme uzavtit, Ze naSe data solidn¢ podporuji

testovanou hypotézu.
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Jesté zajimavéjsi a z evolucné-biologického hlediska podstatnéjsi jsou ovSem vysledky
exploracni ¢asti nasi studie, ve které jsme se pokusili identifikovat konkrétni organismalni adaptace a
rysy obyvaného prostiedi, které jsou charakteristické pro starobyle nepohlavni skupiny (detaily viz
Toman & Flegr, 2017a, ptiloha 1, a to véetné online Supporting Information). Cela fada z nich totiz
dokresluje zavéry nasich teoretickych studii o makroevolu¢nich implikacich teorie zamrzI¢ plasticity,
kterym se budeme vénovat ve ¢tvrté sekei prace.

Zaprvé, prostiredi starobyle nepohlavnich skupin je velmi bioticky i abioticky stabilni nejen ve
srovnani s pohlavnimi kontrolami, ale také obecn¢. Dale stoji za zminku, Ze bioticky i abioticky vyrazné
homogenni prostiedi ¢asto obyvaji nejen studované starobyle nepohlavni skupiny, ale také jejich
pohlavni kontroly. Vzhledem k tomu, Ze fada téchto kontrol pfedstavuje matetské klady studovanych
nepohlavnich linii a ty zbyvajici klady blizce pfibuzné, miizeme se opravnéné domnivat, Ze podobna
prostfedi obyvali i spole¢ni pfedkové studovanych dvojic. Asociace s abioticky a bioticky stabilnimi
habitaty tak muze predstavovat jednu z hlavnich preadaptaci GspéSného a dlouhodobého prechodu
k nepohlavnosti. Neni bez zajimavosti, ze se podobné patrnosti uplatiuji také v dalSich moznych
starobyle nepohlavnich skupinach, u kterych ale s jistotou nemiZzeme potvrdit absenci pohlavniho
rozmnoZovani po nejméné jeden milion let.

Co se ty¢e konkrétnich adaptaci studovanych starobyle nepohlavnich skupin, prekvapivé jsme
nepotvrdili dv€é moznosti, o kterych se dlouhodobé spekuluje. Alternativni zptisob vymény genetické
informace, ktery byva Casto zdiraziiovan jako urcita nahrazka pohlavnich procest (Butlin et al., 1998a;
Gladyshev & Meselson, 2008; Boschetti et al., 2011; Debortoli et al., 2016; Schwander, 2016), napiiklad
vykazuji pouze pijavenky. U nékterych moznych, ale nepotvrzenych starobyle nepohlavnich skupin se
muzeme setkat s parasexualnimi procesy. Rozhodné se ale nejedna o faktor, ktery by mezi nepohlavnimi
eukaryoty dominoval. VétSiho rozsifeni mezi starobyle nepohlavnimi skupinami nedosahuje ani
»domestikovanost®“, tj. navazani symbiotického vztahu s jinym organismem, ktery domestikantovi
zajiStuje stabilni podminky, dostatek zdroji a zbavuje ho patogenti ¢i parazitd. Typickym ptikladem
tohoto jevu, samoziejmé krome lidské domestikace fady hospodaiskych zvirat a plodin, jsou mravenci
houbové kultivary ze skupin Tricholomataceae a Lepiotaceae (Mueller et al., 1998). U studovanych
starobyle nepohlavnich skupin se vSak s timto vztahem nesetkdme, pficemz se omezuje pouze na nékolik
nepotvrzenych starobyle nepohlavnich linii.

Siroce je mezi starobyle nepohlavnimi skupinami naopak rozsifena schopnost vytvatet odolna
pretrvavajici stadia. Typickym ptikladem jsou pijavenky, které za krizovych podminek vysychaji do
soudeckovitych anhydrobiotickych stadii (Pilato, 1979; Ricci, 2001). V této formé mohou pireckat az
desitky let, dokud se nedostanou do prostiedi s dostatkem vody. Bylo ovSem dokazéano, ze
prostiednictvim stejné strategie mohou unikat také patogenim a parazitim (Wilson, 2011).
S podobnymi strategiemi se setkdme u vSech starobyle nepohlavnich skupin, které obyvaji z naseho
pohledu proménliva prostiedi, stejn¢ jako u nekolika nepotvrzenych starobyle nepohlavnich linii. Na

prvni pohled by se zdalo, Ze organismy, které takova ptizpiisobeni potfebuji, viibec homogenni prostiedi

15



neobyvaji. Pravé tyto strategie vSak svym nositeliim zajistuji, Ze se pro n¢ jejich prostiedi stava
subjektivné homogennim. Z hlediska organismli samotnych totiz objektivni charakter obyvaného
prostiedi hraje pouze podruznou roli. Dilezité je, jak na n¢ prostiedi skute¢né ptisobi. Pokud jsou jeho
nepfiznivé vykyvy schopné prezit v neaktivnich stadiich, subjektivné pro né¢ mize byt i vyrazné
homogennim. Dokonce az tak, Ze se vyhnou vétsin¢ selekénich tlakli a z makroevolu¢niho hlediska
dojdou stavu morfologické staze (Pilato, 1979). Pravé nedocenéni subjektivni homogenity prostiedi
ekologickych teorii pohlavniho rozmnozovani zminénych v ptedchozi podkapitole.

Vsechny starobyle nepohlavni skupiny obyvajici alespon ¢asteéné vodni habitaty jsou dale
bentické nebo prisedlé, pricemz je zajimavé, Ze jejich pohlavni kontroly zahrnuji také planktonni druhy
¢i druhy s planktonnimi stadii. Muze se jednat o nahodu. Bylo v8ak pozorovano, Ze bentické druhy
obecné vykazuji mensi extinkéni rychlost, coz patrné souvisi s vyraznym omezenim pienosu parazitt (a
tudiz snizenim biotické heterogenity prostedi) u pfisedlych organismi ve smyslu virové teorie extinkci
(Emiliani, 1993a, b). Teoreticky by se tudiz mohlo jednat o dal$i doklad homogenngjsiho charakteru
prostfedi starobyle nepohlavnich skupin. Benticka ¢i ptisedla je potom i fada nepotvrzenych starobyle
nepohlavnich skupin.

Dalsi, neméné zajimavou, patrnosti je napadné Casta asociace starobyle nepohlavnich skupin
s pidnimi habitaty a zejména jejich hlubS§imi horizonty. Nékteré z téchto skupin, naptiklad pijavenky,
zde dokonce dominuji i nad svou pohlavni kontrolou (Pejler, 1995). Diivodem muiZe byt snizené riziko
prenosu parazitii (sensu Emiliani, 1993a, b), nizsi frekvence setkavani s konkurenty, predatory a parazity
(Pilato, 1979; Elliott et al., 1980; Murphy & Tate, 1996; Drake et al., 1998; Fischer et al., 2003; Lavelle
& Spain, 2003; Paul, 2007) ¢i ochrana pied vykyvy abiotickych faktord prostfedi (Pilato, 1979;
Krivolutsky & Druk, 1986; Siepel, 1994). VySe uvedené samoziejme nemusi platit vzdy a vSude. Pida
v malych prostorovych métitcich také Casto predstavuje relativné ostritvkovité prostfedi (Ettema &
Wardle, 2002; Young et al., 2008; Vos et al., 2013). Zda se ale, Ze na ¢asoprostorové skale studovanych
starobyle nepohlavnich skupin pfedstavuje plida pfinejmensim ve srovnani s povrchem, dnem ¢i vodnim
sloupcem za vétSiny okolnosti bioticky i abioticky relativné homogenni prostiedi. Slabsimu ptisobeni
selekCnich tlaki v ptidnich habitatech ostatné nasvédcuje i morfologickd staze fady jejich obyvatel
(Pilato, 1979).

Zcela dominujici vlastnosti vSech starobyle nepohlavnich skupin je potom absence zivotnich
strategii zahrnujicich intenzivni antagonistické interakce s jinymi organismy. Nenalezneme mezi nimi
74dné typické predatory ani parazity. Casto se Zivi autotrofné nebo saprofyticky, v pfipadé predace jde
o nespecifické fytofagy ¢i filtratory. Pravdépodobnym vysvétlenim je to, ze nedokazi v koevoluénim
zavode drzet krok s pohlavnimi organismy (viz Dawkins a Krebs, 1979).

SeCteno a podtrzeno, prostiedi asociovana se starobyle nepohlavnimi skupinami se mohou
svymi charakteristikami tfeba 1 vyrazn€ liSit — jedné se o habitaty tak riznorodé, jako docasné vodni

plochy, dna vodnich nadrzi, ¢i hluboké vrstvy pid. V porovnani s prostfedimi, kterd obyvaji pohlavni
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ptibuzni starobyle nepohlavnich skupin, jsou vsak bioticky i abioticky homogennéjsi. Tento rozdil je
pritom i na malém vzorku (8, ale efektivné 6 srovnavanych para) statisticky signifikantni. Vysledky nasi
srovnavaci studie tudiz podporuji, i kdyz samoziejmé nepotvrzuji, teorie, podle kterych ptinasi
pohlavnost vyhody v celkové rtznorodych a proménlivych prostiedich, zatimco nepohlavni
rozmnozovani prevazuje ve stabilnich a homogennich habitatech. Takova jsou i ocekavani teorie
zamrzlé plasticity.

prostiedi za ucelem testovani hypotetickych vyhod (ne)pohlavniho rozmnozovani musime brat v potaz
vlastnosti samotnych organismil. Dtlezita totiz neni objektivni heterogenita obyvanych prostredi, ale
heterogenita subjektivni, tj. charakter a intenzita selekcnich tlakt, které ve vysledku na studované
evoluéni linie skute¢né plsobi. Mezi tyto vlastnosti nalezi predevs§im adaptace konkrétnich druhli —
napiiklad vySe uvedena schopnost piechazet za nepriznivych podminek do odolnych pietrvavajicich
stadii. Nemén¢ dilezité ale mohou byt také inherentni vlastnosti evoluénich linii — predev§im fadova
velikost a generacni doby jejich prislusnika.

Rozdily ve velikosti a generac¢ni dob& patrné mohou za uréitych okolnosti hrat roli i v naSich
méfitkdch. Bylo napfiklad pozorovano, ze cervei druhu Nuculaspis californica, tj. kratkovéci
fytoparazité, jsou 1épe piizplsobeni starSim stromim douglasky tisolisté (Pseudotsuga menziesii) nez
mlad$im (Edmunds & Alstad, 1978). Pokud ale mezi sebou srovnavame pouze eukaryotické organismy,
nebo dokonce jen jejich mnohobunééné zastupce, rozdily ve velikosti ¢i genera¢ni dob¢ obvykle nejsou
radikalni a vétSinou je patrné zastinuji jiné faktory. V opa¢ném piipadé bychom ostatné pozorovali
jasnou zavislost mezi velikosti ¢i délkou generacni doby a zastoupenim pohlavnich druhti ¢i frekvenci
pohlavniho procesu.

Radoveé vétsi rozdily ve velikosti a generaéni dob& mezi typickymi eukaryoty a prokaryoty (viz
napf. Carlile, 1982) by nicméné mohly ptedstavovat ultimétni vysvétleni, pro¢ mezi eukaryoty pohlavni
rozmnozovani dominuje. Pfevazné drobnéd a kratkovekd prokaryota béhem svého zivota nenarazi na
tolik riiznych ostriivki prostiedi ani nezaziji ptili§ zasadnich vykyvi podminek. Radové vétsi eukaryota
s delsimi genera¢nimi dobami vsak (s vyjimkou starobyle nepohlavnich skupin obyvajicich vyrazné
homogenni habitaty) ziji v subjektivné daleko heterogennéj$im prostiedi, kde mize pohlavnost pfinaset
zasadni vyhody. Pokud se tedy heterogenita neméni v zavislosti na $kale relativné, ale spiSe absolutné,
pfinasi pohlavnost vyhody az na vétSich Casoprostorovych skalach a nelze dokonce vyloucit, Ze
dlouhodobé udrzovani vysokého genetického polymorfismu a elastické reakce na selekcni tlaky
prostiedi spojené s pohlavnosti ptedstavovaly nezbytnou podminku vzniku vétSich evolu¢né
zivotaschopnych organismi s delSimi generacnimi dobami. Pravé tento prechod na vyssSi casové a
prostorové skaly spojeny s ustanovenim pohlavniho rozmnozovani ptfitom mohl, jak uvidime dale a
budeme diskutovat zavéru (viz sekce 5), odstartovat celou fadu makroevoluc¢nich trendi a v disledku

toho stvofit pozemskou biosféru, jak ji zname dnes.
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4 MAKROEVOLUCNI IMPLIKACE TEORIE ZAMRZLE PLASTICITY

Makroevolucni implikace teorie zamrzl¢é plasticity, které miizeme shrnout v ramci Sir$i teorie zamrzlé
evoluce', jsme piezkoumali v sérii teoretickych studii. Vysledkem jsou tfi odborné ¢lanky pojednavajici
o ruznych aspektech zkoumaného konceptu. Na dalSich strankach postupné predstavim hlavni zjisténi,
kterych jsme se spoluautorem dobrali, jejich souvislosti s dal§imi publikovanymi evolu¢né-
biologickymi a teoreticko-biologickymi koncepty, specifické predpovédi teorie zamrzlé evoluce a jejich
doklady.

Tti nasledujici oddily ptiblizn€ odpovidaji jednotlivym ¢lankiim, jez jsou pfilozené na konci prace
ve formé prilohy. Né&ktera témata, ktera v ¢lancich pfedstavujeme z riznych uhli opakovang, jsem vSak
z dtivodu vétsi prehlednosti shrnul s prislusnymi citacemi pouze na jednom misté. Nejprve se budeme
vénovat fenoménu ,,makroevolu¢niho zamrzani* jakozto prvku evoluce evolvability, a to tak, jak jsme
toto téma pokryli v ¢lanku ,,Macroevolutionary Freezing and the Janusian Nature of Evolvability: Is
the Evolution (of Profound Biological Novelty) Going to End?* (Toman & Flegr, 2018a, pfiloha 2).
Nasledné si predstavime proces tfidéni z hlediska stability, jeho charakteristické rysy, vztah
k ptirozenému vybéru a zejména makroevoluéni implikace vcetné efektivni nevratnosti
makroevolu¢niho zamrzani. Tematicky bude tato kapitola odpovidat ¢lanku ,,Stability-based sorting:
The forgotten process behind (not only) biological evolution® (Toman & Flegr, 2017¢, pfiloha 3).
Nakonec se dotkneme hlavnich makroevolu¢nich disledkti makroevolu¢niho zamrzani, mezi které
mizeme zatadit mimo jiné zvySovani hierarchické komplexity organismi a jeho doprovodné fenomény,
nebo zasadni odlisnost prokaryotické a eukaryotické evoluce. Tyto mySlenky jsme ptedstavili v ¢lanku
»A Virtue Made of Necessity: Is the Increasing Hierarchical Complexity of Sexual Clades an Inevitable
Outcome of Their Declining (Macro)evolutionary Potential?* (Toman & Flegr, 2018b, ptiloha 4).

! Terminologick4 poznamka. Vztah mezi teorii zamrzlé plasticity a teorii zamrzl¢ evoluce je predevsim
z historickych divodi pon¢kud matouci. Jak vztah obou konceptli chapu ja a jak detailnéji vylozim
v podkapitole 4.1.1, teorie zamrzlé evoluce ¢astecné vychdzi z mikroevolu¢ni teorie zamrzl¢ plasticity
a predstavuje jeji makroevolucni rozSifeni. Zaroven ale jde o S$ir$i koncept zastfeSujici i dfive
formulovanou teorii zamrzlé plasticity. Kviili piehlednosti (nazev prace koneckonct zni Makroevolucni
a ekologické implikace teorie zamrzlé plasticity) a také kvtli tomu, Ze i mikroevolucni koncept sdm o
sobé vykazuje Siroké pole souvislosti, vS§ak v nasledujicim textu zachovam jak termin teorie zamrzlé
evoluce, tak termin teorie zamrzl¢ plasticity. Co se tyce autora obou koncepti, ten ve svych ranéjsich
dilech mluvil pouze o teorii zamrzl¢ plasticity a jejich makroevoluc¢nich implikacich (Flegr 2006, 2008,
2010, 2013). Pozdé¢ji argumentoval, Ze ptivodni teorie zamrzl¢ plasticity vlastné predstavuje konkrétni
mikroevolu¢ni model v ramci Sir§iho, makroevolu¢niho, konceptu teorie zamrzlé evoluce (viz napf.
Flegr 2015, str. 275-278, 283-286). Nejnoveji potom, ve své chystané revizi anglického vydani knihy
Zamrzla evoluce (Flegr, osobni sdé€leni), chape oba koncepty jako vice méné nezavislé evoluc¢ni teorie
spojené klicovou roli tfidéni z hlediska stability (viz kapitola 4.2 a ptiloha 3). Teorie zamrzl¢ plasticity
je podle n¢j sice dilezitym komponentem teorie zamrzlé evoluce, k zakladnimu pfedpokladu teorie
zamrzlé evoluce, makroevolu¢nimu zamrzani, vS§ak mize dochazet i v disledku jinych procest nez jen
téch predpovidanych teorii zamrzl¢ plasticity (viz podkapitola 4.1.1 a ptilohy 2 a 4).
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Nasledujici text nema, stejné jako predchozi sekce, ambice stat se vyCerpavajici analyzou. Daleko
spiSe se jedna o pomocnou nit, ktera ¢tenaii predstavi hlavni body naseho teoretického badani a jejich
objevl, a to véetné souvislosti ekologickych implikaci teorie zamrzlé plasticity s t€émi makroevolu¢nimi,

potom provedeme v zavéru prace (viz sekce 5, str. 48-50).

4.1 TEORIE ZAMRZLE EVOLUCE JAKO PRVEK EVOLUCE EVOLVABILITY

4.1.1 Makroevolu€ni zamrzani a teorie zamrzlé evoluce

V druhé sekci prace jsme vidéli, ze podle teorie zamrzlé plasticity se v prubéhu existence druht
postupné hromadi polymorfni alely (Flegr, 2006, 2008, 2010, 2013, 2015). Jedna se zejména o genové
varianty vykazujici frekvenéné zavisly vliv na zdatnost a alely, které jsou s nimi spojené v siti
pleiotropnich a epistatickych interakci. Vzhledem k tomu, Ze se do této sité genovych vazeb zachyti také
prakticky vSechny nové vzniklé alely, nemiize za normalnich okolnosti dochazet k efektivni fixaci ¢i
eliminaci alel ptisobenim usmérnéné selekce, a tudiz ani gradualnimu pfizptisobovani organismil novym
podminkam za hranice jiz ptitomného genetického polymorfismu. Jedina cesta, jak se miize druh vratit
do stavu, kdy bude schopny plasticky odpovidat na tlaky pfirozeného vybéru, zac¢ina nevybérovym
zmenSenim populace spojenym napiiklad s peripatrickou speciaci. Aby doslo k evolu¢nimu rozmrznuti,
musi nasledné populace dlouhodobé piezivat v malém poctu jedincti, coZz vede k vymizeni veSkerého
polymorfismu, a nakonec skokové zvysit své pocty, protoze jen ve velké populaci miZe zacit efektivné
operovat piirozeny vyber.

Zasadnim problémem podle teorie zamrzlé plasticity vSak je, Ze rizné alely rozmrzaji s riznou
obtiznosti (Flegr, 2006, 2008, 2010, 2013, 2015). Nékteré polymorfni alely mohou ke své fixaci nebo
eliminaci vyzadovat nerealisticky vyrazné zmenSeni populace, nebo nerealisticky dlouhé piezivani
v malém poctu jedinct. Ptili§ malé populace nemusi byt zivotaschopné. Dokonce ani vétsi populace ale
nemaji z dlouhodobého hlediska vyhrano. Pfi dlouhém ptezivani v malém poctu jedincii se totiz vlivem
snizené ucinnosti vybéru nedokazi efektivné prizptisobovat podminkam prostredi, nemluve o hromadéni
Skodlivych mutaci pisobenim genetického driftu a efektech inbredni deprese (viz napt. Charlesworth &
Willis, 2009; Flather et al., 2011). Drtiva vétSina populaci tedy vymie, nebo zvysi své pocty difiv, nez
uplné ztrati veskery polymorfismus ve vSech genech. Nezalezi ptitom, jak jsou k rozmrzani odolné
nevratné polymorfni alely v absolutnim méfitku vzacné. Jakmile se jednou takova alela objevi, proces
ttidéni z hlediska stability, ktery si ve vétSim detailu predstavime v kapitole 4.2, zajisti, Ze z genofondu
evoluc¢ni linie pohlavnich organismli uz nevymizi. V pribéhu existence dané evolu¢ni linie se proto
budou podobné alely postupné hromadit.

Podobna pravidla plati i pro celé organismalni znaky kédované mmnoha riznymi alelami.
Nekteré, napriklad takové, které koduje pouze jeden, nebo neékolik malo genti, patrné mohou podléhat

evoluci dokonce i v elastické fazi existence druhu (jak jsme vidé€li v sekci 2). Dalsim ke zplasticténi
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staci ztrata genetického polymorfismu v nékolika malo genech. Obcas se ale vyskytnou znaky, které by
ke svému zplasticténi vyzadovaly kompletni ztratu polymorfismu v tolika riznych genech, ze k tomu za
realistickych podminek nemtize nikdy dojit. Podobné jako nevratn€¢ polymorfni alely, také tyto
makroevoluéné zamrzlé znaky v pribéhu existence evoluc¢ni linie pouze ptibyvaji.

Jak jsme navic rozvedli v ¢lancich (Toman & Flegr, 2018a, b, prilohy 2, 4), vyS$e uvedeny proces
patrné neni jediny, prostiednictvim kterého mutize v makroevoluénim meétitku dochazet k efektivné
nevratnému makroevolu¢nimu zamrzani. Vlivem tfidéni z hlediska stability se totiz v pribe&hu existence
evolucnich linii hromadi vSechny geny, jejich funkéné provazané skupiny (moduly) a celé znaky
neodpovidajici na tlaky pfirozeného vybéru. Jedna se naptiklad o geny, jejichz sebemensi zména by
vyrazné snizila zivotaschopnost nebo plodnost organismu, geny, které jsou ve svych Géincich slozité
pleiotropicky spojené s jinymi, nebo geny, které jsou ve svych ucincich mnohonasobné zalohované,
takze by ke zméné jimi kdédovaného znaku bylo tieba simultdnni zmény na mnoha riznych mistech
genomu.

Procestim, které snizuji odpovéd’ urcitych genti, moduld a znakt na selekci, se vénoval naptiklad
Rupert Riedl (Riedl, 1977, 1978; Wagner & Laubichler, 2004; Budd, 2006; Schoch, 2010). Podle tohoto
autora se procesy a elementy spojené s vétSim pocétem dilezitéjSich znakt funkci, tj. prvky pro
fungovani organismu dtlezitéjsi a pravdépodobné také fylogeneticky starsi, v pribéhu ¢asu stavaji ¢im
dal méné¢ proménlivymi. Dlvodem je, Ze jakakoli zména téchto procesit pfinasi velké riziko
nefunk¢nosti organismu, které stoupa s tim, jak se okolo téchto procest a elementti v priubéhu evoluce
vyvijeji nové znaky. Toto rostouci zatizeni vSech organismalnich znakti nazyva Riedl ,,evoluc¢ni zatézi
(burden). William C. Wimsatt (Schank & Wimsatt, 1986; Wimsatt & Schank, 2004; Wimsatt, 2013)
v podobném duchu mluvi o ,,vyvojovém uzamknuti“ (generative entrenchment), které v zasadé
odpovida Riedlové evolucni zatezi, ale je odvozené od nacasovani v individualnim vyvoji a potazmo
funk¢ni integrace v systému. Zvysujici se uzamknuti zvySuje riziko, ze zména elementu bude skodliva
a snizuje pravdépodobnost, Ze zvysi zdatnost svého nositele. K adaptivni evoluci tudiz mtze efektivné
dochdzet jen na nejméné uzamknutych elementech a, podobné jako u Riedlovy evolu¢ni zatéze, také ve
Wimsattoveé konceptu kazdé rozsifeni vyvoje zvysuje uzamknuti predchozich elementt a procesa.

Jak jsme shrnuli ve vétsim detailu jinde (Toman a Flegr, 2018b, ptiloha 4), stejného fenoménu
si v minulosti povsimlo i n¢kolik dalSich autorti. Geny a genové moduly, které se uplatiiuji brzy
v individualni vyvoji, které ptimo ¢i neptimo ovliviiuji mnoho rtiznych znakd, procest a funkci, které
spoluvytvareji znaky a procesy pro fungovani organismu dilezit&jsi a které spoluvytvareji znaky a
procesy fylogeneticky starsi, jez v tomto ohledu portiznu vyzdvihuji rizni autofi, by si vSak mély
v zasad€ odpovidat. Vyplyva to ostatné uz z von Baerovych vyvojovych zédkont (viz Schoch, 2010).
Typickym ptikladem podobnych vysoce konzervovanych elementi genetické architektury organismii
jsou napiiklad geny zajist'ujici zdkladni bunécny metabolismus, mitdézu, meidzu, polarizaci t€lni osy na
pocatku zarodecného vyvoje, rozClenéni zarodku na diferencialné se vyvijejici regiony, nebo

organogenezi (Riedl, 1977, 1978; Schank & Wimsatt, 1986; Kirschner & Gerhart, 1998, 2005; Galis &
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Metz, 2001; Wimsatt & Schank, 2004; Davidson & Erwin, 2006; Erwin, 2007; Gerhart & Kirschner,
2007; Wimsatt, 2013, 2015; Hu et al., 2017). Pozdé&jsi vyzkumy sice ukazaly, Ze nejrangjsi stadia vyvoje
zarodku mohou podléhat pomérné dynamické evoluci ovlivnéné mimo jiné rodi¢ovskymi vlivy nebo
mirou rodi¢ovské investice do zasobnich latek ve vajicku, o néco pozdé&jsi, tzv. fylotypové, stadium vsak
vySe uvedenym kritériim odpovida v plné mife (Galis & Metz, 2001; Irie & Kuratani, 2014; Hu et al.,
2017).

Proces hromadéni dale neproménlivych prvki genetické architektury mize pti makroevolu¢nim
mikroevolu¢ni uroven dynamickych vykyvii ve frekvencich alel u pohlavnich kladd, ale uplatiiuje se na
vSech urovnich organismalni organizace (Toman & Flegr, 2018a, b, prilohy 2, 4). Nelze ov§em vyloucit,
ze spolu oba vy$e zminéné procesy efektivné nevratného makroevolu¢niho zamrzani netrivialné souvisi
a mohou se dokonce vzajemné posilovat. Bylo napfiklad navrzeno, Ze nevratné polymorfni alely
vytvareji jakasi dlouhodobé stabilni ,krystaliza¢ni jadra“, okolo kterych se na zakladé funkéné
propojenych genti mohou ustanovovat dale neproménlivé prvky genetické architektury organismu
(Toman & Flegr, 2018a, b, pfilohy 2, 4). Nejednalo by se ostatné o nic bezprecedentniho, nebot’ existuji
srovnatelné modely vzniku modularity na Girovni genomu (viz napt. Pepper, 2000; Pigliucci, 2008).

Oba vySe zminéné procesy, tj. hromadéni nevratn¢ polymorfnich alel i dale neproménlivych
prvki genetické architektury organismd, pfispivaji k postupnému makroevoluénimu zamrzani celych
evoluénich linii. Pravé myslenka, ze mulze v prubéhu c¢asu dochazet k hromadéni takovychto
ireverzibiln¢ zamrzlych elementi a potazmo snizovani promeénlivosti celych evoluénich linii, stoji
v zékladu teorie zamrzlé evoluce (Flegr, 2008, 2010, 2013, 2015). Tento koncept je tedy castecné
makroevoluéni implikaci teorie zamrzlé plasticity a ¢astecné tuto teorii v obecnéj§im rdmci zastiesuje.
Pokud by se alely, geny, genové moduly a znaky dale nepodléhajici ptisobeni piirozeného vybéru
v prubehu existence evolu¢nich linii jednoduSe hromadily, muselo by postupné dochazet ke snizovani
evoluéni proménlivosti jejich prisluSniki. Na pocatku existence kazdé evolu¢ni linie pohlavnich
organismil by vétSina znakil zistdvala proménliva hodné€, par malo a prakticky zadné viibec. Novée
odstépené druhy, potencialni zakladatel¢ novych taxonil, by se mohly odliSovat v celé fad¢ tfeba i velmi
dilezitych znakti a disparita i diverzita celého kladu by nartstaly. Vlivem pfibyvani dale
nepromeénlivych alel, genti, modult a znakd by se vSak noveé odStépené druhy mohly proméiovat jen ve
stale se zmensujicim okruhu stale odvozenégjSich a mén€ dilezitych znakd. Vzhledem k tomu, Ze v rdmci
kladu obcas dojdou k vymreni i vys$si fenotypove vyrazné odlisné taxony, jeho disparita by se mela zacit
Casem snizovat, az by z n¢j nakonec zlstala pouze jedna fenotypove uniformni vétev schopna uz jen
vytvateni velmi omezenych variaci na svilj postupne zamrzajici motiv.

K podobnému zavéru, stejn€ jako nutnosti postulovat specifické evolucni procesy schopné
prekonat snizovani evoluéni promeénlivosti, historicky dospé€lo nékolik autorii (viz Riedl, 1977, 1978;
Arthur, 1982, 1984; Schank & Wimsatt, 1986; Wagner & Laubichler, 2004; Wimsatt & Schank, 2004;
Budd, 2006; Schoch, 2010; Shcherbakov, 2012, 2013; Wimsatt, 2013), jejichz koncepty ve vetsim
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detailu rozebirame v nasich ¢lancich (Toman & Flegr, 2018a, b, ptilohy 2, 4). Podle novéjsich nazort
se vSak zda, Ze proces nemusi vést k tak jednoznacnym dusledkiim. V prib¢chu Casu se totiz alely, geny,
moduly a znaky odolné k plisobeni selekce jednoduse nehromadi bez ohledu na to, jak ovliviji dalsi
evoluéni proménlivost kladl, nybrz dochazi k ptfinejmensim castecné adaptivni evoluci genetické
architektury organismi. Tato mapa vztahii mezi genotypem a fenotypem nasledné kanalizuje a do jisté
miry optimalizuje dal$i evolu¢ni reakce organismt. V prubchu casu tudiz nedochazi k prostému
snizovani evolu¢ni proménlivosti organismi, ale spiSe modulaci tohoto aspektu jejich evoluce v procesu

evoluce evolvability (Schoch, 2010; Brigandt, 2015).

4.1.2 Evoluce evolvability

Evolvabilita je klicovym evolu¢né-biologickym konceptem s dlouhou historii zkoumani a koSatym
souborem ruznych chapani (detailn¢€ jsme toto téma rozebrali v Toman & Flegr, 2018a, priloha 2). Na
tomto misté mazeme alesponn shrnout, ze rozhodné nepiedstavuje jednoduse uchopitelny termin.
Odborne si evolvabilitu, tj. schopnost podléhat adaptivni evoluci, mizeme definovat napiiklad jako
,kapacitu organismu vyvaret dédi¢nou selektovatelnou fenotypovou variaci (Kirschner & Gerhart,
1998). Dalsi mozné definice uvadime v jiz zminéném ¢lanku (Toman & Flegr, 2018a, ptiloha 2), vesmeés
se ale jedna o variace na stejné téma. DileZit&jsi je, Ze evolvabilitu mizeme chapat nejméné na dvou
(Wagner & Altenberg, 1996; Wagner, 2005), ale spiSe na tiech (Pigliucci, 2008) riznych urovnich.

Na nejzakladnéjsi urovni lze evolvabilitu vykladat jako pouhy epifenomén mnoZstvi riznych
genovych variant a jejich interakci, respektive mnozstvi pfitomné genetické variace a kovariace na
urovni genofondu populace. V takovémto pojeti se evolvabilita v zasad¢ rovna schopnosti odpovidat na
pusobeni ptirozeného vybéru, coz ovliviiuje zejména riznorodost a dédivost znaki. Takto tradicné
chape evolvabilitu moderni evolu¢ni syntéza, kterd vesmés neuvazuje o tom, ze by vznik novych variant
na urovni genotypu ¢i fenotypu mohl byt systematicky vychyleny (viz napt. Hansen, 2006; Sniegowski
& Murphy, 2006; Pigliucci, 2008).

Evolvabilitu ale mizeme chapat i jako uspotadani vnitfnich omezeni, naptiklad vyvojovych
nebo evoluCnich constraints (zabran ¢i omezeni), které urcuje, jaka adaptivni fenotypova feSeni na
urovni druhu jsou viibec dosazitelna a jaka ne. V neposledni fad¢ potom miizeme evolvabilitu vykladat
i jako schopnost tato evolu¢ni omezeni pfekonavat a vytvaret zdsadni evolucni novinky (viz napf.
Wagner & Altenberg, 1996; Wagner, 2005; Pigliucci, 2008). V kontrastu k tradi¢nimu pfistupu moderni
evolucni syntézy tak miizeme evolvabilitu chapat jako soubor procesii, které na mnoha riiznych tirovnich
kanalizuji, jak se budou genetické zmény projevovat na tirovni fenotypu — od toho, jaké ¢asti genomu
budou piednostné mutovat a jaké typy mutaci zde budou vznikat, ptes diferencialni a ¢asto dokonce
epigenetickou regulaci jednotlivych genil nebo interakce vyvijejicich se bunék, tkani ¢i organti az po
reakce téchto procesti na zmény vnéjSich podminek prostrednictvim vyvojové plasticity (viz napt.
Gerhart & Kirschner, 1997; Kirschner & Gerhart, 1998; Hansen, 2003, 2006, 2011, 2016; Rutherford,
2003; West-Eberhard, 2003; Turner, 2007; Pavlicev & Hansen, 2011; Raff, 2012; Flegr, 2015, str. 38-
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91). Takto pojata evolvabilita pfitom mize sama podléhat evoluci, coz je jednim ze zakladnich
teoretickych kamenti konceptu ,,rozsitené evolu¢ni syntézy* (viz Toman & Flegr, 2018a, ptiloha 2).

Procesy kanalizujici vznik fenotypové variace obvykle nazyvame genetickou architekturou
organismi, nebo, jesté 1épe, genotypovo-fenotypovou mapou. Diuvod je ten, Ze maji mnoho riznych
urovni, z nichz nekteré ovliviwji i jiné typy paméti nez geneticka — napiiklad epigeneticka, strukturni,
nebo kulturni (Markos, 2002; Kurismaa, 2018). Genotypovo-fenotypova mapa, stejné jako evolvabilita
samotna, v ¢ase prokazatelné podléhaji evoluci (Wagner & Altenberg, 1996; Kirschner & Gerhart, 1998;
Gerhart & Kirschner, 2007; Pigliucci, 2008; Hansen, 2016). Jedna se o donedavna Casto opomijeny
proces, ktery zasadné ovliviiuje makroevoluci zvlast€é mnohobunécnych organismi se slozitym
individualnim vyvojem. Na evoluci evolvability ma vliv celd fada procestl, které shrnujeme v nasem
¢lanku (viz Toman & Flegr, 2018a, pfiloha 2). V jejim pribéhu opravdu mize dochazet k hromadéni
vyvojovych a evoluénich constraints. Podle fady modernich konceptd vSak v prubéhu evoluce
evolvability nedochazi k jednosmérnému snizovani evolvability (jak zastdvaly nékteré star$i koncepty,
viz pfedchozi podkapitola), nybrz jeji optimalizaci.

Podle fady autortu (Riedl, 1977, 1978; Wagner & Altenberg, 1996; Kirschner & Gerhart, 1998;
Turney, 1999; Pigliucci, 2008; Davies, 2014; Hansen, 2016) se genotypovo-fenotypova mapa vyviji tak,
aby co nejpiesnéji odrazela strukturu fenotypu a selekénich vlivli okoli. Vysledkem je snizeni rizika, ze
nahodna mutace bude $kodliva, zvySeni Sance, Ze bude prospéSna a snizeni po¢tu mutaci nutnych
k vytvoreni adaptivniho fenotypu. Nelze dokonce vylouéit, ze genotypovo-fenotypova mapa, respektive
sni spojend vyvojova i environmentalni robustnost a constraints, je zcela nezbytna k vytvoreni
jakéhokoli komplexniho fenotypu a jeho adaptivni evoluci (Riedl, 1977, 1978; Kirschner & Gerhart,
1998; Wagner & Laubichler, 2004; Wagner, 2005; Budd, 2006; Schoch, 2010; Davies, 2014; Sharov,
2014; Brigandt, 2015). PIné se tato mySlenka rozvinula naptiklad v rdmci konceptu ,,usnadnéné variace*
(faciliated variation) (Kirschner & Gerhart, 2005; Gerhart & Kirschner, 2007;), podle kterého je
genotypovo-fenotypovd mapa a potazmo charakter evolu¢nich reakci, prostfednictvim kterych mohou
organismy odpovidat na selek¢ni tlaky svého prostfedi, optimalizovana na zakladé drivejsi evolucni
zkuSenosti dané linie. VeSkerd comstraints podle tohoto konceptu slouzi pouze k vyrazngj$im
deconstraints na vyssi trovni. Stejny proces ovSem vyrazn¢ omezuje vznik vyraznych evolucnich
novinek. Akumulace constraints kanalizuje hloubku a charakter dal$ich moznych evolu¢nich reakei linii
a dalo by se tak fict, ze optimalizuje jejich mikroevolu¢ni vyhlidky na ukor makroevolucnich.
Evolvabilita na nizsi urovni (ve smyslu vytvareni adaptivnich fenotypti a schopnosti rychle a operativné
reagovat na momentalni zmény podminek) se zvysuje na ukor evolvability na vyssi urovni (ve smyslu
makroevolu¢niho potencialu, respektive vytvareni zasadnich evolu¢nich inovaci) (Wagner & Altenberg,
1996; Kirschner & Gerhart, 1998; Pigliucci, 2008; Sharov, 2014).

Pro teorii zamrzlé evoluce z podobnych uvah plyne dilezity poznatek, ze v priabéhu evoluce
evolvability nemusi dlouhodobé dochazet k jejimu obecnému snizovani, ale pouze poklesu jednoho

jejiho typu, ktery se vyznacuje pravdépodobnosti vzniku zasadnich evolu¢nich novinek a kterému
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v nasich ¢lancich fikame makroevolu¢ni potencial (viz Toman & Flegr, 2018a, b, prilohy 2, 4). Tento
rozdil mezi riznymi irovnémi evolvability se patrné odrazi v tzv. paradoxu evolvability, tj. faktu, ze i
pres jasné dukazy konzervativnosti genetické architektury organismi (Kirschner & Gerhart, 1998;
Davidson & Erwin, 2006) nenaznacuji hodnoty dédivosti, jinych ,niz§ich® kvantitativnich metrik
evolvability, ani mezikladové diverzity zasadnim evolu¢nim omezenim (Erwin, 2007; Hansen, 2016).
Duvod je patrné ten, ze vyrazngj$i limitace vyvstavaji az na vysSich taxonomickych turovnich
v makroevoluci (Davidson & Erwin, 2006; Erwin, 2007). Rubovou stranou téhoz fenoménu je potom
pozorovani, ze mezidruhové a mezikladové rozdily vyvstavaji hlavné ze zmén regulacnich elementd,
zatimco vnitroduhové rozdily ze zmén protein-kodujicich sekvenci genti (Stern & Orgogozo, 2008,
2009).

Jak dale shrnujeme v nasem ¢lanku (viz Toman & Flegr, 2018a, priloha 2), evoluce evolvability,
prostiednictvim které se evoluéni linie na zaklad¢é své evolucni zkuSenosti de facto uci Cist charakter
svého prostiedi, vykazuje napadnou podobnost individualnimu uceni. Byt’ k tomuto procesu dochazi na
zaklade diferencialniho tfidéni dil¢ich evoluénich linii, ve vysledku se stejné jako u individualniho uceni
zvySuje efektivita evoluénich reakci na zmény prostiedi (Davies, 2014; Watson et al., 2014, 2016;
Lindholm, 2015; Watson & Szathmary, 2016). S trochou nadsazky mizeme oznacit evoluci za proces,
pii kterém se biosféra prostiednictvim komplexni mnohoturoviiové evoluce evolvability uci, poznava a
buduje okolni svét i samu sebe. Jak argumentujeme dale (viz Toman & Flegr, 2018a, ptiloha 2), procesy
podobného typu mizeme nejefektivnéji popsat biosémiotickym pristupem (Marko$ & Faltynek, 2011;
Marko$ & Cvrckova, 2013; Markos, 2014, 2015; Marko$§ & Das, 2016). Sémioze piedstavuje schopnost
interpretace na zaklad¢ paméti, historie, zkuSenosti a kontextu (Markos, 2014). Evolu¢ni reakce linii
proto mizeme interpretovat jako vyklad podminek prostiedi a jejich zmén na zaklad€é predchozi
zkuSenosti s cilem vyprodukovat co nejvyhodngjsi adaptaci. Celd evoluce evolvability potom
v takovémto rozvrhu predstavuje jeden velky biosémioticky akt a exemplarni ptiklad biosémiotického
procesu. S tim souhlasi naptiklad fenomény rychlé re-evoluce zdanlivé ztracenych, ale momentalné
pouze neexprimovanych znakl (napt. kiidel nekterych straSilek, Whiting et al., 2003, pohlavnosti
roztoct ze skupiny Crotoniidae, Domes et al., 2007a, nebo vajicek jinak zivorodych hroznyst rodu Eryx,
Lynch & Wagner, 2010), nebo tzv. paralelnich fenotypovych variaci na zékladé¢ hluboce sdilenych
vyvojovych procest naptiklad u rostlin (Vavilov, 1922). Evolvabilitu nicméné ovliviiuje celd tfada
dil¢ich biosémiotickych procesi (interpretace momentalnich podminek na zakladé riznych typti paméti,
individudlni uceni, transgeneracni prenos zkusenosti, kulturni evoluce apod.) a to samé plati i naopak,
coz prozrazuje velmi intimni vztah téchto dvou fenoméni (Shcherbakov, 2012; Hoffmeyer & Stjernfelt,
2016).

Zatim neni jasné, zda a do jaké miry predstavuje evoluce evolvability adaptivni proces, vysledek
nahodnych déja, nebo epifenomén jinych evolu¢nich procest (viz Kirschner & Gerhart, 1998; de Visser
et al., 2003; Pigliucci, 2008; Hansen, 2011; Pavlicev & Wagner, 2012; Hansen, 2016). V kazdém

ptipad¢ ale hraje v evoluci evolvability dilezitou roli tfidéni evolucnich linii. Linie s optimalni
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evolvabilitou se vyznacuji efektivnimi reakcemi na zmény prostiedi, coz vede jednak ke snizeni
pravdépodobnosti extinkce jejich prislusnikli, ale rovnéz ke zvySeni pravdépodobnosti odstépeni
dcefinych linii a obsazeni novych ekologickych nik. Dlouhodobé tak mohly pievazit procesem tiidéni
z hlediska stability, druhového vybéru, nebo jiné formy selekce kladi (Waddington, 1957; Alberch,
1991; Dawkins, 1996; Gerhart & Kirschner, 1997; Pigliucci, 2008; Hansen, 2011). Z hlediska teorie
z hlediska stability (viz kapitola 4.2), respektive hromadéni téch prvka genetické architektury, které
odpovidaji na selekci jen malo ochotné nebo vibec (viz Toman & Flegr, 2018a, pfiloha 2). Tento proces
evolvability (viz Kirschner & Gerhart, 1998, 2005; Wagner, 2005; Gerhart & Kirschner, 2007; Wimsatt,
2013).

I pod vlivem makroevolu¢niho zamrzani v§ak postupné pievazuji genetické architektury, které
zajist'uji optimalni evolvabilitu. Zda se, Ze nejb&znéjsim zpuisobem, jak podobnych vysledki pozemské
evoluéni linie dosahuji, je usporadanim genotypovo-fenotypové mapy do dale jen malo proménlivych
kvazinezavislych moduld (Simon, 1962; Lewontin, 1978; Schank & Wimsatt, 1986; Wagner, 1995a;
Wagner & Altenberg, 1996; Bonner, 1998; Kirschner & Gerhart, 1998; McShea, 2000; Schlosser, 2002,
2004; Schlosser & Wagner, 2004; Wimsatt & Schank, 2004; Wagner et al., 2005; Callebaut & Rasskin-
Gutman, 2005; Davies, 2014; Melo et al., 2016). Odlisitelné znaky za takové situace koduji ptirozené
skupiny gent siln¢ integrované svymi pleiotropnimi efekty a odlisné od jinych takovych skupin (Simon,
1962; Wagner & Altenberg, 1996; Bonner, 1998; McShea, 2000; Schlosser, 2002; Schlosser & Wagner,
2004; Callebaut & Rasskin-Gutman, 2005). Podobna meta-adaptace patrn€é vede jak k optimalizaci
evolvability, tak obnoveni makroevolu¢niho potencidlu (viz kapitola 4.3) na vySsi urovni organizace
prostfednictvim nezavislé regulace, kopirovani, kombinovani, nasazovani ¢i odstraiiovani moduld
(Carroll, 2005; Hoekstra & Coyne, 2007; Stern & Orgogozo, 2008, 2009; Marshall & Valentine, 2010;
Hu et al., 2017). Toto modularni uspofadani se nasledné odrdzi i na vysSSich tirovnich organismalni
organizace, viz napt. Carroll (2001), nebo kapitola 4.3.

Jak vSak uvidime v kapitole 4.2, problémem je, ze k tfidéni z hlediska stability dochazi na vSech
urovnich. Moduly a jejich skupiny se li§i ve své proménlivosti tplné stejné, jako jednotlivé geny a jejich
skupiny na trovni niz$i. Obnoveni makroevolu¢niho potencialu unikem na tdrovenn moduldrniho
usporadani je tak pouze doCasnym feSenim, protoze i zde se zahy zacnou hromadit makroevolucné
zamrzlé elementy genetické architektury neodpovidajici na tlaky usmérnéné selekce. Makroevolu¢ni
zamrzani spojené s ubytkem makroevolu¢niho potencidlu tak bude probihat i na vys$si irovni, coz miize
vést k dalsi komplikaci genetické architektury. (Ne)vyhnutelnost tohoto zamrzani, navrzené cesty, jak
jej mohou evolu¢ni linie obejit, ale také fadu zajimavych makroevolucnich patrnosti, které z ngj

vyplyvaji, rozebereme v kapitole 4.3.
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4.1.3 Doklady snizovani makroevoluc¢niho potencialu
Pokud v pribéhu makroevoluce opravdu klesa makroevolu¢ni potencial pohlavnich evolu¢nich linii,
m¢l by se tento proces vyznaCovat n¢kolika specifickymi trendy. Zaprvé bychom méli ocekavat, ze se
disparita téchto skupin bude po Uvodnim nardstu spojeném se zvySenim druhové bohatosti spiSe
snizovat. Dale bychom mohli ¢ekat, Ze se bude snizovat samotny potencial téchto linii pro vytvareni
velkych evolu¢nich novinek, jejich proménlivost a za urcitych okolnosti mozna i rychlost evoluce ¢i
speciacni rychlost (byt, jak jsme vidé€li v predchozi podkapitole, evolvabilita na niz§ich tirovnich svého
chapani klesat nemusi). V neposledni fadé by potom u makroevolué¢né zamrzajicich evolu¢nich linii
mela klesat i vnitrodruhova proménlivost, nebo 1épe jeji méfitelny projev, vnitrodruhova disparita.
Vsechny tyto trendy byly v prub&hu historie v riznych kontextech zkoumany (Riedl, 1977,
1978; Kirschner & Gerhart, 1998; Wagner & Laubichler, 2004; Budd, 2006; Schoch, 2010; Wimsatt,
2013) a neziidka extenzivné zdokumentovany (viz napi. Rosa, 1899; Erwin et al., 1987; Gould, 1989;
DiMichele & Bateman, 1996; McShea, 1996; Foote, 1997; Eble, 1998, 1999; Canning et al., 2004;
Rasnicyn, 2005; Budd, 2006; Glenner & Hebsgaard, 2006; Erwin, 2007; Webster, 2007; Hughes et al.,
2013; Lee et al., 2013). Mezidruhova disparita, zda se, v souladu s oCekavanimi zamrzlé evoluce
nejéast&ji na pocatku existence evolu¢nich linii explozivng nartista (Yochelson, 1979; Knoll et al., 1984;
Saunders & Swan, 1984; Swan & Saunders, 1987; Gould, 1989; Hughes, 1991; Briggs et al., 1992;
Carlson, 1992; Foote, 1992, 1994, 1995, 1996, 1997, 1999; Foote & Gould, 1992; Lee, 1992; Erwin,
1994; Wills et al., 1994; Anstey & Pachut, 1995; McGhee, 1995; Wagner, 1995b, 1997; Fortey et al.,
1996; Jernvall et al., 1996; Miller & Foote, 1996; Saunders & Work, 1996, 1997; Sims, 1996, 2000;
Lupia, 1999; Thomas et al., 2000), v n¢kterych ptipadech s ,,Cekaci dobou* nékolika miliont let
(Sepkoski, 1979; Tiffney, 1981; Knoll et al., 1984; Marx & Fordyce, 2015). Nasledné disparita celého
kladu nejcastéji dlouhodobé stagnuje €i osciluje kolem nejvyssi dosazené hodnoty (Carlson, 1992; Lee,
1992; Wills et al., 1994; McGhee, 1995; Wagner, 1995b; Fortey et al., 1996; Foote, 1997, 1999; Wills,
1998a, b; Lupia, 1999; Smith & Bunje, 1999; Wills & Fortey, 2000; Ciampaglio, 2002, 2004;
Labandeira & Eble, 2007; Erwin, 2011). Podobn4 patrnost odpovidd predpovédim teorie zamrzlé
evoluce jen zcasti, urcCité studie ale nasvédcuji i tomu, ze u nékterych klad dochézelo po rychlém
dosazeni vrcholné disparity uz jen k jejimu snizovani (Gould, 1989; Foote, 1992, 1993, 1994, 1999;
Valentine, 1995; Kirschner & Gerhart, 1998; Lofgren et al., 2003; Hughes, 2007; Marx & Fordyce,
2015; Oyston, et al. 2015; Hopkins, 2017). Podle rozsahlejsich srovnani Goulda et al. (1987), Hughese
et al. (2013) a Oystona et al. (2018) je navic tento prubéh charakteristicky pro fanerozoické klady
mnohobunécnych zivocicht, byt rizné klady vykazuji velmi riznorodé pribéhy disparity a neni viibec
jasngé, jaky proces by za statisticky pozorovanymi patrnostmi mohl stat. Z uvedeného trendu ale
samoziejm¢ nalezneme 1 vyjimky — n€kolik klad naptiklad vykazuje pomérné komplikovany prabéh
vyvoje disparity (Foote, 1993; Labandeira & Sepkoski, 1993; Dommergues et al., 1996; Wills, 1998a;
Oyston et al., 2015; Stubbs & Benton, 2016).
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Pozorované patrnosti ve vyvoji mezidruhové disparity mohou mit dvé riizna vysvétleni (Erwin,
1993, 2007; Valentine, 1995; Ciampaglio, 2002, 2004; Wagner, 2010). Podle tzv. vyvojovych (nebo
genetickych) teorii, mezi které v tomto ohledu spada i teorie zamrzlé evoluce, stoji za stagnaci a
snizovanim disparity kladu jejich klesajici schopnost vytvaret zasadni evolucni novinky vyplyvajici
z jejich vnitiniho ustrojeni a trendd, v jejichz sméru se toto ustrojeni méni (tj. z evoluce evolvability).
Podle tzv. ekoprostorovych teorii stoji za zpomalovanim narGstu disparity, jeji stagnaci, nebo dokonce
snizovanim ekologické diivody, konkrétn¢ klesajici mnozstvi volnych ekologickych nik dostupnych pro
obsazeni. Problémem je, ze se ob¢ vysvétleni nemusi vzajemné vylucovat (Valentine et al., 1996; Erwin,
2007; Oyston et al., 2018). I tak bychom ale na zakladé specifickych makroevolu¢nich patrnosti méli

Spise vyvojovym teoriim nahrava naptiklad pozorovani, Ze po hromadnych vymiranich, ktera
doprovazela i velka uvolnéni ekologickych nik, malokdy dochazelo k vyraznéj$imu nartustu disparity
stavajicich klad® (Hughes et al., 2013). Stejné zavéry podporuji také pozorovani, ze v pribéhu existence
kladd dochazi ke snizovani jejich fenotypové proménlivosti. Prvni ctyfnozci (Tetrapoda) méli naptiklad
na rozdil od pozdéjSich velmi variabilni pocet prsti (Coates & Clack, 1990; Clack, 2006). Moderni savci
(Mammalia) maji ve srovnani s jinymi obratlovci vesmes stabilizovany pocet krénich obratlt (Galis,
1999; Oyston et al., 2018). Podobné konzervovana je ve srovnani s ranymi zastupci vlastni skupiny také
stavba hlavy a tstniho ustroji riznych dne$nich vysokych taxont ¢lenovei (Arthropoda) (Gould, 1989;
Wills et al., 1995; Wills & Fortey, 2000). Srovnatelné trendy klesajici proménlivosti mizeme podle
Vermeijho (2015) vysledovat rovnéz u poétu hrudnich ¢lankd rané kambrickych trilobitti (Trilobita)
(Hughes, 1991; Webster, 2007), poctu a pozici platd ranych ptisedlych a stélkatych ostnokozct
(Guensburg & Sprinkle, 2001, 2009; Deline & Ausich, 2011) ¢i rozlozeni zilek tfetiho a vyssiho fadu v
listové zilnating ranych krytosemennych rostlin (Doyle & Hickey, 1976). Webster a Zelditch (2011)
pozorovali napadné nizkou integraci znakii u kambrickych trilobiti. Radu konkrétnich piikladd uvadi
také Wills a Fortey (2000) a podle McShea (1996), Wagnera (2000) ¢i Oystona et al. (2018) se snizuje
v prubehu evoluce i celkova proménlivost, respektive frekvence vniku novych znakti, mnohobunécnych
zivocichti. S tim souhlasi pozorovani, ze disparita klada klesa zpravidla dlouho pted diverzitou, ktera
jesté mize po né&jaky Cas nartstat (Smith, 2007; Vermeij, 2015). Wagner (2018) vSak uzavira, ze cely
fenomén neni tak jednoduchy a evoluce evolvability vede spiSe k ustanoveni tézko proménlivych
modull sestavajicich z korelovanych znaki se souvisejicim vlivem na fenotyp nez vSeobecnému
snizovani proménlivosti.

Vyvojova vysvétleni podporuje také asymetricky vznik vyssich taxonti v ¢ase — at’ uz v ramei
vsech dvoustrané soumérnych mnohobunéénych zivocichii (Erwin, 2007; Peterson et al., 2009), nebo
dil¢ich kladi mnohobunécnych zivocicht a rostlin (Erwin et al., 1987; DiMichele & Bateman, 1996;
Eble, 1999). Stejnému zavéru nahravaji rovnéz analyzy nasvédcujici vyrazné zvySené rychlosti

molekularni i fenotypové evoluce v ranych fazich existence linii (Ruta et al., 2006; Brusatte et al., 2008,
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2014; Slater et al., 2010; Lloyd et al., 2012; Lee et al., 2013, 2014; Close et al., 2015; Marx & Fordyce,
2015), byt i zde nalezneme vyjimky (Hopkins & Smith, 2015; Slater, 2015; Cooney et al., 2017).

Zminit mizeme také dalsi fenomén, ktery nepfimo podporuje hypotézu o sniZzovani
makroevolu¢niho potencialu, a to tzv. efekt entskych zen. Podle Quentala a Marshalla (2013), ktefi
studovali nékolik vymielych a vymirajicich sav¢ich kladt, hraje pfi vymirani kliCovou roli snizeni
speciaéni rychlosti. Podobny jev u riznych kladd pfitom pozorovala i fada dal$ich autort (viz napt. Van
Valen, 1973; Marshall & Hecht, 1978; Gilinsky & Bambach, 1987; Bambach et al., 2004; Rabosky &
Lovette, 2008). Vzhledem k tomu, Ze na zaklad¢ fosilniho materialu pozorujeme spise celé rody nez
druhy, je pravdépodobné, Ze tito badatelé vlastné zdokumentovali pokles frekvence rozmrzani druhti a
s tim spojenych pfechodi do plastické faze jejich existence. Prave to bychom mohli o¢ekavat, pokud by
pribyvalo nevratné polymorfnich alel a makroevolu¢né zamrzlych znaki.

Neptimym dokladem vyvojovych teorii je rovnéZ Gstup starSich taxonti do okrajovych prostredi.
V moti, naptiklad, vznikaji evolu¢ni novinky a potazmo vys$$i taxony prednostné na (bioticky i abioticky
velmi heterogennich) mél¢inach (hlavné tropického pasu) a postupné ustupuji do hlubin (Jablonski et
al., 1983; Bottjer & Jablonski, 1988; Morris, 1989; Jablonski & Bottjer, 1991; McShea, 1994; Jablonski,
2000, 2005; McKinney & Drake, 2001; Zechman et al., 2010). Podobné patrnosti se ale nejspise
projevuji také v evoluci rostlin (DiMichele & Aronson, 1992; Wing & Boucher, 1998; Prestianni et al.,
2015; Blomenkemper et al., 2018), nebo obecné, a to ¢astéjsim vznikem novinek a vysSich taxont
v proménlivém heterogennim prostiedi a Gstupu linii se snizenym makroevolu¢nim potencialem do
okrajovych podminek (Jablonski, 1993, 2000; Kiessling et al., 2010; Jansson et al., 2013) (viz také
kapitola 3.1).

Poslednim, ale velmi dilezitym, dokladem nasvédCujicim vyvojovym teoriim je postupné
snizovani vnitrodruhové variability zdokumentované u tfady evolucnich linii. Divodem je, ze
vnitrodruhova fenotypova promeénlivost prokazatelné souvisi s mezidruhovou (Webster, 2018). Obecné
byva tento jev nazyvan Rosaovym pravidlem (Rosa, 1899; Omodeo, 1992), a kromé anekdotickych
dokladl (viz napt. Rosa, 1899; Monnet et al., 2012; Frey et al., 2016; Schachat & Gibbs, 2016) mu
nasvédcuje dlouhd fada riznych studii trilobitt a jejich konkrétnich znakti (Jaanusson, 1975; Bergstrom
& Levi-Setti, 1978; McNamara, 1986; Ramskdld, 1986, 1991; Hughes, 1991, 2007; Hughes et al., 1999;
Wills & Fortey, 2000; Webster, 2015; Daley & Drage, 2016). Jak jsme detailné shrnuli v ¢lanku (Toman
a Flegr, 2018a, ptiloha 2), snizovani proporce vnitrodruhoveé polymorfnich znakii v pribehu existence
kladu nejsolidnéji podpotila kvantitativni Websterova (2007) studie trilobiti. Trend samotny v tomto
pripadé plynul hlavng z rozdild mezi fady. Ty z nich, které se odvétvily diive, vykazovaly vyrazng vétsi
disparitu v ramci svych druhd. Projevil se ale i v ramci téch fadi, které diky své druhové bohatosti
podobnou analyzu umoznily. Podobny trend se podle nékterych autori mohl projevit také v evoluci
$vabu (Blattodea), byt’ zde vysledky zdaleka nejsou tak presvédCivé (Vrsansky, 2000; Vrsansky et al.,
2009, 2017; Liang et al., 2012; Oruzinsky & Vrsansky, 2017), nebo nékterych znakd ordovickych

krinoidd (Foote, 1999; Deline, 2009; Pimiento et al., 2018). Srovnatelné patrnosti zname z evoluce
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parazitii, kde se Rosaovo pravidlo projevuje jako tendence piechazet od generalismu, pies ¢asteCnou
hostitelskou specializaci az ke specializaci Gplné (Eichler, 1948; Klassen, 1992).

Hypotéze dale nahrava fakt, ze vnitrodruhové variabilngj$i klady maji vétsi nad€ji na preziti, a
to zvlasté pii hromadnych vymiranich (Liow, 2007; Kolbe et al., 2011; Webster, 2018). Byt i zde néktera
pozorovani svédci spise proti (Wills & Fortey, 2000; Webster, 2007; Hopkins, 2011), patrné se jedna o
dusledek toho, Ze v téchto ptipadech $lo o pribézna vymirani. Alternativné mizeme spekulovat, zda se
z hlediska Sance na pteziti makroevolucni potencial, vnitrodruhova variabilita a mezidruhova disparita
v historii kladii nevyvijeji od hodnot z makroevolu¢niho hlediska pfili§ vysokych, ptes optimalni az po

suboptimalni. Tato otazka ale ziistava zcela oteviena.
4.2 TRIDENi Z HLEDISKA STABILITY

4.2.1 Preziti stabilngjSich
Wallace, 1858; Darwin, 1859), ale patrné také moderni evolu¢ni biologie viibec. Samoziejmé je pravda,
ze pribéh evoluénich déji ovliviuje cela fada dalSich faktort (viz naptf. Gould, 2002; Mayr, 2003;
Pigliucci & Miiller, 2010; Flegr, 2015). Pfirozeny vybé&r v§ak nabizi dominantni vysvétleni, jak mohou
efektivné vznikat a hromadit se G¢elné vlastnosti, tj. pfizptisobeni, organismi. V tomto ohledu je proto
zajimavé, ze prirozeny vybér predstavuje pouze jednu konkrétni manifestaci daleko obecngjsi
zakonitosti, ktera se uplatiiuje ve vSech systémech s evoluci v §irS§im slova smyslu, tj. paméti ¢i historii.
At uz se jedna o systémy zivych nebo nezivych, materialnich nebo nematerialnich entit, vzdy plati, ze
stabilngjsi, tj. méné promeénlivé a dlouhodobé perzistentnéjsi, nebo Castéji vznikajici varianty se v jejich
ramci budou uchovévat a hromadit, zatimco nestabilni, proménlivé ¢i fidce vznikajici varianty budou
ubyvat.

Této obecné a na prvni pohled trividlni zakonitosti si v riznych typech systémut pov§imla dlouha
fada badatelt (napt. Lotka, 1922a, 1922b; Simon, 1962; Slobodkin & Rapoport, 1974; Wimsatt, 1980;
Van Valen, 1989; Rappaport, 1999; Michod, 2000; Grand, 2001; Slotine & Lohmiller, 2001; Dawkins,
2003; Pross, 2003, 2004, 2012; Bouchard, 2008, 2011; Flegr, 2010, 2013; Maynard Smith & Szathmary,
2010; Wagner & Pross, 2011; Shcherbakov, 2012; Doolittle, 2014, 2017; Pascal & Pross, 2014, 2015,
2016; Bardeen & Cerpa, 2015), které, stejn€ jako jejich pon€kud odliSnou terminologii, zmifiujeme
v nasem teoretickém ¢lanku (Toman & Flegr, 2017c, pfiloha 3). Nejznaméjsi se patrné stala pasdz
v Dawkinsové knize Sobecky gen (Dawkins, 2003, str. 22), kde autor ptimo ftika, ze: ,,Darwinovo
,preziti zdatn€jSiho* je v podstaté specialnim pripadem obecnéjsiho pravidla preziti stabilngjsiho™. Az
na svétlé vyjimky spojené napiiklad s teoriemi vzniku Zivota a pfeménou ,,perzistor na replikatory
(Bourrat, 2014), avahami o ustanoveni ,,gaianskych® zpétnovazebné regulovanych celoplanetarnich
entit (Doolittle, 2014, 2017), nebo pokusy o redefinici biologické zdatnosti (Bouchard, 2008, 2011) se

ale této zakonitosti nikdo nevénoval do vétsi hloubky ani ji neptikladal vétsi evoluéni dalezitost. Podle
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vétSiny evoluénich biologll predstavuje pouze nepfilis zajimavé, nebo dokonce umélé rozsifeni pojmu
ptirozeného vybéru mimo systémy zivych entit (viz napt. Okasha, 2006, str. 214, Godfrey-Smith, 2009,
str. 40 a 104).

Jak vSak argumentujeme v naSem clanku (Toman & Flegr, 2017c, ptiloha 3), tento proces ve
skute¢nosti miize hrat v riznych vyvijejicich se systémech vcetné biologické evoluce kli¢ovou roli.
Vzhledem k jeho zna¢nému konceptualnimu neukotveni jsme jej navrhli nazvat tfidénim z hlediska
stability (stability-based sorting, SBS). Urlitym problémem ziistava otazka, zda tfidéni z hlediska
stability, respektive konstatovani, Ze stabilni pietrvava, zatimco nestabilni mizi, nepfedstavuje pouhou
tautologii. Tautologii toto konstatovani nejspi§ opravdu je, protoze se jedna o vyrok platny za vSech
okolnosti (Grand, 2001, str. 34-38, Pross, 2012; Shcherbakov, 2012; Pascal & Pross, 2014, 2015).
V jednoduchém, homogennim, systému by byly stejné trivialni i disledky tfidéni z hlediska stability.
Dulezité vSak je, ze vétSina systému, kterymi se rtizné védni obory zabyvaji (vesmir, nase planeta,
biologicka evoluce, spole¢nost, kulturni evoluce apod.) takto idealizovana neni a neziidka vykazuje
pomérné velkou heterogenitu. Za podminek, kdy entity tvorici systém slozitymi zptisoby interaguji
s proménlivym a riznorodym prostiedim zahrnujicim mimo jiné ostatni takové entity, se vSak jejich
stabilita, respektive perzistence v systému, stava proménlivou a kontextové zavislou. Tiebaze tedy cely
systém stale miiZeme charakterizovat jeho sméfovanim k vétsi stabilité, konkrétni stavy, kterych v ramei
tohoto procesu nabyva, maji k jednoduchosti ¢i trivialni pfedpovéditelnosti daleko (Pross, 2003, 2004,
2012; Bardeen, 2009; Wagner & Pross, 2011; Pascal & Pross, 2014, 2015, 2016). Pfi zkoumani
jednotlivych systémt, v naSem piipadé biologické evoluce, jsou to pfitom tyto konkrétni stavy, které
zni jako tautologie, ale je to velka tautologie: Vse, co je opravdu nové, vzniké prostfednictvim tohoto

principu.

4.2.2 \Vztah tfidéni z hlediska stability a selekce
Jak podrobnéji rozebirdme v ¢lanku (Toman & Flegr, 2017c, pfiloha 3), vSechny formy selekce
vyzaduji, aby entity podléhajici tomuto procesu vznikaly mnozenim ¢i kopirovanim entit v systému jiz
existujicich a vykazovaly alespoii néjakou dédi¢nost rodicovskych vlastnosti (Lewontin, 1970, 1978;
Okasha, 2006, str. 13-18; Godfrey-Smith, 2009, str. 17-40). Ttidéni z hlediska stability nic takového
nevyzaduje. Podléhaji mu vSechny materidlni i nematerialni entity ve vSech systémech prodélavajicich
evoluci bez ohledu na jejich pivod. K tfidéni z hlediska stability dochazi u entit, které vznikaji jedna
z druhé (organismil a jejich Casti v pribéhu biologické evoluce ¢i individualniho vyvoje, pribéhd,
jazykt, nabozenstvi apod.) i u entit vznikajicich zcela nezavisle (sn€hovych vlocek, kosmickych téles,
vtipt, vzdjemne izolovanych ekosystémil €i civilizaci apod.). Stabiln€jsi varianty se pfitom hromadi také
v situaci, kdy méné stabilni entity vznikaji Castéji.

Selekce i tfidéni z hlediska stability probihaji v uzavienych a co do poctu entit stagnujicich i

otevienych a rostoucich systémech. Prubéh tfidéni v téchto dvou typech systému se lisi jen tim, Ze
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v prvnich jmenovanych stabilnéjsi entity (napt. vesmirné objekty) méné stabilni varianty nakonec zcela
nahradi, zatimco v druhych se dlouhodobé& pouze snizuje podil mén¢ stabilnich entit (napt. sné¢hovych
vlocek) na tkor stabilngjsich. Jediné systémy, kde jiz nedochazi ke tfidéni z hlediska stability, jsou
uzaviené systémy s maximalnim moznym poctem entit, kde jiz dob€hlo do konce a uplné zde prevladly
maximalng stabilni varianty. Rovnéz pii selekci v otevienych a rostoucich systémech se pouze zvySuje
podil 1épe ptizplsobenych individui na tkor hife ptizpisobenych, druha jmenovana ale nikdy zcela
nevymizi. V uzavienych systémech oproti tomu Iépe pfizptisobené varianty nakonec zcela prevladnou
(Flegr, 1997). Jak pusobenim tfidéni, tak plisobenim selekce tudiz bude evoluce rychleji probihat
v uzavienych systémech.

Ve vétsin€ systémt dochazi pouze k tfidéni na zakladé statické stability, tj. nizsi
pravdépodobnosti zaniku entit nebo jejich zmény v entity jiné. V systémech, ve kterych vznikaji nové
entity z entit star§ich a dédi alespon do urcité miry jejich vlastnosti, se vSak dominantni silou stava
tfidéni na zakladé dynamické stability, tj. nejvétSsiho rozdilu mezi produkci dcefinych entit a jejich
zanikanim (Pross, 2003, 2004, 2012; Wagner & Pross, 2011; Pascal & Pross, 2014, 2015, 2016). 1
v tomto procesu jde o zachovani puvodni entity (respektive informace k jejimu vytvofeni, viz
Shcherbakov, 2012). Ne vsak prostfednictvim statické perzistence, nybrz kopirovani. Darwintv
individualni vybér (Darwin & Wallace, 1858; Darwin, 1859), stejné jako Dawkinstiv mezialelicky vybér
(Dawkins, 2003), druhovy vybér (Stanley, 1979; Vrba & Gould, 1986; Gould, 2002) i vSechny dalsi
typy selekce tudiz vlastné predstavuji specialni piipady tfidéni na zakladé¢ (statické) stability (Dawkins,
2003; Okasha, 2006, str. 214; Godfrey-Smith, 2009, str. 40 a 104; Bouchard, 2011; Bourrat, 2014;
Doolittle, 2014). Jak navic predpoklada Dawkins (2003, str. 22), a namodeloval Bourrat (2014), tiidéni
na zakladé dynamickeé stability — dale jen selekce — se z tfidéni na zaklad¢ statické stability — dale jen
ttidéni na zaklade stability — mohlo postupné vyvinout.

Bylo by vSak chybou piedpokladat, podobné jako napiiklad Pross se svymi kolegy (Wagner &
Pross, 2011; Pross, 2012), ze v systémech podléhajicich selekci nehraje tfidéni z hlediska stability
zadnou roli nebo Ze pouze urcuje hranice, ve kterych mize k vybéru dochdzet. Ttidéni z hlediska
stability je ve vSech ohledech obecnéjsim procesem (Dawkins, 2003, str. 13), dochdzi k nému na vSech
urovnich a bez ohledu na pivod entit v systému. Podle nékterych autortt dokonce tfidéni na zakladé
stability v systémech podléhajicich evoluci musi zakonité vést ke stazi (Shcherbakov, 2012, 2013). Zda
se ale, Ze pringjmen$im v redlnych systémech podléhajicich biologické evoluci, tj. systémech
vykazujicich vyraznou heterogenitu danou mimo jiné interakcemi jednotlivych entit, cely proces obecné
nespéje ke statické stabilité ani maximalnimu zjednoduSeni entit spojenému s nejvyssi dosazitelnou
rychlosti a presnosti jejich replikace. Konstantni napéti mezi tlakem ke konzervaci informace ,,jak
vytvofit dcefinou entitu“ a adaptaci na nové podminky naopak muize vést k otevienému charakteru
biologické evoluce (de Vladar et al., 2017; Toman & Flegr, 2017b).

Pivodni informace ,,jak vytvotit dcefinou entitu se tudiz v pribehu adaptivni evoluce méni,

rozviji a koSati. Jednim zprvnich krokd na této cest¢ mohlo byt vytvofeni jednoduchych
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dawkinsovskych interaktorti (Dawkins, 2003, str. 28-67), které nasledoval vznik sofistikovanych bunék,
mnohobunécnych tél a dalSich Grovni, na jejichz bazi mize dochazet k evoluci véetn¢ kontextové
zavislého vykladu informace samotné (Markos, 2002; Ostdiek, 2011; Shcherbakov, 2012). Z hlediska
tfidéni je vSak dulezité, ze si informace ,,jak vytvofit dcefinou entitu“ uchovava svou historickou
individualitu.

Z hlediska adaptivni evoluce je selekce daleko efektivnéjsi nez tfidéni na zakladé stability. Diky
tomu, Ze dcefiné entity dédi vlastnosti svych ptedchtidct a rychlost produkce potomkii zavisi na poctu
vyhodnych vlastnosti, zajiStuje selekce postupnou akumulaci a amplifikaci adaptaci zvysujicich
biologickou zdatnost. Ttidéni z hlediska stability se naopak (az na vyjimky, napt. nékteré memy, viz
Blackmore, 2001) Gc¢astni potrad stejny pocet stabilnich a nestabilnich entit bez ohledu na pfedchozi
evoluci systému a bez ohledu na momentalni stabilitu entit tvoficich systém. Postupnym hromadénim
drobnych selekéné vyhodnych vylepSeni tak v prubéhu biologické evoluce mohou vznikat
neporovnatelné komplexngjsi znaky nez tfidénim z hlediska stability. Ttidénim z hlediska stability se
mohou hromadit pouze nadhodné zmény zvySujici stabilitu entit. Zatimco vyhodné znaky vzniklé
pusobenim selekce se rychle roz$iti mezi vSechny Cleny populace, takze dal$i vyhodna zména s velkou
pravdépodobnosti zasahne jedince jiz nesouciho zménu predchozi, pravdépodobnost, ze by se nahodna
zména zvySujici stabilitu nékolikrat objevila u stejné nereplikujici se entity, je zanedbatelna. Pri
hromadéni vyhodnych vlastnosti je tak tfidéni z hlediska stability vyrazné pomalejsi a méné efektivni
nez selekce (viz napt. Bourrat, 2014; Doolittle, 2014).

Ptesto je mozné, Ze i v biologické evoluci tfidénim z hlediska stability vznika urcita tfida znakd.
Jak rozebirame v naSem ¢lanku (Toman & Flegr, 2017c, ptiloha 3), jedna se o znaky zaloZené na jedné
¢i dvou zméndch, Casto vedlejSich disledcich specifickych adaptaci vzniklych pasobenim selekce.
Ttidéni z hlediska stability v takovém ptipadé¢ funguje jako sito, kterym projdou pouze evolucni linie
nesouci znak zvysujici stabilitu (Doolittle, 2014, 2017). Jednim z té&chto znak by mohlo byt pohlavni
rozmnozovani, které, jak jsme vidéli v kapitole 3.1, pfinasi svym nositelim fadu nevyhod, ale zaroveii
zajistuje dlouhodobé udrzovani genetického polymorfismu spojené se zvySenim dlouhodobé
perzistence pohlavnich linii v heterogennim a proménlivém prostiedi. Viibec pfitom nezalezi na tom,
jaké byly proximalni divody vzniku pohlavnosti. Mohlo se klidn¢ jednat o partikularni selek¢ni tlaky
typické pouze pro jedno geologické obdobi (viz napi. Toman, 2015, str. 39-64). Vzhledem
k prednostnimu prezivani pohlavnich organismil v heterogennim prostiedi zde ale dnes dlouhodobé
uspésné obligatné nepohlavni linie prakticky nenalezneme. Dalsi organismalni vlastnosti, které mohly
prevladnout kvtili vyhod¢ z hlediska stability, zahrnuji nékteré formy altruistického chovani, nebo tfeba
extrémné konzervovany geneticky kod (Toman & Flegr, 2017c, ptiloha 3).

Ttidéni z hlediska stability tudiz v biologické evoluci nedokaze vytvotit tak spektakularni
adaptace jako selekce. Za vSech okolnosti ma ale posledni slovo (Toman & Flegr, 2017c, ptiloha 3).
Lidsky mozek, naptiklad, byva povazovan za jeden z vrcholt biologické evoluce. Vzhledem k tomu, Ze

nas druh mohou mimotadné rozvinuté kognitivni schopnosti dovést k zdhub¢ — at’ uz prostrednictvim
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ni¢ivé nuklearni valky, nebo tfeba vytvoreni tak husté populace, Ze umozni §itfeni extrémné virulentnich
patogenti — se vSak lehce mohou ukazat jako dlouhodobé¢ stabilnéjsi ty druhy a evolucni linie, které
rozvinutou nervovou soustavu, naptiklad kvili riznym vyvojovym constraints, vibec nevytvareji. Ze
stejného divodu se vlastnosti fixované ptisobenim tfidéni z hlediska stability jevi napadné ,,planované*
a jejich vysvétleni plisobenim piirozeného vybéru neuspokojiva. Na rozdil od selekce totiz tiidéni
z hlediska stability projevuje daleko mensi miru oportunismu. Jeho piisobenim se nefixuji momentalné
vyhodné adaptace, které ale ve stiednédobém az dlouhodobém métitku mohou fitness snizovat nebo
dokonce zvysSovat pravdépodobnost vymieni kladu, nybrz vlastnosti vyhodné v nejdel$im ¢asovém
mefitku.

Kdyz se vratime k vySe zminénému ptikladu s pohlavnosti, sobe¢ti nepohlavni mutanti
samoziejm¢ mohou ziskat kratkodobou vyhodu a v nékterych pohlavnich populacich dokonce i
prevladnout. Zname ostatné celou fadu druhd a rodd, které druhotné piesly k nepohlavnosti (Butlin,
2002). Podobnému ,,pfevratu” pfitom nemlze zabranit ani druhovy vybér, ktery je v pohlavnich
populacich az na uréité specialni ptipady vzdy slab$i nez vybér individudlni (Williams, 1966).
Pisobenim tfidéni z hlediska stability vSak nakonec ptfevladnou ty linie, které vykazuji specifické
vlastnosti zabranujici ztraté znaku zvysujiciho jejich stabilitu. Tyto ,,pojistky* se pfitom vyvinuly pod
zcela odliSnymi selekénimi tlaky, predstavuji vedlejsi dusledek jinych adaptaci, nebo dokonce spandrely
(Gould, 2002), tj. nevyhnutelné dusledky topologické, fyzikalni ¢i biochemické baze organismu.
V piipadé savcu predstavuje pojistku proti ztraté pohlavnosti geneticky imprinting (Bartolomei &
Tilghman, 1997), pficemz podobné vlastnosti nalezneme také u nékolika dal$ich skupin (Hurst & Peck,
1996). V ptipadé pohlavniho rozmnozovani ale mohla roli jakési ,,m&kké pojistky* sehrat uz samotna
evolu¢ni vyhoda pohlavnich organismti v heterogennich prostredich (viz kapitola 3.1). Dalsi vlastnosti,
které se mohly v biologické evoluci fixovat piisobenim tfidéni z hlediska stability, stejn¢ jako mozné

pojistky proti jejich ztraté, diskutujeme v ¢lanku Toman & Flegr (2017¢, ptiloha 3).

4.2.3 Makroevoluéni dusledky tfidéni z hlediska stability
V nasem ¢lanku (Toman & Flegr, 2017c, ptiloha 3) jsme detailné rozebrali celou fadu mikroevolucnich,
makroevoluénich, ekologickych, geofyziologickych a kulturnich fenoménl, které mlzeme
nejefektivnéji vysvétlit ptisobenim tfidéni z hlediska stability. Jako hromadéni kontextovée stabilnich
genovych variant odolavajicich eliminaci ostatné miizeme popsat uz samotnou akumulaci polymorfnich
alel, kterou predpoklada teorie zamrzlé plasticity a ktera souvisi s piechodem druhu do elastické faze
jeho existence (viz sekce 2). Nejzavazngjsi disledek tfidéni z hlediska stability pro biologickou evoluci
nicméné predstavuje jiz zminéné makroevolucni zamrzani, tj. hromadéni ireverzibilné polymorfnich alel
a znakd, které tyto alely koduji, spojené s nevratnym hromadénim dale neproménlivych prvki genetické
architektury organismil (viz podkapitola 4.1.1).

Jak jsme vidéli v pfedchozi podkapitole, v systémech podléhajicich biologické evoluci mtze

efekty tfidéni z hlediska stability doCasné maskovat spektakularn€ se projevujici ptirozeny vybér.
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K tiidéni z hlediska stability ale i tak dochazi na vSech urovnich vSech systémt podléhajicich evoluci.
Vzhledem k tomu, Ze ma tfidéni z hlediska stability nad pfirozenym vybérem vzdy posledni slovo,
efektivné se mu nelze nijak vyhnout. Makroevolu¢ni zamrzani v pribéhu evoluce evolvability by tak
melo teoreticky postupovat az do doby, kdy se evoluc¢ni linie stanou zcela neschopnymi produkovat
zasadni evolu¢ni inovace a budou vytvaret pouze drobné variace na postupné zamrzajici fenotypovy
motiv, a to i pres urCitou optimalizaci evolvability doprovazejici evoluci genetické architektury
organismi (viz podkapitola 4.1.2).

K podobnému procesu mozna doslo u nékterych dnes druhové chudych a z fenotypového
hlediska velmi uniformnich linii, jako jsou naptiklad dne$ni dvojdysni (Dipnoi) (Lloyd et al., 2012).
Samoziejmeé je mozné, ze v nejdel§im casovém métitku dojde ptisobenim tiidéni z hlediska stability
k vytfidéni linii, které viibec evoluéné nezamrzaji, tj. linii nepohlavnich. Na Zemi se tak za n&jaky ¢as
moznad setkdme pouze s primarné nepohlavnimi prokaryoty a moznd nékolika liniemi druhotné
nepohlavnich eukaryot. Nez vSak biologicka evoluce dospé&je do téchto extrémt, je pravdépodobné, ze
v selekéni vyhodé budou linie schopné produkovat vyrazné evolu¢ni novinky, tj. klady, které si dokazaly
zachovat velkou ¢ast svého makroevolucniho potencialu ¢i makroevoluéni potencial alespon ¢aste¢né
obnovit. Ptriklady rtznych evolucnich procesii, které mohou zpomalit ubyvani makroevolu¢niho
potencialu ¢i jej ¢asteéné nebo uplné obnovit, stejné jako disledky téchto procest pro makroevoluci
cukaryot, jsme shrnuli a obSirn¢ diskutovali v ¢lanku Toman & Flegr (2018a, priloha 2) a (zejména)
Toman & Flegr (2018b, ptiloha 4). Detailné se jim budeme vénovat v kapitole 4.3. Na tomto misté ale
zbyva diskutovat, zda makroevolu¢ni zamrzani nedokaze zastavit druhovy vybér.

Linie vykazujici vy$§i makroevolu¢ni potencidl by si mély uchovavat schopnost produkovat
zasadni evoluéni novinky. Ze statistického hlediska by proto mély Castéji podléhat speciacim a nové
odstépené dcefiné druhy v ramci téchto linii by mély byt schopné relativné vyraznéjSich reakci na zmény
podminek, obsazeni uplné novych ekologickych prostort ¢i vytvareni zcela novych zivotnich strategii.
V disledku toho by pftislusnici téchto linii méli vykazovat niz§i pravdépodobnost extinkci a Castéji
podléhat explozivnim radiacim. Cist& teoreticky by proto linie, které z nejrizngjsich divodi vykazuji
vys$§i makroevolu¢ni potencidl, mély ptfevazit v procesu druhového vybéru (Stanley, 1979; Vrba &
Gould, 1986; Gould, 2002), tj. selekce na co nejveétsi rozdil mezi pravdépodobnosti vymieni a
odstépovani novych druhti, a nakonec makroevolucné vice zamrzl¢ linie nahradit. Zejména v
eukaryotickych populacich vSak patrné druhovy vybér k zastaveni makroevolu¢niho zamrzani hned
z nékolika divodl nestaci (viz Toman & Flegr, 2017¢c, 2018a, b, ptilohy 2, 3, 4).

Hromadéni nevratné polymorfnich alel a dale neproménlivych prvka genetické architektury
v pribéhu evolu¢niho zamrzadni ma jednosmérny efektivn€ nevratny charakter. K podobnym zméndm
dochazi neustale na vSech urovnich u vSech evoluc¢nich linii, pficemz vétSina takovychto zmén snizuje
makroevolucni potencial a potazmo pravdépodobnost vytvareni vyraznych evolucnich novinek jen
velmi mirn€. Z hlediska selekce se tak jevi neutralné a jejich akumulaci se nelze vyhnout ,,evolu¢nim

prifezem (Wimsatt & Schank, 2004). Jedna se vlastné o proces do velké miry analogicky akumulaci
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slabé skodlivych mutaci ptisobenim Mullerovy rohatky (Muller, 1964). Pisobenim Mullerovy rohatky
se v malych a stfedné¢ velkych populacich hromadi mirné skodlivé mutace, nebot’ vznikaji u vSech
jedinct a zlistavaji pod rozliSovaci schopnosti ptirozeného vybéru. Piisobenim ,,makroevolu¢ni rohatky*
(Toman & Flegr, 2018b, ptiloha 4), se hromadi zmény mirn¢ snizujici makroevolucni potencial, nebot’
vznikaji ve vSech evoluc¢nich liniich a unikaji piisobeni druhového vybéru.

Akumulaci mirn¢ skodlivych mutaci piisobenim Mullerovy rohatky se mohou vyhnout (zejména
prokaryotické) organismy vytvarejici pocetné populace, u kterych pfirozeny vybér zachyti i velmi slabé
Skodlivé mutace (Lynch et al., 1993). Nepohlavni prokaryotické organismy, u kterych druhovy vybér
de facto odpovida individualnimu (kazdy jedinec zde zaklada svou vlastni evoluéni linii) a které tradi¢né
vytvareji obrovské populace s velkou Uc¢innosti selekce, v souladu s tim patrné dokazou zachytit a
eliminovat také zmény, které jen velmi mirné snizuji makroevolucni potencial. U pohlavnich eukaryot,
a zejména jejich slozitych mnohobunéénych zastupci, ktefi za normalnich okolnosti vytvareji daleko
mensi populace a u kterych predstavuje druhovy vybér daleko slabsi faktor, ale patrné vétsina z téchto
zmén zastane pod rozliSovaci schopnosti selekce a bude se akumulovat genetickym driftem. A to jsme
zanedbali realistickou moznost, Ze makroevolucné zamrzly element mize svému nositeli pfinaset
individualni vyhody (napiiklad zvySenou vyvojovou robustnost, viz podkapitola 4.1.2). Vzhledem
k tomu, Ze individualni selekce je zpravidla siln€j$i nez druhova (Williams, 1966), takova situace miize
eliminaci makroevoluéné¢ zamrzlych prvkt dale komplikovat. Jak navic uvidime v kapitole 4.3,
makroevoluéni zamrzani mize dale umocnovat postupné se komplikujici geneticka architektura
mnohobunéénych organismi. Makroevolu¢ni zamrzani by tudiz mélo byt charakteristické pro pohlavni
eukaryotické organismy a mezi nimi zejména pro komplexni mnohobunééné organismy
s mnohouroviiovou genetickou architekturou.

Hromadéni Skodlivych mutaci prostfednictvim Mullerovy rohatky samoziejmé dokézou
organismy zpomalit nebo dokonce zastavit prostiednictvim pohlavniho procesu, ktery v kazdé generaci
obnovuje rozdily v poétu $kodlivych mutaci mezi jedinci (Muller, 1964; Kondrashov, 1982). Zadny
podobny proces na urovni celych evolu¢nich linii ovS§em nezndme. Vzhledem k tomu, hromadéni
Skodlivych mutaci mize vyrazné€ snizit zivotaschopnost populaci a v extrémnim pfipadé je az dohnat
k vymieni (viz napf. Chao, 1990), nelze vyloucit, ze podobné zavazné disledky mlize mit pro
makroevoluéni potencial pohlavnich, tj. eukaryotickych, evolu¢nich linii a potazmo jejich evolu¢ni

zivotaschopnost nijak nekorigované hromadéni makroevolu¢né zamrzlych elementd.
4.3 DUSLEDKY MAKROEVOLUCNIHO ZAMRZANI

4.3.1 Vyhnuti se makroevolu¢nimu zamrzani
V minulé kapitole jsme vidéli, Ze makroevoluéni zamrzani patrné nemiize v pohlavnich populacich
eukaryotické velikosti zastavit ¢i efektivné zpomalit ani druhovy vybér. Faktu, Ze podobnému procesu

opravdu dochazi, ostatn¢ napovidaji uz pozorovani snizovani makroevolu¢niho potencialu,
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proménlivosti kladi a mezidruhové i vnitrodruhové disparity, které jsme shrnuli v podkapitole 4.1.3.
Presto je ziejmé, ze klady pozemskych organismii stidle dokazi vytvaret evolu¢ni novinky a
prinejmensim zatim tak svedly proces snizovani makroevolu¢niho potencidlu korigovat. V tomto ohledu
se nabizi nekolik moznosti.

Zaprvé je mozné, ze evoluce evolvability ve skuteCnosti nevede (pouze) ke vzniku
makroevoluéné zamrzajici modularni genetické architektury organismi (Toman & Flegr, 2018a, b,
fenotypové mapy, naptiklad takové, které nepodléhaji makroevoluénimu zamrzani v tak vysoké mite.
Této moznosti nasvédCuje napiiklad pozorovani, ze genetické architektury s nejvyraznéjSim
modularnim uspotfadanim, tj. minimalnim poctem pleiotropnich interakci mezi moduly, nemusi nutné
oplyvat nejvyssi evolvabilitou. Z hlediska evolvability patrné hraje vetsi roli sméfovani a struktura
téchto interakci (Hansen, 2003; Rasskin-Gutman, 2005). Podle nékterych autor z tohoto divodu mohou
evoluéni novinky vznikat i jinak nez prestavbou modularné usporadanych elementli genetické
architektury, naptiklad prostfednictvim sekundarni fixace adaptivnich variant fenotypové plasticity
v genotypu, relativné drobnych, ale klicovych adaptaci, vyrazné skokové prestavby individualniho
vyvoje (hopefull monsters), nebo tandemové evoluce volng propojenych znakd (correlated progression)
(Hansen, 2003; Budd, 2006; Kemp, 2007; Sharov, 2014). Prakticky vSechna tato ,,alternativni* feSeni
ale do urcité miry spoléhaji na redundanci funkci, ktera vyplyva z modularniho usporadani genotypovo-
fenotypové mapy. Také z empirickych studii vyplyva, Ze vyrazné¢ modularni uspotradani u komplexnich
organismi se slozitymi adaptacemi naprosto pievlada. Jak jsme vidéli uz v podkapitole 4.1.2, diivod je
patrné ten, Ze poskytuje svym nositelim velmi vyrazné kratkodobé az stfednédobé vyhody z hlediska
individudlniho vybéru (napf. vyraznou robustnost vyvoje) i evolvability v jejim niz§im pojeti (tj.
optimalizace evolvability z kratkodobého az stfednédobého hlediska). Vznik slozitych adaptaci
nemodularnim zptisobem tak zlstava teoretickou moznosti, prakticky ale v zivé ptirod¢ vzdy prevazi
inherentni vyhody modularniho uspotédani.

Dalsi moznosti, jak mohou evolu¢ni linie ¢astecné obejit makroevoluéni zamrzani, je
prostfednictvim nové kombinace nékolika nepfili§ proménlivych do velké miry zamrzlych znaki
(Toman & Flegr, 2017c, 2018a, b, ptilohy 2, 3, 4). Podobna situace miiZe nastavat relativné Casto,
z dlouhodobého hlediska vSak ma patrn€ nejvetsi Sanci na uspéch pii vzniku nové ekologické strategie
nebo expanzi do nového, dosud neobsazeného, prostiedi. Typickym ptikladem je masivni rozvoj aktivni
predace mnohobunécnych zivocichli v kambriu (viz napt. Bengtson, 2002), nebo opakované expanze
ruznych skupin na sou$ (viz napt. Selden & Edwards, 1989) ¢i k aktivnimu letu (viz napf. Norberg,
2007). ,,Experimentujici linie jsou totiz v podobné situaci do velké miry chranéné pred selekénimi tlaky
konkurentd, paraziti a predatorti, takze mohou dlouhodobé piezivat a prizptisobovat se novému
prostiedi tieba i s fenotypy, které by v ptivodnim prostiedi byly suboptimalni. Podobna situace muze
vést az k fenoménu mozaikovité evoluce (de Beer, 1954), tj. situaci, kdy do nového prostiedi ¢i k nové

ekologické strategii expanduje n€kolik linii s riznymi kombinacemi znaki.
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Nemyslitelna neni ani situace, Ze ¢as od ¢asu ur€ity zdanliveé nevratng€ zamrzly element rozmrzne
(Toman & Flegr, 2017¢, 2018a, b, ptilohy 2, 3, 4). Jak jsme vidéli vyse (viz podkapitola 4.1.1), efektivne
nevratn¢ polymorfni alely i ostatni zamrzlé elementy genetické architektury se v pravdépodobnosti, ze
budou podléhat adaptivni evoluci, mezi sebou lisi. S urcitou pravdépodobnosti se muze ztratit
polymorfismus i v alelach vykazujicich velmi silny frekvencné zavisly vliv na zdatnost. Tato
pravdépodobnost je pouze limitné nizka (viz podkapitola 4.1.1). Casto se také mluvi o tom, Ze urdité
pozdéjsi adaptace mohou pfimo ¢i nepiimo uvolnit selekéni tlaky, které drzely urcity element
genotypovo-fenotypové mapy v zamrzlém stavu (viz napt. Wimsatt & Schank, 2004; Budd, 2006; Melo
etal., 2016). Tyto faktory, které sahaji od prozaického snizeni velikosti populace, pies zalohovani funkei
az k pritomnosti riznych napravnych mechanisma typu chaperonti, jsme vycCerpavajicim zplisobem
shrnuli v ¢lanku (Toman & Flegr, 2018a, priloha 2). Podobné udalosti se mohly uplatnit napiiklad na
pocatku evoluce ptakt (Dececchi & Larsson, 2013) ¢i krytosemennych rostlin (Simonin & Roddy,
2018).

Vyraznéjsi evoluéni rozmrznuti jsou patrné vazana na zmény individualniho vyvoje (Toman &
Flegr, 2017c, 2018a, b, ptilohy 2, 3, 4). V disledku heterochronické zmény (zejména neotenie) mize
organismus expandovat do nového prostiedi. Rovnéz pfi ni dochazi k uvolnéni nékterych vyvojovych
modult pro nové ucely (Raff & Wray, 1989; Budd, 2006). Podobné udalosti mohly sehrat dileZitou roli
napiiklad pii diverzifikaci hlavnich kladt strunatci (Chordata) (Hu et al., 2017). Zmény, pfi kterych
mize dochazet k hlubokym piestavbam celé¢ho télniho planu, jsou ale patrné velmi vzacné a vazané na
radikalni zjednodus$eni individualniho vyvoje. Pro tento evolu¢ni fenomén se vzil nazev sakulinizace, a
kromé& znamych kotenohlavct (Rhizocephalia) (Glenner & Hebsgaard, 2006) se s nim muzeme setkat
napiiklad u vytrusenek (Myxozoa) (Canning et al., 2004) a kousanim ¢i pohlavné pfenosnych rakovin
savcil (Murchison, 2008). Tyto z vyvojového hlediska radikalné zjednodusené organismy se mohou stat
zakladateli nového, zpocatku evolu¢né velmi plastického, kladu. Vzhledem k tomu, zZe nezname Zadnou
velkou, riznorodou a tispéSnou taxonomickou skupinu, kterd by od konce kambria vznikla v disledku
vyrazné zmény télniho planu pii sakulinizaci, je ale pravdépodobné, Ze z makroevolu¢niho hlediska
maji tyto udalosti pouze omezenou roli (Toman & Flegr, 2018a, b, ptilohy 2 a 4).

Ttrebaze zname konkrétni ptiklady vSech vySe zminénych procest, nezda se, ze by neéktery z nich
dokézal kompletné zastavit makroevolu¢ni zamrzani. VSechny dnesni uspésné klady eukaryotickych
organismil jsou patrné potomky linii, které prosly neékterym z nich. I tak se u nich ale ve statistickém
mefitku uplatiuji vyse zminéné doklady snizovani makroevolu¢niho potencialu (viz podkapitola 4.1.3).
Dutivod je nasnadé. Ttidéni z hlediska stability, které hraje pti makroevolu¢nim zamrzani hlavni roli,
pusobi stale a na v§ech trovnich (viz podkapitola 4.2.3). Pravdépodobnost, Ze zamrzly element podlehne
zméng, je pritom vzdy nepfimo imérnd mite jeho zamrznuti. Makroevolu¢ni potencial eukaryotickych
linii tak mtZe 1 pfes obCasna rozmrznuti slabé&ji zamrzlych elementt pouze klesat. Kombinace nékolika
do velké miry zamrzlych znaka a jednoduché heterochronické zmény maji potencidl zvratit snizovani

makroevoluéniho potencidlu pouze velmi lehce a sakulinizace jsou podle vSeho velmi vzacné, pricemz
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navic nemusi vzdy vést ke vzniku velkého kladu s obnovenym makroevolu¢nim potencidlem. Kdyz se
jesté jednou vratime ke srovnani s Mullerovou rohatkou, vySe uvedené procesy de facto predstavuji
obdobu zpétnych mutaci v genetickém modelu hromadéni slabé skodlivych mutaci u nepohlavnich
organismu (Lynch et al., 1993). Obcas k nim samoziejmé mtize dochazet a takové zmény maji potencial
napravit funkci mutaci poskozeného proteinu. Realné jsou ale tak vzacné, Ze z evoluéniho hlediska hraji

pouze malou roli (Toman & Flegr, 2018a, b, ptilohy 2 a 4).

4.3.2 Postupy na novou uroven hierarchické organizace

Jedinym zptisobem, prostfednictvim kterého mize evolu¢ni linie efektivné obnovit svou evolvabilitu,
tak patrné zuistava postup na vyssi stupen hierarchické organizace. K podobné udalosti miize dojit hned
nékolika riznymi cestami. VZdy je ale charakteristicka tim, Ze se v jejim disledku stava pivodni entita
jen omezené¢ proménlivym modulem v ramci vysS$iho celku vykazujiciho obnoveny makroevolu¢ni
potencial (McShea, 1996, 2001a, b, 2015; Sterelny, 1999; McShea & Changizi, 2003; Marcot &
McShea, 2007).

Ptrechodlim na vys8i Grovné hierarchické organizace jsme se obsahle vénovali hlavné v ¢lanku
Toman a Flegr (2018b, ptiloha 4), ale okrajové také v Toman a Flegr (2018a, ptiloha 2).
Nejpodstatnéjsim disledkem téchto udalosti je pfirozena modularita organismd vy$$i urovné. Tyto
organismy sestavaji z vnitin¢ do velké miry zamrzlych a vzajemné kvazinezavislych jednotek (Carroll,
2001), které ale mohou ve své evoluci nezavisle regulovat, zmnozovat, kombinovat, nebo nasazovat na
jinych mistech téla, v jinych ¢astech individualniho vyvoje ¢i v jinych kontextech (Simon, 1962;
Lewontin, 1978; Schank & Wimsatt, 1986; Bonner, 1988; Wagner & Altenberg, 1996; McShea, 2000;
Schlosser, 2002, 2004; Schlosser & Wagner, 2004; Callebaut & Rasskin-Gutman, 2005; Melo et al.,
2016). Prave tato kombinatorika otevird organismiim vyssi irovn€ nové evolu¢ni moznosti, diky cemuz
vykazuji obnoveny makroevolu¢ni potencial.

Z makroevolu¢niho hlediska mohou pfechody na vyssi urovei hierarchické organizace nastavat
relativné Casto. Jednotlivé pfechody se mezi sebou ale vyrazné 1iSi co do mnozstvi inherentnich
evolucnich omezeni (Nedelcu & Michod, 2004; Calcott, 2008). I ty nejperspektivnéjsi linie vyssi
hierarchické urovné zpocatku trpi celou fadou problému, které je mohou zasadné znevyhodiovat
v konkurenci organismi ptivodni urovné (Queller, 2000; Michod, 2000, 2007; McShea, 2001a; Michod
& Nedelcu, 2003; Michod & Herron, 2006; Calcott, 2008; Godfrey-Smith, 2009; Queller & Strassmann,
2009; Corning & Szathmary, 2015). Jak uvidime dale, tato znevyhodnéni plynou naptiklad z nizké
dlouhodob¢ uspesné piechody na vyssi urovenl hierarchického usporadani jsou v historii pozemského
zivota pomérné vzacné (viz napt. Novak, 1982; Szathmary & Maynard Smith, 1995; McShea, 1996,
2001a, b, 2015; Pettersson, 1996; Knoll & Bambach, 2000; Michod, 2000; Calcott & Sterelny, 2001;
McShea & Simpson, 2001; McShea & Changizi, 2003; Jablonka & Lamb, 2006; Okasha, 2006; Marcot
& McShea, 2007; Maynard Smith & Szathmary, 2010; Bouchard & Huneman, 2013; Buss, 2014;
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Corning & Szathmary, 2015; Szathmary, 2015). Snizovani makroevolu¢niho potencialu na jedné arovni
vsak stale vyraznéji zvyhodiuje entity, které tento faktor dokazi obnovit. Diky tomu mohou nakonec
uspét a rozvinout se tieba i zpocatku znacné suboptimalni feSeni postupu na vyssi uroven hierarchické
organizace.

Zasadnim makroevoluénim problémem vsak je, ze makroevoluéni zamrzani vlivem tiidéni
z hlediska stability pokracuje i na nové, hierarchicky vyssi, urovni (Toman & Flegr, 2018b, ptiloha 4).
Samoziejmée plati, Ze akumulace nevratné polymorfnich alel a jejich skupin, které jsme se blize dotkli
v podkapitole 4.1.1, probiha pouze na trovni populace pohlavnich organismi. Ke hromadéni dale
neproménlivych elementl genetické architektury vSak dochazi na vSech urovnich. Tento proces se
projevuje postupnou integraci kompozitniho organismu vyssi trovné. Piivodné jasné modularni stavba
zanika, dochazi ke vzniku novych pleiotropnich vazeb, prvky se specializuji, rostou jejich vzajemné
rozdily, vznikaji mezi nimi nové vazby a nové spole¢né zpusoby regulace (Lewontin, 1978; Bonner,
1988, 1998; Wagner & Altenberg, 1996; McShea, 2000, 2002, 2015; Schlosser & Wagner, 2004;
Callebaut & Rasskin-Gutman, 2005; McShea & Anderson, 2005). Typickym piikladem tohoto jevu jsou
evoluéni promény bunék zelenivek (Chlorophyceae) ze skupiny Volvocales (Nedelcu & Michod, 2004),
nebo télnich privésku ¢lenoved (Shubin et al., 1997).
tfidéni z hlediska stability a spolu s tim klesa i makroevoluéni potencial evolu¢ni linie. Nakonec
organismus vy$8i hierarchické trovné sam makroevolu¢né zamrza a jedinou efektivni cestou z této
,,slepé uliCky* se stdva dalsi postup na jesté vyssi uroven hierarchické organizace. Na tento proces, ktery
je charakteristicky tfidénim z hlediska stability, ma pfitom vliv jak selekce na riiznych urovnich, tak
neutralni mechanismy typu Zero Force Evolutionary Law (McShea & Brandon, 2010). Dokonce je
mozné, Ze rostouci komplexita genetické architektury pohlavnich eukaryotickych organismi
makroevoluéni zamrzani na kazdé dalsi urovni jesté umociiuje (viz podkapitola 4.3.3). Zatim nevime,
jestli existuje né€jaky horni prah, za kterym jiz bude dal§i zvySovani hierarchické trovné nemozné.
V historii pozemského zivota se nicméné tento fenomén mnohokrat opakoval, a to i ve stejnych
evolucnich liniich (McShea, 2001b).

Rilznym typtim ptfechodl na vyssi uroveii se obsahle vénujeme v ¢lanku Toman & Flegr (2018b,
priloha 4). Stru¢né vSak mizeme shrnout, Ze prvnim typem postupu na vysSsi urovenn hierarchické
komplexity je vnitini modularizace organismalni struktury a fungovani. Na nejnizsi trovni se vnitini
modularizace projevuje jako ustanoveni genetickych, vnitin€ silné propojenych ale vzajemné
kvazinezéavislych modulti zodpovédnych za vyvoj, stavbu a fungovani organismu. Celou fadu genové
regulacnich (napft. regulace transkripce), signdlnich (napft. drahy hedgehog, TGFf, Wnt, RTK ¢i Notch)
¢i pozicnich (napt. Hox ¢i Pax geny) modull ptehledné shrnuje naptiklad Schlosser (2004). Na vyssich
urovnich organizace se potom muze jednat o bunky, tkang, organy, celé télni ¢lanky, nebo dokonce

systémové moduly typu hormonalniho fizeni vyvoje (Schlosser, 2004).
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Tento proces je prirozenou soucasti evoluce evolvability, respektive formovani genotypovo-
fenotypové mapy, a tak jsme jej de facto jiz popsali v podkapitole 4.1.2. Na pocatku kazdé vnitini
modularizace patrné stoji parcelace, respektive multiplikace jiz existujiciho modulu ¢i modult dané
urovné (genu, fyziologickych ¢i vyvojovych drah, bunék, télnich ¢lankd apod.) (Wagner, 1989a, b;
Wagner & Altenberg, 1996). V prib¢hu dalsi evoluce dochazi k integraci modulti, modularni charakter
na dané Grovni se stird a ustanovuji se modularni celky stale vyssi urovné (McShea, 2002, 2015; McShea
& Anderson, 2005). Procesy parcelace a integrace se tak na nasledujicich trovnich jakoby stridaji
(Wagner & Altenberg, 1996; Kirschner & Gerhart, 1998; Eble, 2005). Vysledkem je, ze se dnes,
zejména u mnohobunéénych organismii se slozitym individualnim vyvojem, mizeme setkat
s komplexni mnohouroviovou genotypovo-fenotypovou mapou sestavajici z riznych vyvojovych,
morfologickych a funkénich modult (viz napt. Callebaut, 2005; Callebaut & Rasskin-Gutman, 2005;
Wagner et al., 2005; Lorenz et al., 2011). Ta se projevuje jak genetickou modularitou, tak modularnim
usporadanim télni stavby (napf. segmentaci) a fungovani.

Extrémnim ptipadem stejného fenoménu jsou i duplikace celého genomu, ke kterym
v n¢kterych liniich dochazi relativné bézn¢ a které patrné hraly dalezitou roli v pocatcich evoluce
obratlovctl (Vertabrata) nebo paprskoploutvych ryb (Actinopterygii) (Meyer & Van de Peer, 2005).
V neposledni fadé bychom mohli do stejné kategorie bychom zatadit i vznik novych zptisobti dédi¢nosti,
tj. uloZeni, pfenosu a (re)interpretace informace — od editace gentl, pfes vznik chromozomu a bun¢k
prokaryotického ¢i eukaryotického typu, strukturni a epigenetické dédi¢nosti nebo zarode¢ného vyvoje
mnohobunéénych organisml az po individualni uceni a slozité vzorce chovani (Szathmary & Maynard
Smith, 1995; Markos, 2002; Maynard Smith & Szathmary, 2010; Szathmary, 2015; Kurismaa, 2018).

Druhou cestou, jak mohou organismy pfejit na vys$s$i uroven hierarchické komplexity, je
ptiloha 4), Queller (Queller, 1997, 2000) nazval tyto procesy frateralnimi a egalitafskymi pfechody
v individualité. Fraternalni pfechody se vyznacuji tim, Ze se pii nich spojuji v entitu vys$si hierarchické
tirovné identiéti nebo vzajemné blizce piibuzni jedinci. Casto jde o klony, nebo potomky jednoho
individua. Podobnym zpiisobem nejspiSe vznikly bunéné kompartmenty sestavajici ze stejnych
molekul, kolonie jednobunécnych prokaryot a eukaryot, mnohobunécné organismy, nebo kolonie
mnohobunéénych organismii véetné organismi eusocialnich. Exemplarnim pfikladem fraternalniho
prechodu v individualité je vznik kolonidlnich trubének (Choanoflagellata) a evoluce jedné jejich linie
v mnohobunécné zivo¢ichy (Budd & Jensen, 2017).

Egalitatské prechody na vyssi uroveil hierarchické organizace jsou charakteristické tim, ze se
pfi nich spojuji dvé nebo vice vzajemné nepiibuznych entit niz§i urovné. Konkrétn€ se tak jedna o
nejruznéjsi symbiotické vztahy a symbiogenetické udalosti sahajici od souZiti hub s rostlinami (at’ uz ve
formé mykorhizy nebo lisejnikll) ¢i mraven¢imi (Formicidae), termitimi (Isoptera) a klirov€imi
(Scolytinae) péstiteli, pres spolupraci jednobunéénych organismt s termity, prezvykavci (Ruminantia),

krvesajnym a mizosajnym hmyzem ¢i ostatnimi mnohobunéénymi organismy ve formé stfevni
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mikroflory, symbiozu obrnének (Dinoflagelalta) s koralnatci (Anthozoa) a kvetoucich rostlin
s opylovaci az po symbiozy jednobunéénych organisml ¢i vznik endosymbiotickych organel typu
mitochondrii a plastidii. Procesy podobného typu ale mohly sehrat dalezitou roli také pii formovani
bunéénych kompartmentt sestavajicich z riznych molekul ¢i vzniku chromozomu spojenim rtznych
gend. Exemplarnim ptikladem podobného procesu je pohlceni a-proteobakterialniho predka dnesni
mitochondrie organismem z pfibuzenstva archei (Archea), které dalo zadklad moderni eukaryotické
bunce (Martin et al., 2015).

Oba typy prechodl v individualit¢ vykazuji z hlediska selekce a evolu¢ni zivotaschopnosti
vyslednych organismt specifické vyhody a rizika. U fraternalnich pfechodii napiiklad tolik nehrozi
rozpad kompozitni entity v disledku sobeckého jednani jednotlivych konstitutivnich entit, ptivodnich
samostatnych organismil (viz naptf. Michod, 2000, 2007; Queller, 2000; Michod & Nedelcu, 2003;
Michod & Herron, 2006; Calcott, 2008; Godfrey-Smith, 2009; Queller & Strassmann, 2009; Corning &
Szathmary, 2015). Ty totiz v tomto ptipade sdili vétSinu genetické informace. Ze stejnych diivodi se ale
pocatecni vyhody fraternalné vzniklych entit vy$si urovné omezuji pouze na zvétSeni objemu a s tim
souvisejici fyziologické ¢i metabolické vyhody (Bonner, 1988, 1998; Queller, 1997; Calcott, 2008).
Vsechny dalsi adaptace jsou az druhotné a vyplyvaji z eventualni specializace konstitutivnich entit (viz
napi. Bonner, 1988, 1998, 2003; Szathmary & Maynard Smith, 1995; Queller, 1997; Calcott, 2008;
Maynard Smith & Szathmary, 2010; Simpson, 2012; Corning & Szathmary, 2015; Szathmary, 2015).

Vyhody a nevyhody egalitaiskych entit jsou zrcadlové obracené. V dusledku vzajemné
nepiibuznosti konstitutivnich entit jin neustale hrozi vnitini konflikt plynouci ze sobeckého jednani
casove narocnéjsi jejich vzajemnd integrace, kterou podmiiiuje spravedlivd alokace zdrojii a vzajemna
existencni zavislost entit (viz napt. Szathmary & Maynard Smith, 1995; Michod, 2000, 2007; Queller,
2000; Michod & Nedelcu, 2003; Michod & Herron, 2006; Calcott, 2008; Godfrey-Smith, 2009; Queller
& Strassmann, 2009; Maynard Smith & Szathmary, 2010; Corning & Szathmary, 2015; Szathmary,
2015). Spojeni nepodobnych, ale funkéné komplementarnich entit nicméné od poc¢atku vykazuje zasadni

synergické vyhody, které se v prubéhu dalsi evoluce mohou dale rozvijet.

4.3.3 Makroevolucni souvislosti teorie zamrzlé evoluce
V ptedchozi podkapitole jsme vid€li, Ze makroevolu¢ni zamrzdni mtize zasadné ovliviiovat pribeh
makroevoluce. Na tomto misté shrneme Siroké spektrum dosud zahadnych makroevolu¢nich fenoménii
a patrnosti, pro které teorie zamrzlé evoluce nabizi koherentni vysvétleni (detaily viz Toman & Flegr,
2018b, ptiloha 4).

Jak jsme zminili uz vySe, samotny fenomén makroevolu¢niho zamrzani dokdze vysvétlit
pozorované trendy snizovani makroevolu¢niho potencialu, proménlivosti kladli i mezidruhové a
vnitrodruhové disparity (viz podkapitola 4.1.3). Myslence, Ze v pribéhu evoluce evolvability mohou

pribyvat evoluéni omezeni snizujici potencial evolucnich linii pro vytvafeni zasadnich evolu¢nich
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novinek, se vénovala fada autorti (viz podkapitola 4.1.1). Jediny, kdo pfed nami uvazoval o moznosti
uplného vycerpani makroevolu¢niho potencialu a feSeni této situace postupem na vyS§i UGroven
hierarchické komplexity, byl vSak patrné¢ Wimsatt (2013).

Nejnapadnéjsi implikaci teorie zamrzlé evoluce je makroevolu¢ni trend zvySovani hierarchické
komplexity organismu. Jak rozebirame v ¢lanku (Toman & Flegr, 2018b, ptiloha 4), trendy v komplexité
je ponékud obtizné presné¢ specifikovat. 1 tak je ovSem ziejmé, ze se komplexita organismu
pringjmensim v nékterych vymezenich historicky zvySovala. Nejprikaznéjsi je pravé zvySovani
hierarchické komplexity, tj. nartst maximalni dosazené hierarchické tirovné organismi prostiednictvim
modularniho zahnizdéni jednotek niz§i urovne€ v jednotce Grovné vyssi (McShea, 1996, 2001a, b, 2015;
Sterelny, 1999; McShea & Changizi, 2003; Marcot & McShea, 2007). Tento trend historicky
komentovala fada autort (viz napt. Novak, 1982; McShea, 1991, 1994, 1996, 2001a, b; Szathmary &
Maynard Smith, 1995; Pettersson, 1996; Knoll & Bambach, 2000; Michod, 2000; Calcott & Sterelny,
2001; Jablonka & Lamb, 2006; Okasha, 2006; Marcot & McShea, 2007, Maynard Smith & Szathmary,
2010; Bouchard & Huneman, 2013; Buss, 2014; Corning & Szathmary, 2015; Szathmary, 2015).
NejznaméjSim konceptem v této oblasti je patrné koncept velkych evoluénich prechodld (major
transitions in evolution) (Szathmary & Maynard Smith, 1995; Calcott & Sterelny, 2001; Maynard Smith
& Szathmary, 2010; Corning & Szathmary, 2015; Szathmary, 2015). Nalezneme ale i fadu alternativnich
pristupti (McShea, 1991, 1994, 2001a, b; Pettersson, 1996; Knoll & Bambach, 2000; Michod, 2000;
McShea & Simpson, 2001; Jablonka & Lamb, 2006; Buss, 2014; Corning & Szathmary, 2015), mezi
kterymi neni bez zajimavosti teorie sociogeneze ¢eského evolu¢niho biologa Vladimira J. A. Novaka
(1982).

V prubéhu ¢asu byla navrzena cela fada vysvétleni trendu zvySovani (hierarchické) komplexity
organismil (viz napt. McShea, 1991; McShea & Simpson, 2001; Marcot & McShea, 2007; Corning &
Szathmary, 2015). Tato vysvétleni mizeme rozliSit na (1) nehnané, (2) externalistické (darwinovské) a
(3) internalistické (nedarwinovské) koncepty (McShea, 1991; Corning & Szathmary, 2015). Podle
nehnanych vysvétleni je trend de facto vysledkem nihody, a to bud’ prostych ndhodnych zmén
komplexity organismi v evoluci, nebo difuze této vlastnosti béhem evoluce v pfitomnosti dolni
neprostupné hranice komplexity (tento model zpopularizoval Gould, 1996, jakozto ,.efekt zdi*). Podle
externalistickych vysvétleni je postup na vyssi uroven hierarchické komplexity vyhodny z hlediska
nekteré formy selekce. Podle internalistickych vysvétleni jsou postupy na vyssi Grovné hierarchické
organizace disledkem vnitfniho ustrojeni organismi, naptiklad jejich vyvojovych mechanismi a
souvisejicich vyvojovych a potazmo evolu¢nich omezeni.

Teorie zamrzlé evoluce zcela nezapada ani do jedné z téchto kategorii. Pfechod na vyssi uroven
hierarchické komplexity je sice podle naSeho konceptu selekén€ vyhodny, nejedna se ale o okamzitou
individualni vyhodu, nybrz dlouhodobou vyhodu celé linie v druhovém vybéru plynouci z obnoveni
makroevolu¢niho potencialu. Zarovein ale mizeme koncept oznacit i za internalisticky, nebot” motorem

postupti na vys§i hierarchické trovné jsou zmény vnitiniho ustrojeni organismi, konkrétné
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makroevoluéni zamrzani evoluénich linii. V kazdém ptipadé se trend podle teorie zamrzlé evoluce jevi
po vétsinu ¢asu nehnany. Pouze v situaci, kdy poklesne makroevolucni potencial na dané trovni pod
kritickou mez, dramaticky stoupa Sance, Ze entita vySS$i hierarchické urovné s obnovenym
makroevoluénim potencidlem bude evolu¢né Zivotaschopna a zalozi novy velky Uspésny klad. V
globalnim McSheaové (McShea 1994, 1998; Marcot & McShea, 2007) rozvrhu bychom tudiz trend
makroevolu¢nim zamrzanim mohli oznacit za hnany ve velkém métitku (driven at the large scale).

Néktera z navrzenych vysvétleni trendu se teorii zamrzlé evoluce blizi. Za zminku stoji zejména
historické koncepty Edwarda D. Copeho a Williama K. Gregoryho (které shrnuje napf. Daniel W.
McShea, 1991), ktefi zdirazinovali roli multiplikace a diverzifikace modularnich celkd v evoluci, nebo
Saunderse a Ho (1976, 1981), podle kterych mize byt zdrojem trendu asymetrie mezi snadnym
pridavanim komponent a jejich obtiznym odebiranim kvili jejich integraci v ramci celku. Nasli se i
autori, ktefi trend pokladali za disledek druhového vybéru (Wagner, 1996; McShea & Changizi, 2003;
Marcot & McShea, 2007). Nikdo z nich jej ovSem nespojil s klesajici evolvabilitou ¢i makroevolu¢nim
potencialem. Jiz zminovany Wimsatt (2013) sice uvazoval o mozném Uniku z pasti sniZovani
evolvability na vys§$i hierarchickou troven, v ramci svého obecného konceptu se v§ak viibec nevénoval
mySlence, ze by se tento proces mohl opakovat, vést k celému makroevolu¢nimu trendu ¢i nékterym
dal$im makroevolu¢nim fenoméntim. Neni ptitom bez zajimavosti, Ze podle teorie zamrzlé evoluce vede
evoluce evolvability explicitné k modularni stavbé a fungovani organismi. To podle fady ostatnich
konceptil zdaleka nemusi byt samoziejmé.

S makroevolu¢nim trendem zvySovani hierarchické komplexity organismi se navic volné poji

nékolik zdhadnych makroevoluénich fenomént. V prvni fadé¢ jde o rozriiznéni a specializaci jednotek

svwr

svvr

vedou ke zjednodusovani elementii na nizSich urovnich organizace, ztraté jejich komplexity a stupiid
volnosti az do zcela neproménlivého, strojového, stavu. Nejhlubsi elementy genetické architektury
v disledku toho mohou reagovat na selekéni tlaky zpravidla jen velmi omezené ¢i v predem
kanalizovaném sméru (Schank & Wimsatt, 1986; McShea, 2002, 2015; McShea & Anderson, 2005).
Specialni pripad té¢hoz jevu, konkrétn€ postupna redukce poctu seridlné€ se opakujicich ¢asti téla, jejich
specializace a integrace, byl uz dive popsan jako tzv. Willistonovo pravidlo (Gregory et al., 1935). Tyto
dva fenomény se ke zvySovani hierarchické komplexity poji tak siln€, Ze je McShea (2015) oznacil za
»evoluéni syndrom* — makroevolu¢ni patrnost, ktera si eminentné zada spolecné vysvétleni.

Pravé toto vysvétleni pfitom nabizi teorie zamrzlé evoluce, ze které existence McSheaova
evolu¢niho syndromu vyplyva vlastné¢ samoziejme. Snizovani makroevolu¢niho potencidlu vlivem
tfidéni z hlediska stability na kazdé Grovni hierarchické komplexity vede k rostoucimu tlaku na dalsi
postupy. V disledku téchto postupt dochazi ke zmnozovani entit bezprostiedné nizsi trovné. I na nové

urovni nicméné dochazi v pribéhu evoluce evolvability k tfidéni z hlediska stability. To ma nejprve
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formu rozrtiziiovani, specializace a ztrat redundantnich funkci u entit na této urovni a pozd¢ji stirani
modularity, integrace, zjednodusovani a ,,strojovaténi* entit na této urovni a Urovnich nizsich (Toman
& Flegr, 2018b, priloha 4). Rubovou stranou stejného procesu je stiidani procest parcelace a integrace
na sousednich hierarchickych urovnich zminéné v predchozi podkapitole. Tfebaze si riizni autofi tohoto
fenoménu v§imli (Wagner & Altenberg, 1996; Kirschner & Gerhart, 1998; Eble, 2005), az teorie zamrzlé
evoluce pro n¢j nabizi pfirozené vysvétleni. Postup na vy$s$i Groven ma vzdy za nasledek vznik
modularniho celku parcelaci. Jeho ¢asti se ale na této urovni specializuji, integruji a ztraci svij
modularni charakter, coz nasleduje dal$i zvyseni hierarchické komplexity.

Dalsi zajimavou patrnosti je, Ze se frekvence prechodd na vyssi Grovné komplexity v historii
pozemského Zivota postupné zrychluje (McShea, 2001a, b, 2015; McShea & Changizi, 2003). Zvlast
markantni jsou dvé skokova zrychleni pted asi 1,2 miliardou let, tj. v neoproterozoiku, a 540 miliony
let, tj. v kambriu (Carroll, 2001; McShea & Changizi, 2003; McShea, 2015). Trend se navic podle
dostupnych udaji nejvyraznéji projevoval u pohlavnich eukaryotickych organismti a zejména jejich
komplexnich mnohobunéénych zastupcl. Ani tyto fenomény by nas podle teorie zamrzlé evoluce
nemély ptekvapovat (Toman & Flegr, 2018a, b, prilohy 2 a 4). Po skokovém uvodnim nartstu spojeném
se vznikem prokaryotické bunky maximalni dosazena uroven hierarchické komplexity vice méné
stagnovala. Jak jsme vidéli v podkapitole 4.2.3, prokaryotické organismy dokazi diky svym velkym
populacim, ve kterych hraje velkou roli selekce véetné selekce na makroevoluéni potencial,
makroevolu¢nimu zamrzani efektivné vzdorovat. Obcas sice vytvaieji komplexnéjsi formy (Mclnerney
et al., 2011) nebo kolonie a jednoduché mnohobunééné utvary (Claessen et al., 2014), absence tlaku
k postupiim na vys§i urovné hierarchické komplexity vSak vede k tomu, ze ma jejich evoluce spise
»dvourozmérny*, tj. v nepfitomnosti silnych selek¢nich tlaki pomaly a stabilizujici, charakter (McShea,
2001a, b, 2015; McShea & Changizi, 2003; Marcot & McShea, 2007).

Trend zvySovani hierarchické komplexity proto vyrazné€ zrychlil az se vznikem pohlavniho
rozmnozovani v prubéhu eukaryogeneze, ktery miizeme datovat s nejvétsi pravdépodobnosti praveé do
obdobi neoproterozoika (Carroll, 2001; McShea & Changizi, 2003; McShea, 2015). Pohlavnost
umoznuje akumulaci efektivné nevratn€ polymorfnich alel. Mensi velikost eukaryotickych populaci
spojena s nizsi ucinnosti selekce, stejné jako omezeni kompetice mezi evolu¢nimi liniemi na zaklade
zbyvajiciho makroevolu¢niho potencialu na relativné slaby druhovy vybér, navic (mozna synergisticky,
viz podkapitola 4.1.1) usnadnily hromadéni dale neproménlivych elementti genetické architektury a
vydlazdily tak cestu makroevoluénimu zamrzani. Ultimdtnim vysledkem téchto zmén se stal
»trojrozmérny* charakter eukaryotické evoluce, ktera se oproti prokaryotické vyznaCuje vyrazng
odliSnou dynamikou, trendem zvySovani hierarchické komplexity a vySe uvedenymi doprovodnymi
makroevolu¢nimi fenomény (Knoll & Bambach, 2000; Carroll, 2001; Butterfield, 2007; Toman & Flegr,
2017a, ptiloha 1).

Druhé zrychleni trendu je potom nejspise spojené se vznikem slozitého individualniho vyvoje

mnohobunéénych organismtl, jejichz vznik tésné predchdzel kambriu (McShea, 2001a, b; Davidson &
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Erwin, 2006). Komplexifikace genotypovo-fenotypové mapy totiz zvysuje evolu¢ni zatéz a vyvojové
uzamknuti niz8ich Grovni (viz podkapitola 4.1.1), pficemz evolu¢ni zamrzdni mtze podporovat i
rostouci pocet interakci a sdilenych regulaci na dané tirovni organizace i mezi urovnémi (viz napf.
Thomas, 2005). To v§e mtize dale umocnovat selekce na vyssi robustnost vyvoje (Kirschner & Gerhart,
1998; Von Dassow & Meir, 2004; Schoch, 2010; Wimsatt, 2013; Brigandt, 2015) a integraci branici
sobeckému jednani kvazinezavislych konstitutivnich elementti (Szathmary & Maynard Smith, 1995;
Michod, 2000; McShea, 2001a, b; Michod & Herron, 2006). Stejné procesy by mohly stat i za
pozorovanym prubéznym zrychlovanim trendu v priibéhu evoluce (McShea, 2001a, b, 2015; McShea &
Changizi, 2003). Cela vySe popsana patrnost se potom odrazi i v zasadnim rozdilu mezi
»dvojdimenzionalnim“  charakterem  pre-neoproterozoicé (a  hlavné¢  prekambrické) a
»trojdimenzionalnim™ charakterem fanerozoické evoluce (Knoll & Bambach, 2000; Carroll, 2001;

Butterfield, 2007; Toman & Flegr, 2017a).
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5 ZAVER

V druhé¢ sekei prace jsme si struéné piedstavili teorii zamrzl¢é plasticity. Podle tohoto konceptu se v
evoluci pohlavnich druht stridaji dlouha obdobi staze, béhem kterych reaguji populace na selekéni tlaky
pouze elastickou zménou ve frekvenci jiz pritomnych alel, s kratkymi obdobimi plastické evoluce,
béhem kterych mtze dochazet k fixaci a eliminaci alel ptisobenim usmérnéného vybéru. Nepohlavni
druhy by si podle tohoto konceptu sice nemély dlouhodobé udrzovat tak vysoky geneticky
polymorfismus, zase by ale mély vykazovat potencial plasticky reagovat na selekéni tlaky v pribéhu
celé své existence.

Z téchto rozdili mezi pohlavnimi a nepohlavnimi druhy vyplyva moznost odlisSnych
environmentalnich preferenci obou skupin. Zatimco nepohlavni druhy by mély mit vyhodu v bioticky i
abioticky velmi stabilnim a homogennim prostfedi, evolu¢ni elasticita pohlavnich druhii by jim mé¢la
pfinaSet vyhodu v bioticky i abioticky heterogennich a proménlivych habitatech. Nelze dokonce
vylouéit, Ze tento faktor stoji za dlouhodobym udrzovanim pohlavniho rozmnozovani u eukaryot i
navzdory jeho zjevnym nevyhodam. Jak jsem shrnul v tieti sekci vénované ekologickym implikacim
teorie zamrzlé evoluce, tuto hypotézu jsme testovali na zakladé literarnich dat prostfednictvim
srovnavaci studie prostiedi obyvanych starobyle nepohlavnimi liniemi eukaryot a jejich pfibuznymi
pohlavnimi kontrolami. Vysledky publikované studie (Toman & Flegr, 2017a, ptiloha 1) tuto hypotézu
statisticky vyznamné podporily (bioticka heterogenita p = 0,016, abioticka heterogenita p = 0,031,
obecna heterogenita p =0,016). Jako zasadni se ptitom ukazalo vychazet z heterogenity prostiedi, kterou
organismy skutecné zazivaji v aktivnim stavu, nikoli naptiklad ve formé klidovych ¢i dormantnich
stadii, tj. heterogenity subjektivni. Krome toho se ndm podafilo vytipovat nékolik konkrétnich adaptaci
a environmentalnich preferenci, které starobyle nepohlavnim organismiim umoziuji subjektivni
heterogenitu prostiedi snizovat.

Ve Ctvrté sekci prace, kterd vychazi z nasich teoretickych studii (Toman & Flegr, 2017c, 2018a,
b, ptilohy 2, 3, 4), jsme se vénovali makroevolu¢nim implikacim teorie zamrzl¢ plasticity. Jedna se
predevsim o fenomén makroevolu¢niho zamrzani, tj. postupného snizovani makroevolu¢niho potencialu
pohlavnich linii. Makroevolu¢ni zamrzani mtize mit fadu pficin. Pfedev§im ale vyplyva z hromadéni
efektivné nevratné polymorfnich alel, které¢ nejsou schopné piejit do plastického stavu za zadnych
realistickych okolnosti, a hromadéni dale neproménlivych prvkil genotypovo-fenotypové mapy
v pribéhu evoluce evolvability jednotlivych linii. Jednotlivé pfi¢iny se navic mohou za urcitych
okolnosti synergisticky podporovat.

V souladu s tim jsem se nejprve v kapitole 4.1 vénoval nasi studii (Toman & Flegr, 2018a,
priloha 2) pojednavajici o fenoménu evoluce evolvability a spolecnych rysech genetické architektury
(genotypovo-fenotypové mapy) riiznych organismt. Vidéli jsme, ze evoluce evolvability je v zasade
biosémioticky proces, ktery kanalizuje evolu¢ni zmény a usnadiuje adaptaci evolucnich linii.

Spole¢nymi atraktory evoluce evolvability jsou robustnost a modularita, pfi¢emz evolvabilita se vyviji
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v zavislosti na evolucni zkusenosti dané linie. Vedlej$im disledkem stejného kanalizaniho procesu je
vSak vznik a hromadéni evolucnich constraints, které mohou vést az kGplnému vycerpani
makroevolu¢niho potencialu, tj. schopnosti vytvaret vyrazné evoluéni novinky. Tento fenomén pritom
neni Cisté teoreticky — jak jsme dolozili, projevoval se v historii Zivota mj. snizovanim proménlivosti
evolucnich linii nebo jejich mezidruhové a vnitrodruhové disparity.

Kli¢ovym, ale doposud zna¢né opomijenym, procesem evoluce evolvability je tfidéni z hlediska
stability. Popisu tohoto fenoménu, jeho specifik, vztahu k ptirozenému vybéru a (makro)evoluc¢nich
dusledk® jsme se vénovali v nasledujici kapitole 4.2 vychazejici ze studie (Toman & Flegr, 2017c,
priloha 3). Z hlediska makroevolu¢nich implikaci teorie zamrzlé plasticity je nejpodstatnéjsi, ze se
vlivem tfidéni z hlediska stability na vSech urovnich biologické evoluce neustale hromadi stabilngjsi
prvky, tj. prvky, které vykazuji mensi pravdépodobnost svého zaniku nebo zmény v prvky jiné.

Evoluéni linie s vy$§im makroevolué¢nim potencialem maji vétsi pravdépodobnost odstépeni
zasadné odliSnych dcefinych druhti, odstartovani adaptivnich radiaci ¢i osidleni novych prostiedi.
Makroevolu¢ni zamrzani by tudiz teoreticky mohl zastavit druhovy vybér. Prokaryotické organismy
s velkymi populacemi, kde fidi selekce osud zmén i jen velmi lehce postihujicich makroevolué¢ni
potencial, kazdy jedinec zaklada vlastni evoluéni linii a u kterych druhovy vybér na zakladé
makroevolu¢niho potencialu v zasad¢ odpovida individudlni selekei, nejspiSe na tomto zakladé opravdu
dokazi makroevoluéni zamrzani efektivné zpomalit. U pohlavnich organismti, které maji zpravidla
daleko mensi populace, druhovym vybérem jsou ovliviiovany jen slabé a drobna snizeni
makroevolu¢niho potencialu hromadi pod rozliSovaci schopnosti selekce, v§ak makroevoluéni zamrzani
nejspise predstavuje efektivné nevratny ,,rohatkovity* proces a pokracuje v plné sile.

Jak jsme rozebrali dale v kapitole 4.3 podle ¢lanku Toman a Flegr (2018b, ptiloha 4), alternativy
zamrzajici modularni genetické architektury jsou sice pfedstavitelné, kvili jejim pfirozeném vyhodam
se ale vredlném svété prakticky nevyskytuji. Ani jiné relativné jednoduché cesty, jak se vyhnout
makroevoluénimu zamrzani ¢i obnovit makroevolu¢ni potencial, patrné v evoluci nehraji zdsadni roli.
Za urcitych okolnosti mize dochazet k perspektivni kombinaci nékolika do velké miry zamrzlych
elementd télni stavby ¢i fungovani, nebo rozmrzani nekterych takovychto komponentt. Dalsi moznosti,
kterd mtze vést k dil¢imu obnoveni makroevolu¢niho potencidlu, jsou heterochronické zmény vyvoje a
zejména jeho radikalni zjednoduseni. Zadny z t&chto procesi viak nejspise v dlouhém Gasovém méfitku
nedokaze makroevolu¢ni zamrzani zastavit.

Jedinou efektivni cestou ze ,slepé ulicky* tak patrn€ zlstavd postup na vyS$i Uroven
hierarchické organizace. Ten miiZe mit podobu vnitini modularizace organismalni stavby ¢i fungovani
véetne vzniku nového zptisobu dédicnosti, nebo fraternalniho ¢i egalitarského prechodu v individualité.
Pfirozen¢ modularni organismus vy$§i Grovné oplyvad obnovenym makroevoluénim potencidlem.
Tridéni z hlediska stability vSak ucinkuje i na této urovni, a tak pomalu dochazi ke specializaci jeho
konstitutivnich elementi a jejich integraci doprovazené ubyvanim makroevoluéniho potencidlu a

rostoucim tlakem na dal$i postup na jest¢ vyssi uroven hierarchické komplexity. Vysledkem tohoto
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procesu je podle teorie zamrzlé evoluce znamy makroevoluéni trend zvySovani hierarchické komplexity
v historii pozemského zZivota. Stejné vysvétleni ale patrn€ miize mit i fada jeho doprovodnych fenoménti
véetné McSheaova evolu¢niho syndromu, modularniho charakteru organismil, postupného zrychlovani
trendu se dvéma velkymi skoky v neoproterozoiku a kambriu, jeho typicnosti pro eukaryota a zejména
jejich komplexni zastupce, odliSnosti pre-neoproterozoické (a hlavné prekambrické) evoluce od post-
neoproterozoické (a hlavné fanerozoické), nebo odlisného charakteru evoluce prokaryot a eukaryot.
Zadny jiny koncept pFitom nenabizi koherentni vysvétleni pro tak Siroké spektrum dosud spolehlivé

nevysvétlenych makroevoluénich fenomént.

Z ptedchozich fadku vyplyva, ze teorie zamrzl¢ plasticity, respektive jeji zastieSujici koncept,
teorie zamrzl¢é evoluce, dokazi koherentné vysvétlit fadu zahadnych ekologickych a makroevolu¢nich
fenomént sahajicich od udrzovani sexuality aZ po trendy v evolvabilité a hierarchické komplexité. Kdyz
se navic s ohledem na makroevolu¢ni implikace teorie zamrzl¢é plasticity vratime k vysledkiim nasi
prvni, ekologické, studie (Toman & Flegr, 2017a, ptiloha 1), za¢ina se rysovat dosud neodhaleny
komplexni obrazek evolu¢nich dé&ju, které v obdobi proterozoika mohly vést k zasadni zméné evoluéni
dynamiky a vzniku moderni formy pozemské biosféry.

Eukaryotické organismy se od svych prokaryotickych predki lisi v bezpoctu riznych ohledu.
Zakladni rozdil nicméné spoc¢iva v odliSné zivotni strategii téchto dvou skupin pozemského Zivota
(Carlile, 1982; Ward & Brownlee, 2000, str. 83-112, Cohan & Koeppel, 2008; Schulze-Makuch & Irwin,
2008, str. 43-64). Bez ohledu na neziidka velké vnitroskupinové rozdily, typicka eukaryoticka burika je
zhruba desetkrat delsi nez prokaryotickd, coz znamend zhruba tisicinasobny objemovy rozdil (Carlile,
1982). Také generacni doby prokaryot byvaji vyrazné kratsi. Byt vyjimecné€ nalezneme i populace, ve
kterych dosahuji desitek az stovek let (viz napi. Kuhn et al., 2014), vyjimkou nejsou generac¢ni doby
okolo dvaceti minut. Ty umoziiuje mensi velikost bunék, ktera neklade tak velké Casové naroky na difuzi
metabolitd. Vysledkem je kapacita pro vyrazné vyssi intenzitu metabolismu, ristovou a reprodukéni
rychlost prokaryotickych organismil ve srovnani s eukaryotickymi (Carlile, 1982). Nejkrat$i mitdza
oproti tomu eukaryotlim trva kolem hodiny (Carlile, 1982) a mei6za okolo deseti hodin (Flegr, 2005,
str. 243). Prokaryota jsou tudiz ve své podstaté typickymi r-stratégy uzptisobenymi na zivot v prostiedi
s nerovhomérnym piisunem zdroji, kde jsou ve vyhodé€ linie schopné nejrychlejstho mnozeni.
Eukaryota jsou oproti tomu pfirozenymi K-stratégy uzptisobenymi na Zzivot v bioticky a abioticky
proménlivém a heterogennim prostfedi s malym konstantnim objemem strukturovanych zdroji (Carlile,
1982).

S prostorovou a casovou Skalou se patrné zvySuje heterogenita prostfedi. Cela tato obecna
problematika na pomezi teoretické ekologie a evolucni biologie by si zaslouzila véEtsi pozornost
badatelti. I tak nicmén€ mizeme shrnout, Ze se prostorova a ¢asova heterogenita v tomto ohledu pon¢kud
lisi. Z prostorového hlediska miiZze panovat vysoka heterogenita prostiedi na velkych i malych Skalach.

Pida (Ettema & Wardle, 2002; Lavelle & Spain, 2003; Paul, 2007; Young et al., 2008; Vos et al., 2013),

48



povrch (Jiang, 2015), nebo dokonce vodni sloupec (Stocker, 2012) mohou byt naptiklad velmi
ostrivkovité i ve velmi malém métitku. Rozsahlejsi srovnani prostorové heterogenity sahajici pies
n¢kolik tirovni jsou vSak vzacna a zlstava tak otdzkou, nakolik je podobné fraktalni charakter prostredi
typicky. Prodlouzeni genera¢ni doby oproti tomu musi nutné vést k subjektivnimu zvyseni temporalni
heterogenity, tj. zazivané promeénlivosti, prostfedi — dlouhoveéké organismy se béhem vlastniho Zivota
vzdy setkaji s vice vykyvy podminek. To se navic mize zpétné promitat do subjektivni prostorové
heterogenity, protoze takové organismy maji potencial béhem svého zivota narazit na vétsi mnozstvi
ruznych ostrivkll prostiedi. Nepfimym dokladem vySe uvedenych skuteCnosti je naptiklad fakt, ze
prokaryotické organismy vykazuji jen slabé nebo zZadné biogeografické patrnosti, zatimco tento faktor
hraje dtlezitou roli u eukaryotickych, a predevsim mnohobunéénych eukaryotickych, organismti (Ragon
et al., 2012).

Bez ohledu na to, zjakych proximalnich divodi eukaryotické organismy dosahly vétSich
télesnych velikosti a delSich generac¢nich dob, je tedy takika jisté, Ze pravé tato obecna zména vedla
k vyraznému zvySeni subjektivni heterogenity jejich prostfedi. Pro Zivot v heterogennim prostiedi je
vsak kli¢ova schopnost rychlych, a ptitom vratnych reakci na riiznorodé a neustale se ménici podminky.
Obyvani vétSich ¢asovych a prostorovych §kal tak vytvorilo tlak na dlouhodobé udrzovani genetického
polymorfismu. Pravé tuto vlastnost ma, jak jsme vidéli v kapitole 3.1, pohlavnost. Sexualita se tudiz
mohla bez ohledu na proximalni diivody svého vzniku stat idealni preadaptaci na Zivot ve vySSich
¢asovych a prostorovych skalach a postupné se u eukaryot fixovat jako nezbytna metaadptace. Tomu
mohla dale napomoci i tendence eukaryotickych organismti vstupovat do bioticky intenzivnich interakci
typu predace a parazitace (Carlile, 1982). Dominantni zastoupeni pohlavnich zastupcli mezi
eukaryotickymi organismy, tfebaze je ve vétSiné skupin druhotny prechod k nepohlavnosti mozny
(Toman, 2015, str. 79-105), tuto hypotézu jen podporuje.

Stejné procesy, tj. pohlavnost, prodlouzeni genera¢ni doby, zvétSeni velikosti a zmenseni
populacnich Cetnosti nicméné v del§im casovém métitku vydlazdily cestu makroevolu¢nimu zamrzani,
které nepohlavni prokaryotické organismy s obrovskymi populacemi pod silnym vlivem selekce tolik
nepostihuje (viz podkapitola 4.2.3). Vysledkem byl jednak tlak na komplikaci, a zejména modularizaci,
genotypovo-fenotypové mapy (viz podkapitola 4.1.2), vdelsim casovém méfitku ale hlavné
k pfechodiim na vys$si trovné hierarchické komplexity s obnovenym makroevolu¢nim potencialem (viz
podkapitola 4.3.2). Vzhledem k tomu, Zze makroevolu¢ni zamrzani probihd na vSech urovnich a
hierarchické komplexity organismil vyrazné akcelerujici od neoproterozoika az kambria. VedlejSimi
disledky stejného procesu je n€kolik makroevolu¢nich fenoménd, z nichz nékteré McShea shrnul pod
nazvem makroevolu¢ni syndrom (viz podkapitola 4.3.3).

Zvysovani hierarchické komplexity organismi pfitom v dlouhém casovém méfitku piimo
(vlivem vytvafeni novych zivotnich strategii, obsazovani novych prostfedi apod.) i nepiimo

(prostiednictvim koevoluce s organismy nizSich Grovni, spoluvytvareni novych prosttedi a ovliviiovani
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ekologickych podminek) vedlo k zadsadnimu piebudovani ekologického prostoru nasi planety, radikalni
zmeén¢ dynamiky evoluce a dramatické zméné biosféry (Knoll & Bambach, 2000; Carroll, 2001;
Butterfield, 2007; Toman & Flegr, 2017a). Zdanlive trivialni zvétSeni télesné velikosti a prodlouzeni
generacni doby u prvnich eukaryot tak mohlo spustit celé domino vedlejsich efektt, které vedly az ke
vzniku pozemskeé biosféry, jak ji zname dnes.

Celou tuto hypotézu je tieba zatim brat s rezervou. Ne vSechny organismy napiiklad pasuji do
pongkud zjednodusené ekologicko-evolu¢ni dichotomie mezi prokaryoty a eukaryoty uvedené vyse.
RovnéZ je jasné, Ze prokaryotické organismy prodélaly po vzniku eukaryot stejné intenzivni evoluci
jako eukaryota samotna. Pfi nasich uvahach tudiz musime vychazet z ekologie a zivotnich strategii
eukaryot co nejpodobngjSich neoproterozoickym zastupciim. Pokud ale bude postulovany rozvrh
¢astecné, nebo Gplné podporen, mize mit zavazné implikace hned pro nékolik obort.

Zadné doposud provedené poéitadové simulace ani laboratorni experimenty oteviené evoluce
napiiklad dosud bez silného tlaku umélého vybéru nereplikovaly rist (hierarchické) komplexity
organismil. Pro tyto neispéchy byla samozi'ejmé navrzena fada vysvétleni, nelze ale vyloucit, ze ristu
(hierarchické) komplexity tyto zjednodusSené modely dosahnou az kdyz inkorporuji faktor
makroevoluéniho zamrzani a obnovy makroevoluéniho potencialu postupem na nové Urovné
hierarchické organizace (Toman & Flegr, 2017b, 2018b, ptiloha 4). Teorie zamrzlé evoluce také muze
vyrazné usmérnit nase ocekavani ohledné fosilniho zdznamu. Pokud je trend zvySovani (hierarchické)
komplexity charakteristicky pouze pro pohlavni organismy, nemame zadny diuvod ocekavat
komplexng&jsi organismy ve vrstvach z doby pied vznikem eukaryot. Zaroven se nemusime podivovat,
pro¢ s vyjimkou eukaryot prokaryotické organismy nikdy nevytvofily hierarchicky komplexnéjsi téla
organizovand na mnoha rtznych trovnich. Mtze se totiz jednat o specificky vedlejsi produkt evoluce
pohlavnich makroevolu¢né zamrzajicich linii.

Jesté zavaznégjsi jsou potom astrobiologické implikace naseho konceptu. Evoluce evolvability,
stejné jako tfidéni z hlediska stability, pfedstavuji fenomény, kterym musi nutné podléhat vSechny zivé
systémy. Pokud tedy ptfedstavoval vznik velkych eukaryotickych bun€k s dlouhou genera¢ni dobou,
které kvuli zivotu v heterogennim prostiedi vétsSich ¢asovych a prostorovych $kal potfebuji udrzovat
vysoky geneticky polymorfismus prostiednictvim pohlavniho rozmnozovani, vyjimku, nebo pokud
existuji néjaké jiné procesy, které velkym a dlouhovekym organismiim umozni dlouhodobé piezivat i
bez makroevolu¢niho zamrzani, nemame zadny divod ocekavat ve vesmiru velké zastoupeni
komplexnich forem zivota. Samoziejme zatim miizeme vychazet pouze ze vzorku nasi Zemée. Fakt, ze
zde zivot vznikl zahy po zformovani planety (pfed asi 4 miliardami let), zatimco trend zvySovani
hierarchické komplexity organismu efektivné odstartoval az zhruba o 2,8 miliardy let pozdé&ji, nicméné
nenasveédCuje, Ze by vznik velkych a dlouhovekych eukaryotickych organismt eukaryotického typu byl
zakonity. Neni pfitom bez zajimavosti, Ze ke stejnému zavéru ohledné frekvence komplexniho Zivota

ve vesmiru dospéli také Ward a Brownlee (2000).
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Uplnym zavérem miZeme zminit nékolik moZnosti daliiho testovani nafich teoretickych
koncept. Radu z nich jsme nastinili uz v nasich publikacich (Toman, 2015; Toman & Flegr, 2017a, b,
c; 2018a, b, ptilohy 1, 2, 3, 4). Jako prvni se nabizi testovani realné existence, sily a rozSiieni
prezentovanych makroevolu¢nich trendii — trendu snizovani makroevolu¢niho potencialu, fenotypové
proménlivosti v ramci kladi, mezidruhové a vnitrodruhové disparity, nebo zvySovani hierarchické
komplexity organismt v evoluci. Jak jsme vidéli v podkapitolach 4.1.3 a 4.3.3, podpora téchto trendt
v provedenych studiich rozhodné neni stoprocentni. Piipadné detailni charakteristiky téchto trendii nas
navic mohou nasmerovat pii dal$im badani. To samé se tyka procesu stojicich za evoluci evolvability,
kterym se vénuje hlavné obor evolu¢ni a vyvojové biologie (Evo-Devo). Proti naSemu konceptu by
napiiklad svédcilo, pokud by evoluce evolvability u riznych kladi nevykazovala zadné spole¢né
patrnosti, nebo kdyby rané faze (nikoli vSak GipIn¢ nejranngjsi, viz Galis & Metz, 2001; Irie & Kuratani,
2014; Hu et al., 2017) individualniho vyvoje nebyly konzervovanéjsi nez ty pozdni.

V tvahu pfipadaji i pozitivni testy naSeho konceptu. Ten je pfili§ rozsahly, nez aby ho bylo
mozné testovat jako celek. Muzeme se ale zamétit na jednotlivé hypotézy. Rozhodné by bylo mozné,
naptiklad prostfednictvim pocitacového modelu, ovérit, zda a za jakych okolnosti mize tfidéni elementti
télni stavby ¢i fungovani z hlediska stability na jedné urovni vést ke zvySovani hierarchické komplexity.
V obecnéjsi roviné by potom bylo prinosné simulovat evoluci evolvability pfi zahrnuti nami
postulovanych fenoménti vCetné tiidéni z hlediska stability. V neposledni fadé by $lo prostfednictvim
numerického modelu pfezkoumat rozmezi podminek — popula¢nich Cetnosti, sily druhového vybéru,
frekvence pohlavniho rozmnoZovani apod. — za kterych operuje makroevoluc¢ni zamrzani principem
,makroevolu¢ni rohatky*.

Kromé toho by bylo zajimavé porovnat evoluéni dynamiku pohlavnich a nepohlavnich linii.
Podle teorii zamrzl¢é plasticity a zamrzlé evoluce by se evoluce pohlavnich organismi méla vymykat
svym elastickym charakterem, tendenci k makroevolu¢nim zamrzani, rastem hierarchické komplexity a
dal§imi vySe zminénymi charakteristikami. Prvnim pokusem v tomto sméru vlastné byla uz ekologicka
srovnavaci studie (Toman & Flegr, 2017a, ptiloha 1) popsana v kapitole 3.1. Kromé toho bychom vSak
mohli srovndvat naptiklad mezidruhovou disparitu (starobyle) nepohlavnich skupin oproti jejich
pfibuznym pohlavnim kontroldm. Podle teorie zamrzlé evoluce bychom mohli o¢ekavat, Ze nepohlavni
linie, a zvlasté dlouhodobé tispesné a rozriiznéné klady starobyle nepohlavnich organismi, budou diky
permanentné plastickému charakteru své evoluce prostému makroevolu¢niho zamrzani vykazovat vétsi
proménlivost a potazmo rozptyl méfenych vlastnosti, tj. mezidruhovou disparitu. O podobné srovnani
na zakladég literarnich dat jsem se jiz pokusil (Toman, 2013). Konkrétné jsem se zaméfil na rozmezi
teplotnich mezi aktivity starobyle nepohlavnich eukaryotickych kladu a jejich pohlavnich kontrol. Kvili
malému mnozstvi spolehlivé identifikovatelnych starobyle nepohlavnich kladd, jejich pomérné
obskurnimu charakteru a malé probadanosti jsem vSak bohuzel nedoSel k zadnym statisticky

vyznamnym vysledkiim. Experimentalni méteni toleranci riiznych faktor prostfedi mezi piislusniky

vvvvvv
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Pfinosna by mohla byt také kvantitativni studie zamétena na identifikaci makroevolucnich jevt
postulovanych teorii zamrzlé evoluce. Podle naseho konceptu bychom méli v kazdém casovém fezu
nalézt siln¢ zamrzlé a nepfili§ proménlivé evolucni linie s nizkou disparitou, stejné jako linie, které
nedavno svilj makroevolu¢ni potencial obnovily a vykazuji velkou proménlivost i disparitu. Prvni
jmenované klady by mohly v pribéhu geologického casu sviij makroevolucni potencial vzacné
obnovovat, zatimco druhé by jej za pribé&zného snizovani své disparity mély ztracet. Vysledné patrnosti
v disparité a potazmo diverzité by melo byt mozné odhalit a studovat na zakladé paleontologickych ¢i
fylogenetickych dat.

Neméné zajimavé se jevi srovnani primarné¢ pohlavnich eukaryotickych druhd s primarné
nepohlavnimi druhy prokaryotickymi. Podobna studie by samozi'ejmé byla snizena tim, Ze u prokaryot
nenalezneme zadné blizce pfibuzné pohlavni druhy. Pfipadné rozdily mezi obéma velkymi skupinami
tak mohou jit na vrub jinym faktorim nez pfitomnosti nebo nepfitomnosti pohlavniho rozmnozovani.
Na druhou stranu jsou ale prokaryota, na rozdil od mladych druhotné nepohlavnich eukaryotickych linii,
nepohlavnimu zptsobu zivota dokonale pfizplisobena a evolu¢né Zivotaschopna. Nejproveditelnéjsi by
patrné bylo srovnani subjektivni heterogenity prokaryotického a eukaryotického prostfedi podobné
studii Toman & Flegr (2017a, ptiloha 1). Podle naseho konceptu by se melo prostiedi pohlavnich
eukaryotickych druhdl obecné vyznacovat vétsi relativni ¢asovou a prostorovou heterogenitou. Zasadni
otazkou také je, jak se prostorova a ¢asova heterogenita prostiedi méni s méfitkem, a to zejména na
mikroskopickych skalach. V tomto ohledu ale samoziejmé musime pocitat i s adaptacemi samotnych
organismi, tj. zkoumat subjektivni a nikoli objektivni heterogenitu jejich prostiedi.

V neposledni fadé¢ potom mizeme ziskat zajimavé vhledy do evolu¢ni dynamiky raznych
zivych systémt studiem jinych systémt podléhajicich evoluci — napfiklad kultury, nebo jejich
konkrétnich aspektti jako jsou technologie, spolecnosti, instituce, jazyky ¢i nauky. Také tyto systémy
hromadi ve své historii prvky tfidénim z hlediska stability, coz se mize (samoziejmé€ s nutnymi
specifiky) projevovat riiznymi variacemi na optimalizaci jejich evolvability v€etn€ vnitini modularizace
(jazykovych prvkd, instituci apod.) za soucasného snizovani pravdépodobnosti zasadnich zmén. Také
v téchto ptipadech mize byt radikalni zména mozna pouze po vyrazném zjednodusSeni celého systému.

O podobné vhledy jsme se pokusili v naSich ¢lancich (Toman & Flegr, 2017c, 2018a, b, ptilohy 2, 3, 4).

Teorie zamrzl¢ plasticity se tykd samotnych zakladl biologické evoluce. Jeji ekologické a
makroevoluéni implikace dokazi koherentné vysvétlit bezprecedentné dlouhou tadu zahadnych
evolu¢nich fenoménti. Z konceptudlniho hlediska navic propojuje mikroevoluéni ekologicko-genetické
badani ve stylu moderni evolucni syntézy s makroevolucné-paleontologickymi tivahami o evoluci
evolvability charakteristickymi spiSe pro evolucni a vyvojovou biologii ¢i rozsitenou evolucni syntézu.
Kromé¢ toho ma silnou navaznost na biosémiotiku a dal$i hrani¢ni evolucné-biologické koncepty.
V budoucnu by tak mohla poslouzit jako svornik téchto nezfidka protichidnych ale nikoli

nekompatibilnich pfistupii a odrazovy mustek pro dal§i badani na poli evoluce evolvability.
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1 | INTRODUCTION

1.1 | Paradox of sexual reproduction

| Jaroslav Flegr

Abstract

Ecological theories of sexual reproduction assume that sexuality is advantageous in
certain conditions, for example, in biotically or abiotically more heterogeneous envi-
ronments. Such theories thus could be tested by comparative studies. However, the
published results of these studies are rather unconvincing. Here, we present the re-
sults of a new comparative study based exclusively on the ancient asexual clades. The
association with biotically or abiotically homogeneous environments in these asexual
clades was compared with the same association in their sister, or closely related, sex-
ual clades. Using the conservative definition of ancient asexuals (i.e., age >1 million
years), we found eight pairs of taxa of sexual and asexual species, six differing in the
heterogeneity of their inhabited environment on the basis of available data. The differ-
ence between the environmental type associated with the sexual and asexual species
was then compared in an exact binomial test. The results showed that the majority of
ancient asexual clades tend to be associated with biotically, abiotically, or both bioti-
cally and abiotically more homogeneous environments than their sexual controls. In
the exploratory part of the study, we found that the ancient asexuals often have dura-
ble resting stages, enabling life in subjectively homogeneous environments, live in the
absence of intense biotic interactions, and are very often sedentary, inhabiting ben-
thos, and soil. The consequences of these findings for the ecological theories of sexual
reproduction are discussed.

KEYWORDS
ancient asexuals, asexual reproduction, Frozen evolution theory, habitat heterogeneity, sexual
reproduction

biology (see, e.g., Bell, 1982; Maynard Smith, 1978; Meirmans &
Strand, 2010; Williams, 1975), mainly because it brings many obvi-
ous disadvantages in comparison with asexual reproduction—the

well-known twofold cost of sex being only the first and most obvi-

Sexual reproduction (sensu amphimixis, the alternation of meiosis and

ous one (see, e.g., Lehtonen, Jennions, & Kokko, 2012). None of

syngamy) is one of the most enigmatic phenomena in evolutionary
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these disadvantages apply to all sexual species because of the highly
variable nature of their reproduction. However, under many circum-
stances, the disadvantages apply profoundly (Lehtonen et al., 2012).
Thus, sexual reproduction, its overwhelming predominance, and its
long-term maintenance in eukaryotes remain an enigma that call for
explanation.

Many main concepts and their countless variants were pro-
posed to explain the paradox of sexual reproduction (reviewed,
e.g., in Bell, 1982, 1985; Kondrashov, 1993; Maynard Smith,
1978; Meirmans & Strand, 2010; Otto, 2009; Sharp & Otto, 2016;
Williams, 1975). The genetic advantages of sex for sexually repro-
ducing populations or individuals are highlighted by concepts such
as the Weismann's idea of sex generating variability, later delimited
as the hypothesis of Vicar of Bray (Bell, 1982), Fisher-Muller's ac-
celerated evolution of sexual species (Fisher, 2003; Muller, 1932),
breaking free of neighboring deleterious mutations (Crow, 1970),
reduction of the spread of genomic parasites (Sterrer, 2002),
advantage of diploidy (Lewis & Wolpert, 1979), repair of DNA
(Bernstein & Bernstein, 2013), restoration of epigenetic signals
(Gorelick & Carpinone, 2009), eventually stochastic and determin-
istic variants of Muller’s ratchet hypothesis (Kondrashov, 1982;
Muller, 1964). These concepts are not mutually exclusive and un-
derwent their own evolution during the last decades, leading to
some convincing scenarios of the spread of sexuality and its long-
term predominance (see, e.g., Keightley & Otto, 2006; Otto, 2009;
Otto & Lenormand, 2002; Sharp & Otto, 2016).

Ecological theories of sexual reproduction, on the other hand,
stress the assumption that sex provides some ecological advantage to
sexual species. Certain trends can be clearly found in the geographic
distribution of sexual reproduction, as was recently summarized by
Hérandl (2006, 2009) or Vrijenhoek and Parker (2009). Moreover, pri-
marily asexual prokaryotes are abundant and, as will be shown later
in this study, clear examples of short-term and long-term secondarily
asexual eukaryotic taxa have been identified. Sex is obviously not
universally advantageous. It was also suggested that some advan-
tages of sexual reproduction postulated by “genetic theories” could
be achieved by automixis (Gorelick & Carpinone, 2009; Neiman &

“Biotic heterogeneity advan-
tage” theories

E.g. Red Queen theory (Hamilton, et al. 1990), evolutionary
arm-races hypothesis (Dawkins & Krebs, 1979), fast-sexual-

Schwander, 2011; but see also Keightley & Otto, 2006; Otto, 2009;
Otto & Lenormand, 2002; Sharp & Otto, 2016).

However, ecological theories of sexual reproduction need not
contradict the benefits of sex identified by “genetic theories.” In fact,
“genetic theories” that consider adaptiveness are necessarily related
to ecological phenomena, and most “ecological theories” have import-
ant genetic components as well (see Otto, 2009; Otto & Lenormand,
2002; Sharp & Otto, 2016). The difference lies mainly in their target
of interest. “Ecological theories" focus on the direct, ecological, con-
ditions that facilitate the evolution, spread, and long-term predomi-
nance of sex. Therefore, it might be more correct to designate them
as ecology-dependent (in contrast to ecology-independent theories
mentioned above). In any case, the final answer to the “greatest par-
adox of evolutionary biology” probably lies in the group of ecological
theories of sexual reproduction, respectively, in some form of theo-
retical synthesis that incorporates the assumptions of both genetic
and ecological theories of sex (Otto, 2009; Otto & Lenormand, 2002;
Scheu & Drossel, 2007; Sharp & Otto, 2016; Song, Drossel, & Scheu,
2011; West, Lively, & Read, 1999).

1.2 | Ecological theories of sexual reproduction
and their predictions

“Ecological theories” such as the Red Queen theory (Hamilton,
Axelrod, & Tanese, 1990), the evolutionary arm-races hypothesis
(Dawkins & Krebs, 1979), and the fast-sexual-response hypothesis
of Maynard Smith (1993) emphasize the sexually reproducing organ-
isms' advantage when interacting with other organisms that are able
to dynamically react in a coevolutionary manner. According to these
“biotic heterogeneity advantage” theories (see Table 1), sexual spe-
cies should prosper in spatially and temporally biotically heterogene-
ous environments, that is, environments with many biotic interactions
from competitors, predators, and parasites (see Table 2). In the pres-
ence of such intensive biotic interactions, sexual species are expected
to be especially favored because they maintain high-genetic polymor-
phism and could quickly react to the counter-adaptations of their evo-
lutionary opponents by a simple change of allele frequencies in the

TABLE 1 Ecological theories of sexual
reproduction

response hypothesis (Maynard Smith, 1993)

“Abiotic heterogeneity
advantage” theories

E.g. Lottery and Sisyphean genotypes hypothesis (Williams,
1975), elbow room hypothesis (Maynard Smith, 1978),

tangled bank hypothesis (Bell, 1982), hypothesis of

fluctuating selection (Smith, 1980), hypothesis of reduced
response to fluctuating selection (Roughgarden, 1991)

“Overall heterogeneity
advantage” theories

E.g. hypothesis of genetic polymorphism in fluctuating
environments (Williams, 1975), frozen plasticity theory
(Flegr, 2013), concept of density-dependent-independent
population regulation (Scheu & Drossel, 2007; Song, et al.
2011)

A classification of ecological theories of the maintenance of sexual reproduction presented in this
paper. Given the extraordinary plethora of proposed concepts, this summary cannot be exhaustive nor
complete. Only the major concepts as they were originally proposed are included.
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TABLE 2 Biotically and abiotically
heterogeneous environments

Characteristics

Examples

Biotically heterogeneous environments

Environments with numerous and/or
intensive biotic interactions among
competitors and hosts and their predators/
parasites that are characteristic by
dynamic coevolutionary reactions

Tropical rainforests, low-latitude coral reefs,
ancient lakes, habitats with climax
communities or generally with species-rich
complex ecosystems
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Abiotically heterogeneous
environments

Spatiotemporally abiotically
very variable environments,
i.e. patchy, diverse,
changeable, unpredictable,
and with unequally
distributed resources

Temporary, ephemeral or
exposed habitats, dynami-
cally changing freshwater
environments, coastal
habhitats, biomes of high
latitudes and/or altitudes

Main characteristics of biotically and abiotically heterogeneous environments in the optics of ecologi-
cal theories of sexual reproduction and examples of habitats that are characteristic by strong biotic and

abiotic heterogeneity.

population. The speed, not the depth, of adaptation is more important
in these environments (Maynard Smith, 1993).

Another group of ecological theories of sexual reproduction com-
prises, for example, the lottery and Sisyphean genotypes hypothesis
(Williams, 1975), elbow room hypothesis (Maynard Smith, 1978), tan-
gled bank hypothesis (Bell, 1982), hypothesis of fluctuating selection
(Smith, 1980), and hypothesis of reduced response to fluctuating se-
lection (Roughgarden, 1991). These “abiotic heterogeneity advantage”
theories (see Table 1) see the main advantage of sexual reproduction
in the higher fitness that sexual individuals or species achieve in abiot-
ically heterogeneous environments—environments that are abiotically
variable in space and/or time, that is, diverse, unpredictable, and with
unequally distributed resources (see Table 2). An abiotic environment
does not co-evolutionarily react to the evolutionary moves of its in-
habitants, potentially allowing them to deeply adapt to it under cer-
tain circumstances, for example, under conditions of slow, long-term
changes. Under these circumstances, the asexual species might have
an advantage because, for example, they do not suffer from segrega-
tion and recombination loads (Crow, 1970). However, the spatial and
temporal heterogeneity of an environment is expected to usually en-
sure the advantage of sexual species.

The heterogeneity of the environment, both biotic and abiotic, can
be comprehended as the sum of heterogeneity in space (in the sense
of variability, e.g., patchiness) and time (in the sense of instability, es-
pecially when the change is unpredictable). Both spatial and temporal
heterogeneity could be the consequences of both biotic and abiotic
factors (Li & Reynolds, 1995). The temporal and spatial aspects of het-
erogeneity, even though differing substantially at first sight, could act
remarkably similarly in terms of favoring sexual species (Kondrashov,
1993; Neiman & Schwander, 2011; Otto, 2009; Otto & Lenormand,
2002; Scheu & Drossel, 2007; Sharp & Otto, 2016; Song et al., 2011).
In principle, the most important factor is always whether the environ-
ment inhabited by the offspring differs in its character (i.e., selective
pressures) from the environment inhabited by their parents.

The “biotic” and “abiotic” theories of sexual reproduction men-
tioned above have different predictions regarding the character of the

environment that will be advantageous for sexual and asexual species.
According to the major source of the environmental heterogeneity, it
is therefore essentially possible to differentiate between these two
groups of ecological theories of sexual reproduction. However, the
predictions of different theories are not absolutely disparate—one
could easily devise examples of environments suitable for asexual
species according to both groups of theories, for example, stable ex-
treme environments. Similarly, the individual theories of sexual repro-
duction are far from being disparate; they are usually interconnected
in their basic principles, they intermingle and complement each other
(Meirmans & Strand, 2010; Otto, 2009; Otto & Lenormand, 2002;
Scheu & Drossel, 2007; Sharp & Otto, 2016; Song etal., 2011).
Moreover, biotic and abiotic parts of the environmental heterogeneity,
as well as other factors, are usually interconnected and influence and
complement each other in their effects on the advantage of sexual
or asexual reproduction (Glesener & Tilman, 1978; see also Otto &
Lenormand, 2002; Otto, 2009; Sharp & Otto, 2016). It is therefore
possible that the differentiation of “biotic” and “abiotic” ecological the-
ories of sex is important in theory, but not important in the real world,
and that sexual organisms do have an advantage in environments that
are both biotically and abiotically relatively heterogeneous (i.e., overall
heterogeneous environments, see Table 1 and Figure 1).

The fitness values of alleles of sexual species are often frequency-
and contextually dependent (on other alleles of the same gene, alleles
of other genes, or particular traits). Such alleles (as well as alleles that
are pleiotropically or epistatically interconnected with them) are not
easily fixated or eliminated. Therefore, sexual species usually main-
tain high-genetic polymorphism that enables them to readily react to
momentary changes of environment (by the changes in the frequency
of already present alleles). However, the same factor (frequency- and
contextually dependent fitness values of alleles) is expected to slow-
down or, eventually, stop this response as soon as the frequency of
present alleles significantly change. Therefore, it is possible that sexual
species, in contrast to asexual ones, are usually not able to fully adapt
to transient environmental changes; they mostly retain some genetic
polymorphism that helps them escape extinction when the conditions

73



TOMAN anp FLEGR

976 "
Ecology and Evolution
WILEY —_—r

4 “Biotic
heterogeneity”
theories
“Overall
heterogeneity™

E‘ theories
@

=

@

=]

o

£

8

o

b

2

=

2

m “Abiotic

heterogeneity”
theories

Abiotic heterogeneity

FIGURE 1 Ecological theories of sexual reproduction and

their predictions regarding environmental heterogeneity. Diagram
illustrating predictions of ecological theories of sexual reproduction
regarding environmental heterogeneity. “Biotic” theories consider
highly biotically heterogeneous environments (y axis, yellow) to be
those that promote sexuality over asexual reproduction. “Abiotic”
theories, on the other hand, highlight abiotically heterogeneous
environments (x axis, blue) in this regard. Excluding more complicated
models, abiotic heterogeneity has no role in “biotic” theories and vice
versa. This is in stark contrast with several concepts that consider
both kinds of environmental heterogeneity important for promoting
sexual reproduction (green). Color saturation indicates hypothetical
advantage of sexual organisms over asexuals in given conditions
according to each group of theories

quickly return to normal. It was suggested by Williams (1975 pp. 145-
146, 149-154, 169) and explicitly discussed by Flegr (2008, 2010,
2013) that the resulting lower ability of sexual species to fully adapt
to transient environmental changes may bring them, paradoxically, a
major advantage in randomly fluctuating environments, that is, in en-
vironments expressing large (biotic or abiotic) heterogeneity in time.

According to this (meta-)hypothesis (see Table 1 and Figure 1),
asexuals would prevail in stable or predictively slowly changing, pos-
sibly extreme, environments of low-temporal heterogeneity (Flegr,
2013). Given the similarities between the effect of temporal and
spatial heterogeneity mentioned above, this notion can be readily
extended to encompass both temporal and spatial heterogeneity.
Similar remarks were made, for example, by Williams (1975, p. 153)
and Roughgarden (1991), while a combination of several aspects of
heterogeneity was implicitly also proposed as the explanation of the
presence of sexual reproduction by Glesener and Tilman (1978) and
some interpreters of the Red Queen theory (e.g., Butlin, Schén, &
Martens, 1999) or the tangled bank hypothesis (e.g., Bell, 1982; Scheu
& Drossel, 2007; Song et al., 2011).

Otto (2009) and Sharp and Otto (2016) identified a plethora of
factors that enable the spread and long-term predominance of sex
in computer simulations, spatiotemporal heterogeneity, and varying
selection pressures being among the most important. Moreover,

the assumption of Flegr (2008, 2010, 2013) that the contextually
dependent fitness value of alleles is a major factor in maintaining
high long-term genetic variability of sexual populations seems to
be empirically supported (see Otto, 2009). This hypothesis was also
supported by the results of certain experimental studies, for exam-
ple, long-term patterns of fitness and genetic variability (Renaut,
Replansky, Heppleston, & Bell, 2006) or dynamics of adaptation
(Colegrave, Kaltz, & Bell, 2002; Kaltz & Bell, 2002) in sexually and
asexually reproducing Chlamydomonas. Furthermore, it is in accor-
dance with theoretical modeling (Scheu & Drossel, 2007; Song et al.,
2011) and empirical testing (e.g., Bluhm, Scheu, & Maraun, 2016) of
concepts that consider density-dependent and independent popula-
tion regulating factors as the main factors favoring sexual or asexual
reproduction.

1.3 | Comparing the ecology of sexual and
asexual groups

Most of the organisms that live on Earth, Archaea and Bacteria, are
primarily asexual. The primary asexuality is a plesiomorphic trait and
therefore does not need any special explanation. In contrast, most of
the known species, eukaryotes, are primarily sexual (Speijer, Lukes,
& Elias, 2015) while only some eukaryotic lineages switched to sec-
ondary asexual reproduction (de Meeus, Prugnolle, & Agnew, 2007;
Speijer et al., 2015; Van Dijk, 2009). It is therefore possible to com-
pare the environmental biotic heterogeneity and abiotic heterogene-
ity of such secondary asexual clades with that of their sexual relatives
to test particular ecological hypotheses of sexual reproduction.

Most studies aimed at testing and discriminating between indi-
vidual ecological theories of sexual reproduction on the basis of their
predictions about the environmental correlates of sexual and asexual
lineages showed largely inconclusive results. Often their aim was to
test particular theoretical concepts: lottery hypothesis and Sisyphean
genotypes hypothesis (Hérandl, 2009; Williams, 1975), elbow room
hypothesis (Garcia & Toro, 1992; Koella, 1993), Red Queen theory
(Burt & Bell, 1987; Neiman & Koskella, 2009), fast-sexual-response
hypothesis (Becerra, Brichette, & Garcia, 1999), hypothesis of opti-
mal responsibility to fluctuating selection (Griffiths & Butlin, 1995;
Schén & Martens, 2004), hypothesis of prevention of loss of genetic
variability under fluctuating selection (Hérandl, 2009; Maynard Smith,
1993; Vrijenhoek & Parker, 2009), or tangled bank hypothesis (Burt &
Bell, 1987; Domes, Scheu, & Maraun, 2007; Griffiths & Butlin, 1995;
Maraun, Norton, Ehnes, Scheu, & Erdmann, 2012; Vrijenhoek, 1984);
or at least they were later interpreted as such. The most extensive
comparison not focused on testing one particular theoretical concept
was performed by Bell (1982) on multicellular animals (Metazoa). It
mostly supported the tangled bank hypothesis. Experiments aimed at
discriminating the selective pressures of biotically (see, e.g., Fischer &
Schmid-Hempel, 2005) or abiotically (see, e.g., Becks & Agrawal, 2010)
heterogeneous and homogeneous environments were also performed,
mostly pointing to the conclusion that heterogeneous environments
select higher rates of recombination or sexual reproduction. However,
particular mechanisms that favor higher levels of sex are hard to
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determine in these cases that are, moreover, often based on faculta-
tively sexual organisms.

The main problem of the comparative studies mentioned above
may be the inclusion of both old and young asexual taxa. Most second-
ary asexual groups probably are not evolutionarily viable in the long
term, as could be deduced from the distribution of asexual lineages
on the “tree of life” With the exception of several ancient asexuals
(AAs), they form only the terminal twigs—species and genera (Butlin,
2002). This pattern is probably the consequence of the opportunis-
tic nature of their transition to asexual reproduction and subsequent
failure in species selection (Nunney, 1989), or the higher persistence
of sexual lineages in the process of stability-based sorting (Toman &
Flegr, 2017). Moreover, at least some young asexual lineages could, in
fact, consist of short-lived clones continuously cleaved from maternal
sexual population (Janko, Drozd, Flegr, & Pannell, 2008; Vrijenhoek &
Parker, 2009). Alternatively, they could be sustained by an occasional
hybridization with related sexual lineages (Butlin, Schén, & Martens,
1998; van Raay & Crease, 1995; Turgeon & Hebert, 1994) or an infre-
quent transfer of genetic material from “host species” in hybridoge-
netic and gynogenetic lineages (Bogart, Bi, Fu, Noble, & Niedzwiecki,
2007: Mantovani, Passamonti, & Scali, 2001). In sum, young asexuals
do not have to exhibit the properties that would allow them to survive
in the long term, the reasons of their temporary success might, in con-
trast to the AA lineages, differ from case to case, and, contrary to the
mainstream view, they could in fact bring a significant noise into the
studies of long-term maintenance of sexual (and secondary asexual)
reproduction.

1.4 | Aims of the study

The main aim of this study was to map the environmental heteroge-
neity of well-supported AA groups and identifies possible trends in
its differences from the environmental heterogeneity of their closely
related sexual clades. In the first part of the study, we compiled data
on the environmental heterogeneity of AAs and their sexual controls.
In the second, analytical, part of the study, we used the data to test
whether AAs more often inhabit (1) generally less heterogeneous en-
vironments, (2) less biotically heterogeneous environments, or (3) less
abiotically heterogeneous environments. To this end, we used paired
exact tests to compare the ecological demands of sexual species and
AA species within unrelated clades of eukaryotic organisms. In the
third, exploratory, part of the study, we searched for particular en-
vironmental properties and organismal adaptations that are common
among the AA members of the pairs.

As we outlined in the previous section, the phenomenon of asexual
“terminal twigs contra ancient asexuals” is still somewhat controver-
sial, and its real existence is being discussed (see, e.g., Janko, Drozd, &
Eisner, 2011; Neiman, Meirmans, Meirmans, Schlichting, & Mousseau,
2009; Schén, Martens, & Rossi, 1996; Schwander & Crespi, 2009).
Regardless of these discussions, it is obvious that out of all the sec-
ondary asexual clades only the AAs have been able to survive or even
diversify in an asexual state for millions of years (Judson & Normark,
1996; Neiman et al., 2009; Normark, Judson, & Moran, 2003; Schurko,
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Neiman, & Logsdon, 2009; Schwander & Crespi, 2009). This is the
main reason that our study is based exclusively on AAs as they already
proven to be evolutionarily viable in the long term.

However, it is worth mentioning that the focus on AAs puts for-
ward another serious difficulty: These clades were separated from
their sister sexual lineages a long time ago (at least 1 million years ago,
see Materials and Methods), and both sexual and asexual lineages
thus underwent considerable time periods of independent evolution.
Therefore, both lineages independently acquired numerous adapta-
tions that distinguished them but need not be related to the mode
of their reproduction. Singular case studies comparing AAs and their
sexual sister lineage thus are not expected to have a strong predictive
value in the long-term maintenance of asexual reproduction. On the
other hand, a comparative study enables us to compare several such
pairs of AAs and sexual controls and reveal possible common adap-
tations of AAs related to their long-term survival in an asexual state.

2 | MATERIALS AND METHODS

2.1 | Identification of ancient asexuals and their
sexual controls

2.1.1 | Ancient asexual groups

The definition of the “ancient asexual group” is rather vague. Some re-
searchers consider a lineage to be AA if it reproduces obligately asex-
ually for at least 50,000 generations or 0.5 million years (Law & Crespi,
2002a); some prefer one million generations (Schwander, Henry, &
Crespi, 2011), yet others just speak about “millions of years” (Judson &
Normark, 1996; Normark et al., 2003). It was even suggested that AAs
are not substantially different from other asexuals and their delimita-
tion is more or less arbitrary (Neiman et al., 2009). It is not the aim of
this study to argue for the substantial difference of AAs from other
asexuals or against it. We focus only on groups that were proven to
survive exclusively in an asexual state for a considerable amount of
time. Thus, regardless of the discussion on the fundamental distinc-
tion of young and old asexual taxa, in the current study we defined
AAs conservatively as those secondary asexual eukaryotic lineages
that reproduce obligately asexually with a great deal of certainty for
at least one million years (see Table S1 for details).

At the beginning, we identified well-supported AA groups with
the help of literary sources. We started with published secondary lit-
erature such as Judson and Normark (1996), Normark et al. (2003),
Neiman et al. (2009), Schurko et al. (2009), Schwander and Crespi
(2009), and Speijer et al. (2015), investigated cited primary literature
and other novel primary literal sources concerning putative AA groups.
We also investigated other possible AAs proposed in the primary liter-
ature and some lineages traditionally believed to be long-term asexual.
The evidence for confirmation or rejection of putative AAs included
organismal, life history, palaeontological, biogeographical, molecular,
individual genetic, and population genetic data and also other indi-
ces of ancient asexuality proposed in the AA literature listed above.
The list of supported and contested AA candidates, as well as reasons
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for our decision, is summarized in Table S1. Only well-supported AA

groups were included in our comparative study.

2.1.2 | Sexual controls

In the next step, we identified ecologically comparable sexual sister
lineages for the eight AA groups using literary sources. In those indi-
vidual cases in which the phylogenetic relations between the sexual
and asexual lineages were not entirely clear, we used the closest pos-
sible comparable clades (see Table S2 for details). Three of the AA
groups were monophyletic (Bdelloidea, Darwinulidae, and Vittaria).
The remaining AA groups were polyphyletic, that is, they included
several related monophyletic asexual sublineages with interstitial
sexual lineages. We treated each of these groups as single unit in the
analysis. In these cases, we compared every individual AA lineage with
its sexual control in the monophyletic subtaxa of the polyphyletic AA
group and based our conclusions on the prevailing trend (i.e., over
50% of the cases; however, all actual trends were much more con-
vincing, see Table 3) in the whole polyphyletic group. With the excep-
tion of Timema, the internal phylogenetic relationships of the studied
polyphyletic AA groups were more or less unclear. Where possible,
we proceeded using the most probable relationships (Bdelloidea,
Darwinulidae, Oribatidae, Nematalycidae and Proteonematalycidae,
Grandjeanicidae, and Oehserchestidae, see Table S2). In the cases
with several equally probable alternative phylogenetic relation-
ships of AA and sexual lineages (both in monophyletic/Vittaria/, and
polyphyletic/Alicorhagia and Stigmalychus, Pomerantziidae, Vittaria,
Lasaea/AA taxa), we compared AA lineages with alternative sexual
controls to determine the consistency of the trend in the association
of AA lineages or sexual controls with biotically and/or abiotically
more heterogeneous environments (all trends were consistent over all
alternative sexual controls, see Table 3).

2.2 | Determination of environmental heterogeneity

Using relevant literary resources, we collected and analyzed data on
the (biotically or abiotically more heterogeneous or homogeneous)
character of environments inhabited by the studied groups (the data
are summarized in Table 3). Biotic and abiotic environmental het-
erogeneity clearly have a nontrivial relationship to each other (see
Discussion), but it is essentially possible to distinguish them.

It is also worth mentioning that an environmental heterogeneity,
both biotic and abiotic, is an emergent property stemming from dif-
ferent factors and different adaptations in various AAs. An environ-
mental heterogeneity of microscopic and macroscopic organisms, or
more generally organisms living on different spatiotemporal scales,
eventually organisms with completely different ecological strategies
(terrestrial, benthic, planktonic, parasitic etc.), could not be quantified
and rated on a single universal scale. However, individual AAs and
their ecologically comparable sexual controls can be compared on the
basis of particular factors that indicate a higher or a lower biotic or
abiotic environmental heterogeneity of their particular environment.
These factors are summarized in Table 4 (see Supporting information

Materials and Methods for details). Resulting binary data were possible

to analyze statistically.

2.3 | Statistics

Collected data were analyzed using the R v. 3.1.2 software environ-
ment (R_Core_Team, 2014). We used an exact test suggested by R. A.
Fisher, specifically a one-tailed binomial test, the only statistical tech-
nique which has a sufficiently high statistical power able to reject null
hypothesis when we have extremely low N (theoretically a minimum
of five). Using this technique, we tested three hypotheses: In case,
the heterogeneity of habitats of AAs and their sexual controls differ,
then asexual members of the pairs inhabit predominantly (1) biotically
or abiotically, (2) biotically, and (3) abiotically more homogeneous
environments.

Only in two AA groups (Lasaea, Timema), we were unable to
identify any consistent differences in the heterogeneity of the envi-
ronments inhabited by their sexual and asexual lineages. The most
probable explanation of the absence of such a difference is a lack of
empirical data. As the tested hypothesis makes predictions only about
those pairs of species that differ in the heterogeneity of their habitats
(and the binomial test analyses only binary variables, i.e., “less vs. more
heterogeneous group,” not “equally heterogeneous groups,” see, e.g.,
McDonald, 2014), Lasaea and Timema were not included in the first
round of our statistical analysis. The same applies for the abiotic het-
erogeneity of the environment of Darwinulidae.

To test the robustness of our results, we also ran more conserva-
tive second and third rounds of statistical analysis, including pairs with
no reported difference in heterogeneity of habitats (1) as if they dif-
fered in the opposite direction than was predicted by our hypotheses
and (2) as if they differed in the opposite direction but with only a 1/3
probability of positive outcome, that is, assuming a 2/3 probability of
negative or indifferent result. The ecology, relevant adaptations, and
environmental correlates of all eight pairs of AAs and their sexual con-
trols were thoroughly examined in the exploratory part of the study,
see Discussion.

3 | RESULTS

We conclude that eight of the putative AA groups do fulfill our
strict criteria of ancient asexuality: bdelloid rotifers (Bdelloidea),
darwinulid ostracods (Darwinulidae), several lineages of oribatid
mites (Oribatidae), several lineages of mites from the suborder
Endeostigmata and order Trombidiformes, shoestring fern Vittaria ap-
palachiana (Farrar & Mickel), three species of stick insects from the
genus Timema, and several lineages of the bivalve genus Lasaea; see
Table S1. Their sister or closely related ecologically comparable sexual
groups were identified consequently with the help of relevant litera-
ture; see Table S2.

The comparison of the character of environments inhabited by the
AAs and their sexual controls in the cases that differed in this factor
showed that AAs inhabit biotically or abiotically (six of six, p = .016),
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TABLE 3 The heterogeneity of an environment of studied taxa

Ancient asexual

taxon

Bdelloidea

Darwinuloidea

Ancient asexual

Oribatidae

Sexual control Abiotically more homogenous than control

Monogononta Yes
Tend to be associated with marginal
habitats and predominate there over sexual
control (Pejler, 1995; Ricci, 1987; Ricci &
Balsamo, 2000; Welch, Ricci, & Meselson,
2009), predominate over sexual control in
polar habitats (Dartnall, 1983; Janiec, 1996;
Jungblut, Vincent, & Lovejoy, 2012; Pejler,
1995; Sohlenius & Bostrom, 2005) +
anhydrobiosis (Pilato, 1979; Ricci, 2001);
predominate over sexual control in soil
(Devetter & Scholl, 2014; Donner, 1975;
Pejler, 1995; Scholl & Devetter, 2013);
predominate over sexual control in hot
springs at temperatures above 40°C (Issel,
1900, 1901; McDermott & Skorupa, 2011;
Pax & Wulfert, 1941)

No Difference
Tend to be associated with marginal
habitats, springs and interstitial (Pieri,
Martens, Stoch, & Rossetti, 2009; Pinto,

Cypridoidea

Rocha, & Martens, 2005; Schén, et al. 1998;

Schén, et al. 2009) + torpor (Carbonel, et al.
1988; Delorme & Donald, 1969; Retrum,
Hasiotis, & Kaesler, 2011), but the same
applies to some degree also to the sexual
control; Darwinuloidea does not dominate
in hot springs over its sexual control (Brues,
1932; Jana & Sarkar, 1971, Klie, 1939;
Kiilkdyllioglu, Meisch, & Rust, 2003;
Moniez, 1893; Wickstrom & Castenholz,
1985)

Compared sexual Yes
Oribatidae Tend to be associated with soil in contrast to
sexual controls and their predominance rises
with the depth of soil horizon (Devetter &
Scholl, 2014; Karasawa & Hijii, 2008;

Krivolutsky & Druk, 1986; Maraun et al., 2009;

Norton & Palmer, 1991); only few arboreal
representatives in comparison with sexual

controls (Karasawa & Hijii, 2008; Maraun et al.,

2009); predominantly inhabit abiotically more
stable forest soils in comparison with
meadows (Krivolutsky & Druk, 1986; Siepel,
1994), but see also Devetter and Scholl (2014)
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Biotically more homogenous than control

Yes

Tend to be associated with marginal habitats and predominate there
over sexual control (Pejler, 1995; Ricci, 1987; Ricci & Balsamo, 2000;
Welch et al., 2009); aquatic representatives are exclusively benthic
and sedentary in contrast to sexual control (Koste & Shiel, 1986;
Ricci & Balsamo, 2000); predominate over sexual control in soil
(Devetter & Scholl, 2014; Donner, 1975; Pejler, 1995; Scholl &
Devetter, 2013); predominate over sexual control in polar habitats
(Dartnall, 1983; Janiec, 1996; Jungblut et al., 2012; Pejler, 1995;
Sohlenius & Bostrom, 2005); predominate over sexual control in hot
springs at temperatures above 40°C (Issel, 1900, 1901; McDermott
& Skorupa, 2011; Pax & Wulfert, 1941); absent in ancient lakes in
contrast to sexual control (Martens & Schon, 2000; Schén &
Martens, 2004); no typical predators and parasites (filtration, grazing
etc.) in comparison with the sexual control (Ricci & Balsamo, 2000);
getting rid of parasites (Wilson, 2011; Wilson & Sherman, 2010) and
escaping from competitors, predators and parasites (Ladle,
Johnstone, & Judson, 1993) via Bdelloidea-specific anhydrobiosis;
high tolerance to irradiation (Gladyshev & Meselson, 2008) and
starving (Ricci & Perletti, 2006) because of Bdelloidea-specific
anhydrobiosis

Yes

Tend to be associated with marginal habitats, springs and
interstitial, but the same applies to some degree also to the sexual
control (Pieri et al., 2009; Pinto et al., 2005; Schén et al., 1998,
2009); no typical predators and parasites (filtration) in comparison
with the sexual control (Dole-Olivier, et al. 2000); able to escape
from competitors, predators and parasites because of torpor, but
the same applies also to the sexual control (Carbonel et al., 1988;
Delorme & Donald, 1969; Retrum et al., 2011); little parasitized,
but the same applies to some degree also to the sexual control
(Bruvo et al., 2011; Schén et al., 2009); aquatic representatives are
exclusively benthic and sedentary in contrast to sexual control
(Dole-Olivier et al., 2000; Pokorny, 1965; Rossetti, Pinto, &
Martens, 2011; Schén et al., 2009); riverine and lacustrine
representatives predominantly inhabit hypoxic depths with few
competitors, predators and parasites (Rossi, Todeschi, Gandolfi,
Invidia, & Menozzi, 2002; Schén et al., 2009; Smith, Kamiya, &
Horne, 2006); little predated (Ranta, 1979); highly tolerant to
starving (Rossi et al., 2002); absent in ancient lakes with numerous
competitors, predators and parasites in contrast to sexual control
(Martens, 1998; Schon & Martens, 2004); does not dominate in
extremely cold (Bunbury & Gajewski, 2009; Kilkoyltoglu &
Vinyard, 2000; McLay, 1978; Tudorancea, Green, & Huebner,
1979) or hot (Brues, 1932; Jana & Sarkar, 1971; Klie, 1939;
Kilkoyltoglu et al., 2003; Moniez, 1893; Wickstrom & Castenholz,
1985) environments in comparison with sexual control

Yes

Tend to be associated with soil in contrast to sexual controls and
their predominance rises with the depth of soil horizon (Karasawa
& Hijii, 2008; Maraun et al., 2009; Norton & Palmer, 1991); only
few arboreal representatives (Karasawa & Hijii, 2008; Maraun

et al., 2009); dominantly not typical predators and parasites
(decompaosition, fungivory, lichens, microorganisms), but the same
applies also to the sexual controls (Norton & Behan-Pelletier,
2009); predominantly inhabit stable environments with unstruc-
tured resources (Domes, et al. 2007; Maraun, et al. 2012); but do
not prevail in the environment with less parasites and predators
(Cianciolo & Norton, 2006)

(Continues)
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TABLE 3 (Continued)

Ancient asexual

taxon Sexual control Abiotically more homogenous than control  Biotically more homogenous than control
Ancient asexual Compared sexual Yes Yes
Endeostigmata  Endeostigmata  Tend to be associated with seil, and, in Tend to be associated with soil, and, in contrast to sexual

contrast to sexual controls, especially its controls, especially its deep horizons (Darby et al., 2011; Neher
deep horizons (Darby, Neher, Housman, & et al., 2009; Norton & Behan-Pelletier, 2009; Norton et al., 1993;
Belnap, 2011; Neher, Lewins, Weicht, & Oconnor, 2009; Walter, 2001, 2009); dominantly not typical
Darby, 2009; Norton & Behan-Pelletier, predators and parasites (decomposition, fungivory, microorgan-
2009; Norton et al. 1993; Oconnor, 2009; isms), but the same applies also to the sexual controls internal to

Walter, 2001, 2009); all hypothetical sister ~ the clade Endeostigmata (Walter, 2009); all hypothetical sister
sexual lineages of Alicorhagia + Stigmalychus  sexual lineages of Alicorhagia + Stigmalychus are much more

are much more ecologically disparate, ecologically disparate, including strategies with high degree of
including life in abiotically changeable interspecific interactions (predators, parasites etc.) (Darby et al.,
environments (Darby et al., 2011; Neher 2011; Neher et al., 2009; Norton & Behan-Pelletier, 2009; Norton
et al., 2009; Norton & Behan-Pelletier, et al., 1993; Oconnor, 2009; Walter, 2001, 2009); ecological
2009; Norton et al., 1993; Oconnor, 2009; patterns analogical to Oribatidae but poorly explored (Norton &
Walter, 2001, 2009); ecological patterns Behan-Pelletier, 2009; Norton et al., 1993; Walter, 2009)

analogical to Oribatidae but poorly explored
(Norton & Behan-Pelletier, 2009; Norton
et al., 1993; Walter, 2009)

Ancient asexual Compared sexual Yes Yes
Trombidiformes Trombidiformes  Tend to be associated with soil, and, in Tend to be associated with soil, and, in contrast to sexual
contrast to sexual controls, especially its controls, especially its deep horizons (Bochkov & Walter, 2007;
deep horizons (Bochkov & Walter, 2007; Darby et al., 2011; Kethley, 1989; Neher et al., 2009; Walter
Darby et al., 2011; Kethley, 1989; Neher et al., 2009); no typical predators and parasites (decomposition,
et al., 2009; Walter et al. 2009); all fungivory, microorganisms) in comparison with sexual controls

hypothetical sister sexual lineages are much  (Darby et al., 2011; Neher et al., 2009; Norton et al., 1993; Walter
more ecologically disparate, including life in et al., 2009); all hypothetical sister sexual lineages are much more
abiotically changeable environments (Darby  ecologically disparate, including strategies with high degree of

et al,, 2011; Neher et al., 2009; Norton interspecific interactions (predators, parasites etc.) (Darby et al.,
et al., 1993; Walter et al., 2009); ecological 2011; Neher et al., 2009; Norton et al., 1993; Walter et al., 2009);
patterns analogical to Oribatidae but poorly  ecological patterns analogical to Oribatidae but poorly explored
explored (Norton & Behan-Pelletier, 2009; (Norton & Behan-Pelletier, 2009; Norton et al., 1993; Walter

Norton et al., 1993; Walter et al., 2009) et al., 2009)
Vittaria Related sexual Yes Yes
appalachiana species Distributed in higher latitude in comparison  Associated with habitats characterized by minimal competition
with sexual controls (Farrar, 1978, 1998), due to low light levels in contrast to sexual controls (Farrar, 1978,
but associated exclusively with geologically ~ 1998); distributed in higher latitude in comparison with sexual
and ecologically highly stable habitats controls (Farrar, 1978, 1998); highly vulnerable to parasitization
(caves, excesses etc.) in contrast to sexual and competition (Caponetti, Whitten, & Beck, 1982)

controls (Farrar, 1978, 1990, 1998); sexual
controls are associated with exposed
habitats (epiphytic on trees or decomposing
wood) (Farrar, 1978, 1990; Farrar & Mickel,

1991)
Ancient asexual Sister sexual No Difference No Difference
Timema species No difference in their phenotype in 2/3 AA species have narrower food niche in comparison with
comparison with sexual controls (Sandoval, sexual controls (Law & Crespi, 2002b); 2/3 AA species has

Carmean, & Crespi, 1998); areas of 2/3 AA separate areas from remaining species (Law & Crespi, 2002b;
species extend to higher latitudes than their ~ Sandoval et al., 1998) in contrast with sexual and short-term
sexual controls (Law & Crespi, 2002a,b), but  asexual representatives of the genus (Law & Crespi, 2002b), but

other species of the genus (including see Law and Crespi (2002a); areas of 2/3 AA species extend to
short-term asexual and sexual species) have  higher latitudes than their sexual controls (Law & Crespi,

even northern distribution (Law & Crespi, 2002a,b), but other species of the genus (including short-term
2002b) asexual and sexual species) have even more northern distribution

(Law & Crespi, 2002b)

(Continues)
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TABLE 3 (Continued)

Ancient asexual
taxon Sexual control

Ancient asexual Sexual Lasaea No Difference

Abiotically more homogenous than control
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Biotically more homogenous than control

No Difference

Lasaea Ancient asexual representatives have global ~ Ancient asexual representatives have global distribution including

distribution including high latitudes,

high latitudes, whereas the distribution of sexual species is limited

whereas the distribution of sexual species is  to the shores of Australia and Tasmania (O Foighil & Smith, 1995;

limited to the shores of Australia and
Tasmania (O Foighil & Smith, 1995; O

O Foighil & Thiriot-Quievreux, 1999; Taylor & O Foighil, 2000); all
AA representatives (but also one of two sexual species in the

Foighil & Thiriot-Quievreux, 1999; Taylor &  genus, Lasaea colmani) are exclusively benthic and directly
O Foighil, 2000); associated with tidal zone,  developing without the presence of ancestral planktonic larva (O

but the same applies both to AA and sexual
Lasaea lineages (Morton et al. 1957); the
ability to slow down metabolism and

Foighil, 1989; O Foighil & Eernisse, 1988; Rosewater, 1975);
associated with diverse community of invertebrates, cyanophyta
and algae including algal species directly eroding Lasaea's shell,

survive up to 12 days outside water, but the  but the same applies both to AA and sexual Lasaea lineages

same applies both to AA and sexual Lasaea

lineages (Morton et al., 1957)

(Morton et al., 1957); not typical predator or parasite (filtration),
but the same applies both to AA and sexual Lasaea lineages
(Morton et al., 1957)

Comparison of the biotic and abiotic heterogeneity of an environment inhabited by the studied ancient asexuals and their sexual controls. Detailed

evaluation of the habitat heterogeneity is given in each pair to support our decision of which member of the pair inhabits a biotically or abiotically

more heterogeneous environment.

biotically (six of six, p =.016), and abiotically (five of five, p = .031)
more homogeneous environments. All these results are statistically
significant. In cases in which the indifferent pairs were included in
the analysis as negative observations, results became statistically in-
significant (six of eight, p = .145; six of eight, p = .145; respectively,
five of eight, p = .363). However, in cases in which the probability of
positive result was set on 1/3 (leaving 2/3 probability of negative or
indifferent result, however, see Discussion), results became marginally
significant (six of eight, p = .02; six of eight, p = .02; respectively, five
of eight, p = .088). Details of the results are summarized in Table 3 and
the Supporting information Review of AA ecology.

In the exploratory part of the study, we searched for the traits that
could be typical for ancient asexual organisms. We identified several
properties and adaptations that are common to a considerable num-
ber of studied AAs, see Table 5. The most notable are durable resting
stages, life in benthos and soil, and life in the absence of intense biotic
interactions. On the other hand, widely discussed alternative means
of genetic exchange and association with other species in a "domesti-

cated" state were not found to be very frequent among putative AAs.

4 | DISCUSSION

In contrast with other comparative studies in the field, the presented
one is based exclusively on the AA taxa. Moreover, biotic and abiotic
environmental heterogeneity have been distinguished. We conclude
that all six of the six AA groups that meet inclusion criteria of our ini-
tial statistical analysis (i.e., age >1 million years, reported differences in
a heterogeneity of a habitat of AA and its sexual control) inhabit bioti-
cally more homogeneous environments and all five of the five-ones
inhabit abiotically more homogeneous environments when compared
with their sexual controls. No AA group lives in an environment abioti-
cally or biotically more heterogeneous than its sexual control.

In the cases excluded from the initial analysis (abiotic heteroge-
neity in Darwinulidae and both biotic and abiotic heterogeneity in
Timema and Lasaea), it was not possible to distinguish whether the
heterogeneity is lower in the AA group or in the sexual control. As ex-
pected, the observed results are not very robust due to an extremely
low number of pairs of species for which the reliable ecological data
are available (six). In the case of paired of species with no reported
differences in heterogeneity of habitats were added to the analysis
as negative observations, results became insignificant. Setting the
probability of positive result to 1/3 (i.e., simulating 2/3 probability of
negative or insignificant result) led to marginally significant results in
the same case. However, this last test of the robustness of our results
should be taken only as tentative because the direct assessment of the
probability of indifferent result was beyond the possibilities of today's
comparative studies. Nevertheless, even stepping aside from p-values,
our results show a clear trend of AA association with biotically and
abiotically homogeneous environments, both in general and in com-
parison with their sexual controls.

The associations with biotically and abiotically more homogeneous
environments overlap almost perfectly. Thus, the results of the com-
parative analysis clearly indicate that either the AA groups tend to be
associated with overall (both biotically and abiotically) homogeneous
environments or that these two types of heterogeneity are so strongly
correlated that it is impossible to decide in favor of theories of sexual
reproduction that stress the key role of biotic or abiotic heterogeneity.
In general, our results obtained on AAs support, but of course do not
prove, the hypotheses that consider both biotic and abiotic heteroge-
neities acting as one factor in their effect on organisms (Flegr, 2010,
2013; Roughgarden, 1991; Scheu & Drossel, 2007; Song et al., 2011,
Williams, 1975 pp. 145-146, 149-154, 169).

Despite the widespread apprehension that the long indepen-
dent evolution of AAs and their sexual controls would hamper
any ecological comparative analysis of the type presented here
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TABLE 4 Factors determining biotic and abiotic environmental heterogeneity

Biotic heterogeneity

Higher

Complex ecosystems with high degree of
competition, predation, and parasitism; e.g.
ancient lakes

Unpredictable changes (predator-prey cycles
etc)

Tight and specific association with prey or
host; e.g. predatory or parasitic lifestyle

No adaptations to avoid competition,
predation, and parasitism; e.g. durable resting
stages

Planktonic or nektonic lifestyle

Not inhabiting soil, or only shallow soil
horizons

Lower latitudes

Shallower parts of water column
Abiotic heterogeneity

Temporally changeable (on ecological
timescales), spatially very heterogeneous,
diverse and unstable habitats with
unequally distributed resources; e.g.
ephemeral and marginal habitats

Unpredictable changes

No adaptations to aveid temporary adverse
abiotic conditions or enable migration; e.g.
durable resting stages

Extreme yet spatiotemporally changeable
habitats; for example, nunatags, desiccat-
ing ponds, bark surface

Lower latitudes and altitudes

Freshwater habitats and coastal areas

Lower

Simple ecosystems low degree of competition,
predation, and parasitism; for example,
ephemeral, marginal, extreme habitats

Predictable changes (predator-prey cycles etc.)

Loose association with prey or host; for
example, filtering or micropredatory lifestyle

Adaptations to avoid competition, predation,
and parasitism; for example, durable resting
stages

Benthic or sedentary lifestyle

Inhabitancy of soil, especially deep soil
horizons

Higher latitudes

Deeper parts of water column

Temporally stable, spatially homogeneous
habitats with equally distributed resources;
for example, caves, ground water reservoirs
or soil environment (especially deeper soil
harizons or soils of certain biomes)

Predictable changes (e.g., cyclical)

Adaptations to avoid temporary adverse abiotic
conditions or enable migration; for example,
durable resting stages

Temporally stable extreme habitats; e.g. hot
springs or subsurface cavities

Higher latitudes and altitudes

Deeper parts of water column
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Summary of factors that were evaluated to determine a higher or a lower environmental heterogeneity of AAs in comparison with their sexual controls.
Note that the factors are not universal (a terrestrial organism cannot be benthic/nektonic etc.) and cannot be compared across all studies organisms.
See Supporting information Materials and Methods for commentary and detailed description on how we determined biotic and abiotic environmental

heterogeneity.

(leading to the preference of studying young asexual lineages, see
Introduction), we found that both groups usually inhabit quite sim-
ilar and considerably homogeneous environments. This can, in fact,
complicate analyses in the opposite way by making the determina-
tion of differences in a habitat heterogeneity impossible (as was the

case of Timema and Lasaea, see Table 3). On the other hand, their
common ancestor's association with the homogeneous environ-
ments could have been a preadaptation to the successful and long-
term transfer to asexual reproduction in the AAs. This tendency is
obvious especially in Darwinuloidea-Cypridoidea, but it can also be
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TABLE 5 Specific ecological properties and adaptations of AA taxa

Alternative exchange of Durable resting
genetic information stages
Bdelloidea X X
Darwinuloidea X
Ancient asexual
Oribatidae
Ancient asexual
Endeostigmata
Ancient asexual
Trombidiformes
Vittaria appalachiana
Ancient asexual Timema
Ancient asexual Lasaea 2
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Absence of life strategies

Sedentary life and Life in the with intensive biotic
life in benthos soll interactions
X X X
X X X
X X
X X
X X
X
X
X X

The distribution of specific environmental properties and organismal adaptations associated with studied AA taxa. Significance of these findings is dis-

cussed below.

seen in Bdelloidea-Monogononta, Oribatidae, and Endeostigmata
(see Table 3).

It is interesting in this regard that many contested AAs (see Table
S1) also inhabit considerably homogeneous environments—for ex-
ample,. arbuscular mycorrhizal fungi of the order Glomales (Croll
& Sanders, 2009), tardigrades (Mobjerg et al., 2011; Pilato, 1979),
nematode genus Meloidogyne (Castagnonesereno et al., 1993), ostra-
cods Heterocypris incongruens (Ramdohr) and Eucypris virens (Jurine)
(Butlin et al., 1998; Martens, 1998), bristle fern Trichomanes intrica-
tum (Farrar) (Farrar, 1992), basidiomycete fungal families Lepiotaceae
and Tricholomataceae (Currie, Mueller, & Malloch, 1999; Currie, Scott,
Summerbell, & Malloch, 1999), ambrosia fungi Ophiostomatales
(Farrell etal., 2001), or brine shrimp “Artemia parthenogenetica”
(Bowen & Sterling) (Vanhaecke, Siddall, & Sorgeloos, 1984)—and their
adaptations are similar to those of the AAs included in this study (see
below).

4.1 | What environmental properties and organismal
adaptations are associated with AA taxa?

Besides the tendency to inhabit biotically and abiotically homoge-
neous environments, we discovered several properties and adapta-
tions that are common to a considerable number of studied AAs,
occur in AAs more often than in their sexual controls, and could be
the particular adaptations enabling their long-term survival in the
environments mentioned above (see Table 5). The occurrence of
these properties can, of course, be of little significance as we did not
study their distribution throughout the near phylogeny. It is, how-
ever, interesting to mention them for the purposes of further re-
search as universally distributed adaptations potentially connected
to the mode of reproduction was not expected to be found in our
sample because of markedly different ecological strategies of the
studied AAs.

4.1.1 | Alternative exchange of genetic information

Alternative ways of exchange of genetic information could theo-
retically substitute sexual reproduction and thus were repeatedly
proposed as the key adaptation to asexuality (Boschetti, Pouchkina-
Stantcheva, Hoffmann, & Tunnacliffe, 2011; Butlin, Schén, & Griffiths,
1998; Debortoliet al.,, 2016; Gladyshev & Meselson, 2008; Schwander,
2016). However, we identified this factor only once in the AAs in-
cluded in our study (i.e., in one of eight cases), namely in Bdelloidea
that experience intensive horizontal gene transfer (Boschetti et al.,
2011; Debortoli et al., 2016; Gladyshev & Meselson, 2008). Another
mechanism of genetic exchange, parasexuality (sensu Pontecorvo,
1954), was proposed in some contested ancient asexuals—Glomales
(Croll & Sanders, 2009), Tricholomataceae and Lepiotaceae (Mikheyev,
Mueller, & Abbot, 2006), and certain protists (Birky, 2009). However,
considering only the well-supported AAs, these mechanisms have lim-
ited distribution.

4.1.2 | Durable resting stages and subjectively
homogeneous environment

The character of the environment is probably subjectively ex-
perienced rather differently by its inhabitants with their specific
adaptations and by a human observer. In case that a particular or-
ganism reacts to the adverse change of environmental conditions
by entrenching itself in the resting or durable persistent stages (e.g.,
anabiosis), then, as a result, it de facto does not subjectively experi-
ence the unfavorable conditions at all. Its objectively heterogene-
ous environment becomes subjectively much more homogeneous.
It was even proposed that the presence of durable resting stages
may, because of the reduced strength of selective pressures affect-
ing these organisms in the long term, lead to an evolutionary stasis
(Pilato, 1979).
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This subjectivity of experienced environment probably addresses
especially its abiotic factors, for example desiccation, which is sur-
vived in the anabiotic stages by Bdelloidea (Pilato, 1979; Ricci, 2001),
or freeze and desiccation, which is survived in a state of torpor by
Darwinulidae and some of their sexual relatives (Carbonel, Colin,
Danielopol, Loffler, & Neustrueva, 1988). Similar durable stages could
also be found in some contested AAs, namely “Artemia parthenoge-
netica” (Vanhaecke et al., 1984) and tardigrades (Mobjerg et al., 2011).
Moreover, AA Lasaea is able to become mostly inactive and rests
during the adverse conditions for some time as well (Morton, Boney,
& Corner, 1957). On the other hand, at least in Bdelloidea, the an-
hydrobiosis may serve as the escape from biotic stresses too—espe-
cially parasites, both directly (the individual gets rid of parasites during
desiccation) and indirectly (by enabling the escape from parasites in
space and time), as was proposed by Wilson (2011). The distribution of
durable resting stages among well-supported AAs looks rather scarce
(three of eight cases). However, these 2-3 groups comprise all studied
AAs associated with significantly (objectively) abiotically heteroge-
neous habitats.

An underestimation of this phenomenon might be another reason
why most researchers did not come to unambiguous conclusions in
their comparative analyses of the ecology of sexual and asexual or-
ganisms. For example, many “extreme” environments may not be abi-
otically very homogeneous, whereas some environments that were
designated as abiotically heterogeneous, for example, in the famous
Bell’s (1982) study (periodical ponds, dendrotelms etc.), could be very
subjectively homogeneous for local inhabitants (e.g., anhydrobiotic
Bdelloidea). After all, the heterogeneity of the environment depends
on the adaptation of the observer, including the presence or absence
of the durable stages.

4.1.3 | Sedentary life and life in benthos

At least three well-supported AA groups (Bdelloidea, Darwinulidae,
and Lasaea) are exclusively benthic or sessile in contrast to their sexual
relatives (Dole-Olivier, Galassi, Marmonier, & Des Chatelliers, 2000; O
Foighil, 1989; Ricci & Balsamo, 2000). Some species of rotifer group
Monogononta (sexual control for Bdelloidea) (Pejler, 1995) and os-
tracod group Cypridoidea (sexual control for Darwinulidae) (Martens,
Schén, Meisch, & Horne, 2008) are planktonic; one of the two sexual
lineages in genus Lasaea has planktonic larvae (O Foighil, 1988).

It was proposed that benthic or sessile life may significantly re-
duce the biotic heterogeneity of an environment affecting such or-
ganisms by effectively hampering and reducing the spread of parasites
(Emiliani, 1993a,b), which is often considered to be one of the most
dynamic and influential components of the organisms’ environment. It
is true that, somehow paradoxically, paleontological studies (Jablonski,
1986) show increased extinction rates of species without planktonic
larvae. However, the main reason for this is probably better colonizing
abilities that are usually, but not always, associated with indirect de-
velopment (O Foighil, 1989).

In a similar way to resting stages, the distribution of benthic or
sedentary lifestyle among well-supported AAs looks rather scarce

on the first sight (three of eight cases). However, these three groups
comprise all studied AAs that are (at least partially) associated with
aquatic habitats. Moreover, it is interesting that numerous contested
aquatic AAs are also exclusively benthic: flatworm Schmidtea poly-
chroa (Schmidt) (Pongratz, Storhas, Carranza, & Michiels, 2003), New
Zealand mudsnail Potamopyrgus antipodarum (Gray) (Neiman, Jokela, &
Lively, 2005), and ostracods Heterocypris incongruens (Ramdohr) and
Eucypris virens (Jurine) (Butlin et al., 1998; Martens, 1998).

41.4 | Lifein the soil

Another adaptation widely distributed among AA groups is the in-
habitancy of soil, especially deeper parts of the soil horizon. This ten-
dency can be seen mainly in the AA mites from groups Oribatidae,
Endeostigmata, and Trombidiformes, although their sexual relatives
have some soil representatives too (Karasawa & Hijii, 2008; Maraun
et al., 2009; Walter, 2009). Bdelloidea and Darwinuloidea tend to be
associated with semiterrestrial habitats (Schén, Rossetti, & Martens,
2009). Moreover, AA Bdelloidea dominate among the soil rotifers
above any of their sexual relatives (Pejler, 1995). Most representatives
of Darwinulidae inhabit soil (respectively interstitial) too, although
this applies also to some of their sexual relatives (Schén et al., 2009).
Taken together, five of eight studied AA groups have numerous soil-
inhabiting representatives and show a tendency to inhabit soil.

Living in soil may, in a similar way to life in benthos, reduce the
capacity of parasites to spread (sensu Emiliani, 1993a,b). The soil en-
vironment is three-dimensional in its nature. Environments of surface
organisms usually have some vertical dimension as well; however, this
feature is pronounced much stronger in soil. Especially on smaller spa-
tial scales characteristic for rotifers, ostracods, mites, fungi, and other
putative AAs, the environment of soil organisms consists of tortuous
system of pores and crevices. The shortest way from point A to point
B in soil is only rarely a straight line. Under normal circumstances (i.e.,
population densities comparable to surface environments), this fea-
ture probably reduces any interactions of soil organisms and thus neg-
atively affect parasitization, predation, and competition (Drake, Choi,
Haskell, & Dobbs, 1998; Elliott, Anderson, Coleman, & Cole, 1980;
Fisher, Wieltschnig, Kirschner, & Velimirov, 2003; Lavelle & Spain,
2003; Murphy & Tate, 1996; Paul, 2007; Pilato, 1979). However, it
should be noted that this may change under high population den-
sities (especially in surface layers of the soil or during some special
occasions, such as periodic inflow of resources, and swarming) and
therefore should be subject of further research. Besides, soil is an abi-
otically very stable environment shielding its inhabitants from fluctu-
ations in temperature and humidity, as well as from UV radiation, and
could be very favorable for asexuals also for this reason (Krivolutsky &
Druk, 1986; Pilato, 1979; Siepel, 1994). In sum, the inhabitancy of soil
habitats may eventually erase many of the hypothetical evolutionary
advantages of sexuality and enable its inhabitants, or at least those
who are not blocked to do so by some evolutionary constraints, to
change their mode of reproduction to asexual. This, however, remains
a speculation until a more extensive survey of soil organisms' mode of
reproduction is made.
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Other explanations have also been proposed for the asexuals’ as-
sociation with soil habitats. Oribatidae could suffer less intense se-
lective pressures in the soil than in the arboreal environment where
they have to respond to the coevolving lichens, their main food source
(Maraun et al., 2009). Asexuality can be also more advantageous in soil
because of the difficulties with seeking out sexual partners, less effec-
tive pheromone dispersal etc. (Karasawa & Hijii, 2008). Nevertheless,
numerous contested AAs are soil inhabitants too: Glomales (Croll &
Sanders, 2009), tardigrades (Jorgensen, Mobjerg, & Kristensen, 2007;
Pilato, 1979), and Meloidogyne (Castagnonesereno et al., 1993).

It is also interesting in this regard that the selective pressures of
biotic and abiotic environments in soil were proposed to be so weak
they can ultimately (in a similar way to the presence of durable resting
stages) lead to an evolutionary stasis (Pilato, 1979). This applies espe-
cially to Bdelloidea (Poinar & Ricci, 1992; Ricci, 1987) and Darwinulidae
(Martens, Horne, & Griffiths, 1998; Schon, Butlin, Griffiths, & Martens,
1998; Schén et al., 2009) but, to some degree also to Oribatidae
(Heethoff et al., 2007; Krivolutsky & Druk, 1986; Norton, 1994) and
other AA mites (Norton, Kethley, Johnston, & O'Connor, 1993; Walter,
2009; Walter, Lindquist, Smith, Cook, & Krantz, 2009). Some evi-
dence of evolutionary stasis can be seen in five of eight studied AA
groups. Taking into account the contested AA groups, it can be found
in Glomales (Redecker, Kodner, & Graham, 2000; Remy, Taylor, Hass,
& Kerp, 1994) and tardigrades (Jorgensen et al., 2007; Pilato, 1979).

4.1.5 | Absence of life strategies with intensive
biotic interactions

It is noticeable that there are practically no typical predators and
parasites among the AAs we studied—this property is characteristic
for all eight studied groups. Remarkably often they feed on dead or-
ganic matter or are autotrophic; parasites are almost absent, and in
the case of a predatory lifestyle, they are phytophagous or filtering
(see Table 3). One possible explanation is that they are unable to keep
up in the coevolutionary race with their sexual hosts or prey. Thus,
they may be successful in the long term, especially in the case of a
predatory lifestyle, only if they adopt (or are preadapted to) such non-
specific ecological strategies. This, however, also applies to some of
their sexual relatives and generally remains a hypothesis to be tested.

4.1.6 | Succumbing to domestication and
delegation of concern for its own benefit to another
biological entity

The tendency for asexual reproduction is particularly interesting in the
contested AA fungi domesticated by ants (Formicidae) and bark bee-
tles (Scolytinae). The ant symbionts are from the basidiomycete groups
Tricholomataceae and Lepiotaceae (Mueller, Rehner, & Schultz, 1998),
whereas bark beetles domesticate the ambrosia fungi of the ascomy-
cete group Ophiostomatales (Farrell et al., 2001). The association is
particularly close in the ants. They care for the fungi intensively, re-
move fungal predators and parasites, and the founding queen always
carries filamentous bacteria, which synthetize an antidote against the
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main fungal pathogen—ascomycete Escovopsis (Currie etal., 1999,
1999) —not to mention the stable temperature and humidity in the
nest. By doing so, they provide a very favorable, biotically and abioti-
cally stable environments. Moreover, there is some evidence that they
prevent fungi from their already minimal attempts at sexual reproduc-
tion. On the other hand, the situation may be more complicated be-
cause some of these fungi create sexual structures predominantly in
the presence of ants (Mueller, 2002).

This phenomenon provides an alternative view on some aspects of
human agriculture. Many plants raised by humans are sustained in ag-
riculture by asexual reproduction (vegetative reproduction, fragmenta-
tion, or grafting), or at least self-pollinating, which probably facilitates
their breeding but increases their susceptibility to parasites and patho-
gens, the problem that must be continuously fought by their symbi-
ont—humans (Flegr, 2002). Life in association with another organism
that takes care of the symbiont can also be found in the contested
AA group Glomales (Croll & Sanders, 2009) and various prokaryotic
and eukaryotic endosymbionts, see, for example, Douglas (2010).
However, it has not been found in any of the eight well-supported
AA groups we studied, and its effect on the long-term maintenance of

asexual reproduction thus remains only speculative.

5 | CONCLUSIONS

The analytical part of this study, that is, the comparative analysis of
the environment of AAs and their sexual relatives, mostly supported
the hypothesis that AA groups are associated with overall (biotically
and abiotically) more homogeneous environments in comparison
with their sister or closely related ecologically comparable clades.
This result was significant in two of three statistical tests we con-
ducted, and only the most conservative approach did not come to a
statistically significant result. This outcome consequently supported
the theoretical concepts that postulate the essential advantage of
sexual species in heterogeneous environments and consider the
(biotic and abiotic, temporal and spatial) heterogeneity of the envi-
ronment affecting the organisms to be one factor that can exhibit
itself in many ways (Flegr, 2010, 2013; Roughgarden, 1991; Scheu
& Drossel, 2007; Song et al., 2011; Williams, 1975 pp. 145-146,
149-154, 169). Particular ecological adaptations, from which dura-
ble resting stages, life in the absence of intense biotic interactions,
and the association with soil and benthic habitats are most notable,
might represent special cases of the general AAs’ association with
overall homogeneous environments.

Therefore, the general notion that proposed theories of sexual re-
production (see Introduction) need not exclude each other, that the
effects proposed by some or all of them might intertwine and affect
individuals and evolutionary lineages simultaneously, or that they even
may, ultimately, represent only different aspects of one more general
explanation, seems to be supported by our results. Moreover, overall
environmental heterogeneity, regardless of its complicated conceptu-
alization and study, seems to be a suitable candidate for this hypothet-
ical general explanation.
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Most putative AA lineages are still critically understudied. One way
of elaborating the foundations laid out by this study would be comparing
the heterogeneity of environments in a broader spectrum of AA lineages
as soon as more lineages are discovered or confirmed (e.g., the protist lin-
eages proposed by Speijer et al., 2015). It would also be very desirable to
investigate the ecology of Lasaea, Timema, and Darwinulidae in greater
detail. Additionally, it would be appropriate to focus on the interaction
of biotic and abiotic environmental heterogeneities and their effect on
organisms. According to Flegr (2008, 2010, 2013), sexual groups should
exhibit more pronounced evolutionary conservation of niches in com-
parison with asexuals—on the whole, they are expected to stick closely
around the phenotype of their common ancestor. This hypothesis could
be tested by comparing the variance of properties of individual species
within an AA and its related sexual clade. It would be also possible to
test whether particular sexual species are able to survive under a wider
range of conditions of the heterogeneous environment due to their high
genetic variability and hypothetical “elastic” reaction on selection, as was
suggested by Flegr (2008, 2010, 2013).
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Abstract In a macroevolutionary timescale, evolvability itself evolves. Lineages are
sorted based on their ability to generate adaptive novelties, which leads to the optimi-
zation of their genotype-phenotype map. The system of translation of genetic or
epigenetic changes to the phenotype may reach significant horizontal and vertical
complexity, and may even exhibit certain aspects of learning behaviour. This continu-
ously evolving semiotic system probably enables the origin of complex yet functional
and internally compatible adaptations. However, it also has a second, “darker”, side. As
was pointed out by several authors, the same process gradually reduces the probability
of the origination of significant evolutionary novelties. In a similar way to the evolution
of societies, teachings, or languages, in which the growing number of internal linkages
gradually solidifies their overall structure and the structure or interpretation of their
constitutive elements, the evolutionary potential of lineages decreases during biological
evolution. Possible adaptations become limited to small “peripheral” modifications.
According to the Frozen Evolution theory, some of the proximate causes of this
“macroevolutionary freezing” are more pronounced or present exclusively in sexual
lineages. Sorting based on the highest (remaining) evolvability probably leads to the
establishment of certain structural features of complex organisms, e.g. the modular
character of their development and morphology. However, modules also “macroevolu-
tionary freeze” whereas the hypothetical “thawing” of modules or their novel adaptive
combinations becomes rarer and rarer. Some possible ways out of this dead end include
the rearrangement of individual development, e.g. neoteny, radical simplification, i.e.
sacculinization, and transition to a higher level of organization, e.g. symbiosis or
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symbiogenesis. The evolution of evolvability is essentially a biosemiotic process situ-
ated at the intersection of the genocentric modern synthesis and the evo-devo-centric
extended synthesis. Therefore, evolvability may eventually connect these three not
necessarily contradictory approaches.

Keywords Evolvability - Evolutionary theory - Extended synthesis - Macroevolution -
Stability-based sorting - Frozen evolution theory

Introduction: Evolvability and (Macro)Evolutionary Potential
Modern Synthesis, Extended Synthesis and Evolvability

The central topics of modern synthesis, today’s mainstream of evolutionary biology,
encompass the character ofnatural selection, genetic inheritance, the origin and fate of
genetic variability, gene flow, the problematics of speciation and other essentially
population-genetic topics (see, e.g. Mayr 2003). On the other hand, the so-called
extended synthesis, which proposes a fundamental revision of evolutionary biology,
emphasizes especially nontrivial relationships between genotype and phenotype and
accounts for a significant role for individual development, life cycle and modifica-
tions of these processes in evolution. It also focuses on the evolutionary aspects of
nongenetic inheritance, the backward influence of phenotype on genotype, genomic
evolution, the feedbacks between organisms and their environment, multiple levels of
selection, macroevolutionary processes and other formerly omitted directions of
research (see, e.g. Pigliucci 2009; Pigliucei and Miiller 2010; Laland et al. 2015).
Extended synthesis comprises all findings of modern synthesis. The relevance of
“canonical” evolutionary mechanisms, such as natural selection, is only rarely dis-
puted by its proponents. However, both approaches differ in the importance attributed
to particular evolutionary processes. With some degree of simplification, proponents
of the older concept usually consider the phenomena emphasized by extended syn-
thesis to be secondary compared to the core topics of modern synthesis, whereas the
proponents of extended synthesis consider them essential (see, e.g. Laland et al.
2014). In the middle of this struggle, evolvability, a phenomenon situated on the
borderline of both approaches, quickly becomes one of the centrepieces of modern
evolutionary biology.

Evolvability seems almost trivial on first sight. It is a necessary condition for natural
selection to play its role in evolution. It was defined, for example, as: “the ability of
random variations to sometimes produce improvement” or “the genome’s ability to
produce adaptive variants when acted upon by the genetic system” (Wagner and
Altenberg 1996), and eventually “an organism’s capacity to generate heritable, select-
able phenotypic variation” (Kirschner and Gerhart 1998). Other proposed definitions of
evolvability were summarized, e.g. by Pigliucci (2008) or Hansen (2016). However, the
phenomenon itself is not easy to grasp because the term evolvability relates to several
somewhat different evolutionary mechanisms. Wagner and Altenberg (1996) and
Wagner (2005) outlined that various understandings of evolvability stress either the
degree to which heritable genetic variation is capable of responding to natural selection
or the variability of certain genotype-phenotype maps, i.e. the potential for gaining new
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functions or evolutionary innovations. Pigliucci (2008) went even further and distin-
guished three somehow different understandings of the term: Evolvability can be
understood as (1) a standing pool of genetic variation and covariation on the population
level that determines its response to natural selection (i.e. a concept similar to herita-
bility), (2) the type of genotype-phenotype map (or genetic architecture) coupled with
the extent and character of constraints acting upon possible adaptive solutions on the
species level, or (3) the capacity to overcome evolutionary constraints and produce
major evolutionary novelties or new hierarchical levels of organization. As we will
show later in this paper, all these “levels of evolvability” are deeply intertwined.
Sometimes, however, they can evolve to some extent separately, even in opposing
directions.

Like nearly all topics of modern evolutionary biology, the problematics of
evolvability were first outlined by Charles Darwin (1859). According to the Oxford
Dictionary (OED Online 2017), the term was first applied in the 1930s by John A.
Thomson. However, it was used only sporadically during the twentieth century. The
investigation of construction criteria that enable the evolution of organisms, or the
evolution of these criteria and the ways they canalize evolution, stood outside the main
focus of evolutionary biological research. Nevertheless, these topics were touched by
some researchers that followed embryological, structuralist and macroevolutionary
investigations from the turn of the century, as was recently summarized, e.g. by Sharov
(2014) or Hansen (2016). Ivan Schmalhausen’s idea of stabilizing selection, i.e. the
selection on phenotypic plasticity and robusticity necessary in heterogeneous environ-
ments, is especially worthy of mentioning in this regard. However, a deep interest in the
study of evolvability came later with the development of computer simulations of
evolution and evolutionary developmental biology (evo-devo) in the 1980s and 1990s.
Paradoxically, the term “evolvability” was highlighted in this context for the first time
by Richard Dawkins, one of the leading proponents of modern synthesis (Dawkins
1989).

Two Faces of Evolvability

Differences and similarities among genomes of related evolutionary lineages and
their interactions with various internal and external factors show that evolvability
itself evolves over time (Wagner and Altenberg 1996; Kirschner and Gerhart 1998;
2007; Pigliucci 2008; Hansen 2016). There is, however, currently no consensus on
the causes of this process. It is clear that numerous properties of complex biological
systems contribute to their evolvability: robusticity, versatility, flexibility, and re-
dundancy, as well as compartmentalization (modularity), complex regulatory prop-
erties (weak linkage), delegation of some functions to exploratory mechanisms
(from particular mechanisms such as maturation of vertebrate antibodies to integrat-
ed nature of metazoan development that enable phenotypic accommodation), inte-
gration of “correctional” systems that may act as evolutionary capacitators (e.g. Hsp
proteins, Rutherford and Lindquist 1998) and other properties (see, e.g. Kirschner
and Gerhart 1998; Hansen 2016). Proposed drivers of evolution of evolvability,
which range from neutral explanations and side-effects of the evolution of other
features to direct selection on evolvability on various levels, were summarized, e.g.
by Kirschner and Gerhart (1998), Pigliucci (2008), or Hansen (2016). Nevertheless,
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various proposed processes may complement each other both on the same level and
on different levels.

The immediate cause of the evolution of evolvability is the establishment of
complex and to some degree optimised genetic architecture on multiple levels of
an organism’s functioning (nucleotide, chromatin and its modifications, regulation
and regulatory pathways etc.) during the life of evolutionary lineages. This archi-
tecture then serves as a transducer between genotype and phenotype. According to
numerous authors (e.g. Riedl 1977, 1978; Wagner and Altenberg 1996; Kirschner
and Gerhart 1998; Turney 1999; Pigliucci 2008; Davies 2014; Hansen 2016), the
structure of a genome evolves to most effectively reflect the structure of a phenotype
and the environment with all its selective pressures. This increases the odds that the
eventual changes in the genome will be adaptive and reduces the odds of these
changes being maladaptive or lethal. It also reduces the number of mutations
necessary to produce an adaptive phenotype. The same process, however, leads to
the establishment of constraints that canalise the degree and character of subsequent
evolutionary changes. Genetic architecture, or the map of genotype-phenotype
relations, is thus probably necessary for the production of any complex phenotypes
and their adaptive evolution. On the other hand, the establishment of such a map or
architecture constrains, or at least complicates, the emergence of significant inno-
vations for the same reasons.

The evolution of evolvability, or more precisely its product, evolutionary constraints,
thus have, just like the Roman god Janus, two faces. The “dark™ one drew the attention
of researches first. Many possible limitations caused by the long-term one-way
constraining of clade evolution were studied, e.g. by Riedl (Riedl 1977; 1978;
Wagner and Laubichler 2004; Budd 2006; Schoch 2010), Arthur (1982, 1984),
(Wimsatt 2013; Schank and Wimsatt 1986; Wimsatt and Schank 2004), or Shcherba-
kov (2012, 2013). According to these authors, an evolutionary lineage might ultimately
deplete its (macro)evolutionary potential and reach a state in which the origin of
significant evolutionary novelties becomes extremely improbable.

In contrast, the “bright” face of evolvability is more appreciated today. Constraints
associated with evolvability are, as the source of robusticity, considered a necessary
condition for the further evolution of complex organisms (Kirschner and Gerhart 1998;
Wagner 2005; Schoch 2010; Davies 2014; Brigandt 2015). The first signs of this
approach could be seen, e.g. in Riedl’s idea of imitating epigenotype and similar
concepts (Riedl 1978; Wagner and Laubichler 2004; Budd 2006; Schoch 2010).
However, this approach manifests much later in its full extent — e.g. in Sharov (2014)
or the theory of facilitated variation (Kirschner and Gerhart 2005; 2007). The theory of
facilitated variation goes even further and argues that the development and other
aspects of organismal function, as well as the character of evolutionary reactions on
selective pressures that might be met by the members of the lineage during its
evolution, are canalised and optimised on the basis of the earlier evolutionary experi-
ences of the lineage (West-Eberhard 2003; Jablonka and Lamb 2005; Budd 2006;
Pigliucei 2008; Watson et al. 2014, 2016; Watson and Szathmary 2016). Constraints on
various levels might limit the evolutionary potential but are always redeemed by more
pronounced de-constraints in other aspects of organismal structure or function, and,
consequently, the increased evolvability of the whole organism (Kirschner and Gerhart
1998; Sharov 2014).
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In other words, evolutionary lineages learn' to “read” the character of their envi-
ronment during their evolution, so that they can react to its changes with increasing
efficacy. This is enhanced by the fact that organisms co-create their environment and
coevolve with it (West-Eberhard 2003; Jablonka and Lamb 2005; Davies 2014; Watson
et al. 2014, 2016; Watson and Szathmary 2016). A prominent example of this phe-
nomenon on the individual level is the Baldwin effect. However, many other processes
take place, and many of them are completely analogous to leaming (Davies 2014;
Lindholm 2015).

In any case, evolutionary lineages keep memories of their previous states. This
memory is gradually lost by mutation meltdown and analogous processes on other
levels. However, one result of the process of the evolution of evolvability is a protection
of certain core processes against such loss of information. This manifests in the rare
cases of structural or functional re-evolutions — e.g. the wings of Phasmatodea (Whiting
et al. 2003), sexuality in mites (Domes et al. 2007), or eggs in viviparous boas (Lynch
and Wagner 2010). Only the most essential features of adaptations are usually pre-
served whereas accompanying fine-tunings are lost.

Biosemiotic Aspects of Evolvability

Of course, the process through which particular evolutionary lineages are able to learn,
which characterizes the evolution of evolvability, is neither active nor conscious. It is
clear that neither evolutionary lineages nor the whole biosphere live or leam in the
same way individual organisms do. Nevertheless, the course of this process and its
results are almost completely analogous to conscious learning (Davies 2014; Watson
et al. 2014, 2016; Watson and Szathmary 2016).

With some exaggeration, evolution can be described as a process during which the
biosphere learns, recognizes and builds both itself and an outside world through the
process of the evolution of evolvability. Processes related to the evolution of
evolvability are complex and multilevel, and integrate elements of signalization
(weak linkage, Kirschner and Gerhart 1998) with both the genetic and non-genetic
memory of a particular evolutionary lineage. It was demonstrated that similar processes
in the natural wold, if they reach a certain level of complexity, are better described by a
biosemiotic approach than by the optics of cybernetics (see, e.g. Marko§ and Faltynek
2011; Marko$ and Cvrékova 2013; Markos 2014, 2015; Markos and Das 2016).
Therefore, the evolutionary reactions of particular lineages could be understood as
their interpretation of current conditions, or the changes in these conditions, on the
basis of past experience and with the aim of producing the most effective adaptation.

" This is not to say evolutionary lineages or the whole biosphere live or leam in the same way individual
organisms do. However, in order to avoid any anthropomorphic tone, it would be necessary to discuss these
aspects of evolution of evolvability purely in terms of mutually responsive interactions. This would make the
exposition less clear and possible analogies with individual leaming less obvious. Therefore, we (as numerous
authors before us) stuck with the term “learning”. which, however, should not be thought as identical to
individual learning but only analogous with it some degree (see, e.g. Davies 2014; Watson et al. 2014, 2016:
Lindholm 2015; or Watson and Szathmary 2016 for more detail).

? It remains an open question whether all forms of leamning and similar processes in living nature are based on
the same principle — “domesticated” natural selection. Broad array of processes, e.g. the affinity maturation of
antibodies in our immune system (Manser 1990) or “testing”™ of hypotheses about outside world that define
Dennett’s (1995) Popperian organisms, seems to support this possibility.
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From the classic viewpoint of modern synthesis, this process is based on random
mutations occurring on the lowest level of biological organization. However, the
frequency of mutations in different places within the genome and the potential effects
of these mutations on phenotype are canalised by the preceding rounds of the evolution
of evolvability. Alternatively, we can grant primacy to higher levels of organismal
structure and functions — epigenetic, developmental, physiological, the level of leam-
ing, culture and others. From this vantage point, the genome serves only as a more or
less passive library that secondarily fixates adaptive changes (see, e.g. West-Eberhard
2003; Jablonka and Lamb 2005).

Conceiving of the evolutionary reactions of lineages as a biosemiotic process might
seem unusual at first sight. However, at second glance it is not surprising at all. The
course of evolution has given rise to countless forms of biosemiotic processes in the
strict sense, and it is even possible that semiosis is inseparably connected to the origin
of life itself (see, e.g. Marko$ 2014; Marko$ and Das 2016; Sharov 2016). For example,
Markos (2014) or Marko$ and Das (2016) denote life to be semiotic category, “a system
born, endowed with semiosis, with history” (Marko$§ 2014). This might be a rather
poetic delimitation, but it touches several essential aspects of organisms — they are born
only from other organisms (today), they are capable of semiotic acts (usually on
multiple levels), and they are endowed with multiple kinds of memory (individual,
multiple types of genetic and non-genetic memory of the evolutionary lineage etc.).
Therefore, semiosis, comprehended as “the ability of interpretation based in memory,
history, experience and context” (Marko§ 2014), might be the feature that distinguishes
living organisms from simple replicators. Sharov (2016) proposed one way such
organisms might originate from simple self-constructing semiotic networks that grad-
uvally complexified themselves.

At the same time, particular biosemiotic processes have a major impact on the
evolvability of their bearers — either by the interpretation of momentary inputs on the
basis of various types of memory, individual learning, transgenerational transfer of
knowledge and culture, or other organismal properties with biosemiotic character (see,
e.g. Shcherbakov 2012; Hoffmeyer and Stjernfelt 2016). Even if all sub-organismal and
supra-organismal biosemiotic processes are left aside and consideration is only applied
at the level of individual, it is clear that every organism “reads”™ its environment
differently. The specific character of these differences is determined by organism’s
individual experience, the species it belongs to, the adaptations and evolutionary
history of the species etc. (von Uexkiill 1909). This all affects the course of the species’
further evolution including its evolvability (West-Eberhard 2003; Jablonka and Lamb
2005; Budd 2006; Pigliucci 2008; Watson et al. 2014, 2016; Watson and Szathmary
2016). The most extreme example of this process is probably the origin of beings
capable of conscious semiosis and reflection of this ability, i.e., humans. Cultural
evolution largely isolated humans from the influence of natural selection. On the other
hand, it represents a whole new sphere of evolution and it is already beginning to give
us tools to change our own genetic basis. The influence on human evolvability is
therefore enormous.

However, the relationship between biosemiotic processes and evolvability is not
unidirectional. Any factors that influence the evolution of evolvability in general, and
especially factors that might even canalize this process to some degree, should be of
great interest to biosemiotics. The reason is that such factors (or their more general
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analogues) might affect the evolution and characteristics of any biosemiotic system.
The application of some non-trivial evolutionary-biological principles in a more general
manner to all biosemiotic systems was already proposed, e.g. by Ostdiek (2011), or
Markos (2014, 2015), and we will elaborate the idea later in this paper with our concept
of Frozen Evolution Theory (FET). In sum, evolvability and biosemiotic processes are
deeply interconnected and the evolution of evolvability can be described as an essen-
tially biosemiotic process.

Janus Comes Back on a Stage

As we showed above, evolvability is currently considered a creative force, a source of
robusticity and a necessary condition for the further evolution of complex organisms.
Earlier, it was perceived predominantly on the basis of a species’ ability to produce
profound evolutionary innovations. This is related to the “paradox” of evolvability, i.e.
the fact that despite the existence of body plans and other evidence of the conservatism
of genetic architecture (see, e.g. Kirschner and Gerhart 1998; Davidson and Erwin
2006), the actual values of heritability and related measures of quantitative evolvability
used in modern synthesis (see, e.g. Hansen 2016) does not support the notion of any
essential limitations of evolution. The same can be said about the potential of evolu-
tionary lineages to generate interclade diversity in time (see, e.g. Erwin 2007). The
explanation of this “paradox” is most likely that the conservation of elements manifests
only in macroevolution, i.e. on higher taxonomic levels (Davidson and Erwin 2006;
Erwin 2007). The evolution of evolvability therefore maximizes evolvability only in its
first understanding (sensu Pigliucci 2008). (Macro)evolutionary potential for profound
evolutionary novelties and rearrangements, which is much more difficult to quantify,
most likely has a different character and decreases during the evolution of evolvability.
This is mirrored in the fact that most mutations causing interspecific and interclade
variability represent changes to regulatory elements, whereas changes in protein coding
sequences are more common in the interspecific (micro)evolution (Stern and Orgogozo
2008, 2009).

The radical and limiting conception of constraints became one of the sources of
criticism on the basis of the older, “darker”, understanding of the evolution of
evolvability (see, e.g. Schoch 2010; Brigandt 2015). However, rejecting these ideas
might have been premature. In this article, we propose that decreasing evolvability is
probably inescapable at least in certain forms and in certain evolutionary lineages. As
follows from our Frozen Evolution Theory (FET) (Flegr 2010, 2013, 2015), macro-
evolutionary “freezing” of evolvability that may lead, in the extreme case, to the
complete depletion of the (macro)evolutionary potential of particular lineage, is effec-
tively irreversible in the long term. Numerous patterns of the terrestrial biosphere
indicate that this freezing might be a real macroevolutionary phenomenon. Neverthe-
less, evolutionary lineages probably have a limited set of ways to avoid a fatal decrease
of evolutionary potential. The main aim of this article is therefore to present sources of
macroevolutionary freezing, its evidence, and some possible routes by which organis-
mal evolution may proceed from this (nearly) “dead end”.

Unlike most earlier concepts, FET does not suspect some form of selection to be the
source of this decrease; rather, its source is predicted to be stability-based sorting
(SBS), a phenomenon that will be described later in this article. As SBS proceeds on
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all levels in all evolving systems, it should be noted that FET might serve as the
common linkage between modern synthesis, extended synthesis and biosemiotics: FET
describes the evolution of evolvability, which is one of the central concepts of extended
synthesis (but also, as we argued above, essentially a biosemiotic phenomenon),
whereas it is based on the population-level genetic changes emphasized by modern
synthesis. This unification might well appear elusive. Nevertheless, the second message
of this article is that the three approaches to evolutionary research might be distinct,
however they need not be contradictory in the end.

Results and Discussion: Inevitability of Macroevolutionary Freezing
Stability-Based Sorting and Frozen Evolution Theory

SBS (Toman and Flegr 2017) it often a neglected process that acts constantly at all
levels and in all historical systems — e.g. biological evolution, its computer simulations,
cultural evolution, or the development of societies. On first sight, SBS is essentially a
rather trivial phenomenon that was termed by Richard Dawkins as the “survival of the
stable™ (Dawkins 1976, p. 13): Changeable entities change and disappear, whereas
stable or rapidly emerging entities accumulate and predominate in the system. To state
it more thoroughly, SBS is the process that affects, regardless of their origin, all living
and non-living material and immaterial entities. During the course of SBS, the elements
of the system are sorted on the basis of their contextually dependent stability. Entities
with the lowest probability of expiration or transformation into something else (further
unchangeable genetic modules, characters that increase the persistence of their holders,
more persistent species etc.) accumulate in the system, whereas less stable entities are
sorted out. It is true that this “law” is probably axiomatic: more stable (or persistent)
entities last longer. However, this does not reduce the significance of the fact it is one of
the most general rules that affect biological evolution (and more). Various aspects of
SBS were historically studied by researchers in numerous fields, however, they were
not analyzed thoroughly and comprehensively until Toman and Flegr (2017).

Understanding the role of SBS in evolution is challenging — even natural selection is
a special case of this process. Natural selection represents sorting based on the dynamic
stability (the highest difference between the speeds of origination and the disappearance
of new entities) that takes place in systems of entities reproducing with heritability.
However, SBS in its strict sense and usual conception, i.e. sorting based on static
stability (slowest disappearance among sorted entities), still takes place even in the
systems of such entities. This process leads to the accumulation of contextually more
persistent (stable) elements on all levels of evolution (Shcherbakov 2012, 2013; Toman
and Flegr 2017). SBS cannot produce adaptations as spectacular as those produced
through natural selection. However, it can sort traits (characters) of organisms — that
play the role of exaptations and spandrels — on the basis of their contribution to long-
term persistence (stability) of sorted evolutionary lineages. Therefore, it always has the
upper hand over opportunistic selection (Toman and Flegr 2017).

SBS may be the cause of, or explanation for, many enigmatic properties of organisms —
e.g. the universality of genetic code, broad distribution and long-term persistence of sexual
reproduction, or some forms of altruistic behaviour. However, the most important
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implications of SBS are probably those described by FET (Flegr 2010, 2013, 2015;
Toman and Flegr 2017) — a macroevolutionary concept that examines the long-term
consequences of SBS on all levels of biological evolution. These consequences are 1) a
macroevolutionary trend of decreasing (macro)evolutionary potential of sexual lineages
accompanied by a decreasing probability of profound biological innovations and 2) a
macroevolutionary trend of decreasing disparity, i.e. morphological and functional rich-
ness (e.g. the number of body plans), during the evolution of sexual clades. In other words,
the consequences may be understood as the “dark™ side of the evolution of evolvability.

Various traits (morphological, developmental, physiological and other) exhibit vary-
ing degrees of evolvability, and this degree may further change in the evolution of the
lineage (Wagner and Altenberg 1996; Kirschner and Gerhart 1998, 2005; 2007,
Pigliucci 2008; Sharov 2014). It follows from the principle of SBS that more stable,
i.e. macroevolutionary “frozen”, traits and their combinations would preferably accu-
mulate in the evolution of the lineage. Therefore, FET predicts that most traits are very
changeable at the beginning of the lineage’s evolution, some are less changeable, and
only few of them are changeable minimally or not at all. SBS then causes unchangeable
traits to accumulate, so that the lineage continually loses most of its ability to respond to
selection pressures (or at least most of its degrees of freedom in responding to such
pressures).

As Toman and Flegr (2017) showed, the trend of “macroevolutionary freezing” is
universal and effectively irreversible in the long term. Although some lineages might
temporarily stop or partially reverse this trend (as we will show later in this article),
statistically speaking, it applies universally. Successful significant reversals of the trend
are probably very rare and associated with a transition to a higher level of organization.
The accumulation of frozen traits has a ratchet-like character and this accumulation
occurs simultaneously on all levels. Lineages with the largest remaining
(macro)evolutionary potential are advantageous in species selection over more frozen
lineages. Such lineages are more prone to extinction and also probably speciate less
often. Their eventual daughter species are less likely to significantly differentiate in
their phenotype, colonize new environments and adaptively radiate. However, in the
long term, species selection can only slowdown the decrease of (macro)evolutionary
potential. Persistent frozen traits and their groups accumulate in all lineages simulta-
neously and it is not possible to avoid this process by “pruning” (Wimsatt and Schank
2004). In fact, the accumulation of frozen traits is analogous to the accumulation of
mildly deleterious mutations by Muller’s ratchet (Muller 1964). Mildly deleterious
mutations appear selectively neutral in realistically sized populations, cannot be elim-
inated by selection, and accumulate in their gene pool. In the same way, small changes
that lead to the decrease of (macro)evolutionary potential probably stay below the
resolution of species selection.

The negative effects of Muller’s ratchet are avoided by organisms with huge popu-
lations in which selection determines even the fate of very mildly deleterious mutations
(Lynch et al. 1993). Asexual organisms in which (leaving apart horizontal gene transfer)
each individual establishes its own evolutionary lineage may be resistant to the decrease
of (macro)evolutionary potential for similar reasons: Species selection is equivalent to
individual selection in these organisms, and they usually have huge populations and
undergo intense competition. This applies especially to prokaryotes. In sexual and
usually less numerous populations of eukaryotes, SBS probably progresses with full
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strength. Moreover, as will be shown later, other processes that further accelerate
macroevolutionary freezing may take place in such organisms.

Reasons of Macroevolutionary Freezing

According to FET, SBS causes, especially in sexual eukaryotic lineages, the accumu-
lation of traits that are unable to further respond to directional selection (Flegr 2010,
2013, 2015). These traits are coded especially by genes that would considerably
decease the fitness of an individual if altered (see, e.g. the model of Wimsatt and
Schank 2004) or would not manifest on its phenotype at all. These may be the genes
that are functionally (pleiotropically) interconnected with many other genes in their
effects, genes whose slightest change would strongly decrease the fertility or viability
of the individual, or genes that are actively held in a multiple-backed state, so that the
change in the coded trait would require simultaneous changes in many mutually
substitutable genes (Flegr 2010, 2013, 2015; Haiyang et al. 2017). As was pinpointed
by earlier researchers, these are usually genes and their natural groups that affect a
higher number of functions, characters, and processes especially important for the
organism (Kirschner and Gerhart 1998, 2005; Davidson and Erwin 2006; Erwin 2007;
Gerhartand Kirschner 2007; Haiyang etal. 2017). More specifically, these are usually
genes and their groups that act early in the individual organism’s development and
affect a high number of functions, characters, and processes. Additionally, they are
also usually phylogenetically older (i.e. phylogenetically conserved) (Riedl 1977,
1978; Arthur 1982, 1984; Schank and Wimsatt 1986; Wagner and Laubichler 2004;
Wimsatt and Schank 2004; Budd 2006; Schoch 2010; Wimsatt 2013; Haiyang et al.
2017).

Under these conditions, lineages with genetic architectures that confer lower
evolvability are sorted out whereas those who confer higher evolvability accumulate.
The most common way of achieving genetic architectures with higher evolvability is
the structuring of unchangeable genes into henceforth largely unchangeable quasi-
independent modules (Lewontin 1978; Schank and Wimsatt 1986; Wimsatt and
Schank 2004; Davies 2014). This increases evolvability on a higher level of organismal
organization. Therefore, we usually observe that distinguishable traits are coded by
natural groups of genes with closely related phenotypic effects organized in a modular
manner, i.e. with strongly interrelated pleiotropic effects among the members of the
module and weaker in relation to surroundings (see, e.g. Simon 1962; Bonner 1988;
Wagner and Altenberg 1996; McShea 2000; Schlosser 2002; Schlosser and Wagner
2004; Callebaut and Rasskin-Gutman 2005). These genetic modules are subsequently
reflected in functional, developmental, morphological and evolutionary modules. For
example, gene regulatory network kernels that take place in development have been
shown to exhibit extreme interconnection and low redundancy (Davidson and Erwin
2006; Erwin 2007), whereas the conserved core components of Kirschner and Gerhart
(Kirschner and Gerhart 1998; 2005; 2007) represent their more general equivalent.
Other examples on multiple levels of organismal structure and functioning are
discussed, e.g. by Carroll (2001).

Modules can be deployed as repeatable and to a large extent independently com-
binable and regulateable wholes (Simon 1962; Lewontin 1978; Bonner 1988; Wagner
1995; Wagner and Altenberg 1996; Kirschner and Gerhart 1998; McShea 2000;
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Schlosser 2002, 2004; Wagner et al. 2005). Evolution has reached modular solution
many times independently. Modularly arranged processes and wholes occur on all
levels of individual development, morphology, and function of sexual organisms,
especially (Kirschner and Gerhart 1998). The most significant phenotypic changes
therefore occur by changing genomic regulatory elements, respectively by differentially
regulating genes and whole developmental and functional modules, deleting them,
multiplicating, or deploying on other places and in different times (see, e.g. Carroll
2005; Hoekstra and Coyne 2007; Stern and Orgogozo 2008, 2009; Marshall and
Valentine 2010; Haiyang et al. 2017).

In the short to middle term, the accumulation of macroevolutionary frozen elements
may be advantageous even for individuals, since it can increase the robusticity of
development, i.e. decrease its sensitivity to inner and outer changes. Additionally, it can
be advantageous for the population, because it increases the evolvability of the
evolutionary lineage (Kirschner and Gerhart 1998, 2005; Wagner 2005; Gerhart and
Kirschner 2007; Wimsatt 2013). Accumulation of such genes, their groups, modules,
and consequently traits by SBS thus may be accelerated by individual and species
selection under many conditions. Moreover, the establishment of further unchangeable
modules may paradoxically increase the evolvability of a lineage.

Modules and their groups, however, differ in their evolvability just as single genes
do. Elements are sorted on the basis of their stability on all levels simultaneously,
including the level of modules themselves and their differential regulation. There-
fore, according to the FET, not only modules themselves but, on a large scale and in
the long term, also the entire modular arrangement gets frozen. This leads to a further
decrease of (macro)evolutionary potential (Flegr 2010, 2013, 2015; Toman and
Flegr 2017).

Another source of macroevolutionary freezing, in this case exclusively for sexual
clades, may be the accumulation of polymorphic alleles and their functionally integrat-
ed groups. Such groups have frequency dependent effects on fitness so strong (espe-
cially when supplemented with pleiotropy, epistasis, and contextually dependent effect
on fitness) that they cannot be fixed or eliminated in the population under any realistic
conditions. The role of such alleles and their groups is accentuated by the theory of
frozen plasticity (FPT) (Flegr 1998, 2010, 2013), an evolutionary theory describing the
microe3v0}ution of sexual species and specific aspects of their adaptive evolution (Flegr
2015).

According to FPT, alleles may be fixed or eliminated only under specific conditions —
for example, under a very strong and long-lasting pressure of directional selection.
These are, however, only alleles coding simple traits with a low number epistatic and
pleiotropic interactions. And even then, their fixation is expected to manifest negatively
on other aspects of the fitness of species representatives. Profoundly and without the
tendency of alleles with frequency-dependent fitness values to return to their original
distribution (i.e. plastically in Flegr’s 1998, 2010, 2013, terminology; not to be confused
with phenotypic plasticity), sexual species are able to respond to directional selection
only temporarily. Specifically, they are able to do so after the separation of a small part of

3 FPT is, in some regards, close to older punctuational theories of evolution (for systematic review, see Flegr
2013). However, it is based on the existence of alleles with frequency dependent effects on fitness rather than
on the existence of epistasis and offers the most complex scenario of related events.
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the original population that holds only a fraction of the original genetic polymorphism
due to the founder effect and a population bottleneck, then surviving in a small number
of individuals long enough to lose the remaining polymorphism by genetic drift, and
ultimately the final expansion accompanied by the rising strength of selection in a large
(temporarily) genetically uniform population (Flegr 2010, 2013, 2015).* Moreover, the
same scenario also likely facilitates the evolution of traits coded by pleiotropically and
epistatically interconnected alleles with contextually dependent effects on fitness even
without the involvement of frequency-dependent selection (see, e.g. Wimsatt and
Schank 2004).

From the macroevolutionary point of view, it is essential that some alleles may have
such a strong frequency-dependent effect on fitness that their fixation or elimination
would require an unrealistically large decrease in population size or unrealistically long
time of surviving in a population of an extremely small number of individuals. Such
alleles, together with functionally interconnected alleles, would even survive events
associated with the transition to the plastic phase of species existence in a polymorphic
state. Therefore, they would gradually accumulate and constrain the evolvability of the
lineage (Flegr 2010, 2013, 2015; Toman and Flegr 2017).

Moreover, there could be a non-trivial relationship between both the abovementioned
types of macroevolutionary freezing. It is possible that alleles maintained in a polymor-
phic state by frequency-dependent selection form a kind of “crystallization core™ that
may continuously “adhere” functionally connected alleles of other genes by increasing
their persistence in a gene pool. It was proposed that genomic modularity may originate
on the basis of similar interdependencies (see, e.g. Pepper 2000). Such modules may, but
need not, be adaptive, whereas those non-adaptive may, but need not, be co-opted later
(such concepts were summarized, e.g. by Schlosser 2004). Moreover, the aggregation of
unchangeable evolutionary modules is probably accelerated by high genetic polymor-
phism of sexual populations that cause growing pressure for robusticity, in this case the
ability to produce a desired phenotype on various genetic backgrounds (see, e.g.
Azevedo et al. 2006; Wimsatt 2013; Tkemoto and Sekiyama 2014). Such an understand-
ing also calls to mind the hypothesis that evolvability may evolve predominantly or
exclusively as a by-product of sexuality (see Pigliucei 2008).

It is also noteworthy that macroevolutionary freezing has, with the necessary
specifics, close analogies in cultural evolution (e.g. the evolution of languages, socie-
ties, teachings etc.) in which SBS also takes place. Mutually interconnected elements
accumulate in the evolution of such systems as well, which leads to a decreasing
probability of significant changes both in the particular building elements (institution,
ritual, interpretation of meaning etc.) and also in the overall structure (Toman and Flegr
2017). On the other hand, small gradual changes based on shared experiences (lan-
guage, history etc.) are facilitated, often by the means of modularization (of language
elements, institutions etc.). The essential transformation of such system is probably
possible only after its radical simplification (Ostdiek 2011; Markos 2014, 2015; Toman
and Flegr 2017).

# Compare to levels of evolvability in Pigliucci (2008), intraclade vs. interclade innovations in Davidson and
Erwin (2006) or Erwin (2007) and interspecific vs. intraspecific and interclade genetic diversity in Stern and
Orogozo (2008; 2009).
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Macroevolutionary Phenomena Supporting FET

Numerous distinct macroevolutionary phenomena support the predictions of FET. For
example, it was proposed on the basis of theoretical models (see, e.g. Riedl 1978;
Wagner and Laubichler 2004; Budd 2006; Schoch 2010; Wimsatt 2013), as well as
empirically observed (see, e.g. Erwin et al. 1987; Gould 1989; DiMichele and Bateman
1996; Foote 1997; Eble 1998, 1999; Rasnicyn 2005; Erwin 2007; Hughes et al. 2013)
that the (macro)evolutionary potential of evolutionary lineages (i.e. taxa) decreases in
the course of their existence. A manifestation of this process is the decrease of their
interspecific and intraspecific disparity.

This pattern and its course are universal in the macroevolution of eukaryotic
organisms (Toman and Flegr 2017). All branches of the evolutionary tree, both those
that originated by speciation and those with more exotic origin, e.g. symbiosis or
symbiogenesis, have minimal diversity and disparity at the beginning of their evolution.
Diversity, reflecting the number of species, as well as disparity, reflecting the morpho-
logical and functional richness of the whole lineage, then rise and, consequentially, also
the number of phenotypically distinct branches and the number of higher taxa demar-
cated by paleotaxonomists. However, as individual sublineages of the evolutionary
lineage die off in time, newly originated species (potential founders of new evolution-
ary lineages) in the remaining sublineages differ in a decreasing number of increasingly
derived traits. Therefore, diversity may still rise for some time. Disparity, however,
more or less irreversibly declines under such circumstances. Taxon continually abandon
particular areas of morphospace until perhaps only one branch remains, often highly
specialised and phenotypically very uniform.

This evolutionary trend was documented and widely discussed in Metazoa. This
widespread and highly successful group did not produce any new phylum (evolutionary
branch profoundly different from other branches) since the Cambrian. Further, it did not
produce any radically new body plans since the Cambrian, apart from some markedly
simplified groups of parasites (Canning et al. 2004; Glenner and Hebsgaard 2006;
Murchison 2008). On the other hand, many Cambrian lineages that are morphologi-
cally very distinct, and which would probably be classified as phyla today, became
extinct (see, e.g. Gould 1989; Kirschner and Gerhart 1998). The same trend was
documented in many individual taxa of multicellular animals and plants (Erwin et al.
1987; DiMichele and Bateman 1996; Eble 1999). Other examples were summarized,
for example, by Gould (1989) or Erwin (2007). According to Hughes et al. (2013), this
trend is characteristic for phanerozoic clades of Metazoa in general. McShea (1996)
presented evidence in favour of the slowing down of metazoan morphological evolu-
tion, whereas the deceleration of post-Cambrian metazoan evolution on both genotypic
and phenotypic level was documented by Lee et al. (2013).

The proposed explanations of decreasing disparity can be distinguished between
ecospatial and developmental (or genetic). The explanations from the two groups need
not exclude each other and both were supported by evidence (Valentine 1995;
Davidson and Erwin 2006; Erwin 2007; Jablonski 2007; Webster 2007; Budd and
Jackson 2016). However, another closely related pattern speaks in favour of the
developmental group of explanations — the global trend of a gradual decrease of
intraspecific variability during the evolution of taxa known as Rosa’s rule (Rosa
1899). Except for some older anecdotal evidence, this rule was also documented
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quantitatively. Webster (2007) showed that the number of intraspecifically variable
characters and the degree of their variability in trilobites (Trilobita) was markedly
higher in older species when compared to younger ones. The trend of the decreasing
disparity and (macro)evolutionary potential is thus probably not only a taxonomic
artefact caused by the subjectivity of our view from the recent perspective and the
way paleotaxonomists delimit taxa of higher and lower level (older combinations of
characters delimit higher taxa and vice versa). It is most likely associated with the
decreasing variability on the species level, which is based on differences in genetic
architecture between younger and older taxa.

General Discussion: Restoring Evolutionary Potential
“Thawing” of Modules

We showed in the previous section that, according to FET, especially sexual eukaryotic
lineages gradually and effectively irreversibly freeze, i.e. decrease their
(macro)evolutionary potential. However, there are several ways to cope with this process.

It cannot be ruled out that some species, even those belonging to macroevolutionary
lineages that are strongly frozen, may reach new, very advantageous, combinations of
considerably frozen traits that were not yet sorted on the basis of stability (Toman and
Flegr 2017). Such a situation is probably most often associated with the transition to a
new, mostly unoccupied part of the ecospace — a new ecological strategy or biome, e.g.
active flight throughout Phanerozoic or terrestrial environment in Palacozoic. Such
“experimenting” lineages are protected from the excessive selective pressures of
competitors, predators, and parasites under these conditions and may survive and adapt
even if the new combination of traits would be suboptimal in the original environment.
Such events may appear as the so-called mosaic evolution phenomenon (de Beer 1954)
in the paleontological record. The new ecospace usually appears to be invaded by many
related lineages of one preadapted group simultaneously. However, usually only one is
spectacularly successful at the end — probably the lineage that combined several frozen
traits in a beneficial way. This lineage may become the “king of the hill” and hamper an
invasion of other (even considerably more perspective) groups.

Another, probably even rarer, possibility is the occasional thawing of some seemingly
irreversibly frozen module. Since the individual modules differ in the depth of their
freezing, even this possibility is imaginable. Some later adaptations may appear to
directly or indirectly relieve internal pressures that have kept the module in a frozen
state for the majority of its existence (see, e.g. Wimsatt and Schank 2004; Budd 2006).
Wimsatt and Schank (2004) identified numerous factors that may contribute to the
“thawing” of seemingly irreversibly frozen genes, traits, or modules. Relatively rare
nonlethal positive changes are essential in this regard. These positive changes can be
ensured, or at least helped, by small population size, modularity, redundancy, duplica-
tions, capacitators of evolution such as Hsp proteins, genetic canalization, maternal
effect, symbioses, sociality, behavioural plasticity, the relaxation of competition, preda-
tion or parazitation, hybridization, and other factors. Such macroevolutionary thawing
could have occurred, for example, at the beginning of the evolution of birds, whose
ancestor probably considerably decoupled the evolution of anterior and posterior limbs
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(Dececchi and Larsson 2013). The question of the possibility of essential transformations
of genetic architecture that would comprise even changes in the modules themselves is
therefore still an open one. However, the magnitude of the potential change should
always be inversely proportional to the degree of modular freezing.

More pronounced thawing, e.g. thawing that would disengage the ties in deep
modules responsible for body plan, is probably extremely rare and associated with
the radical simplification of individual development. Such events probably occurred at
the beginning of the evolution of Rhizocephalia (Glenner and Hebsgaard 2006),
Myxozoa (Canning et al. 2004), and biting- or sexually-transmitted mammalian cancers
(Murchison 2008). We can call this phenomenon “sacculization™ after the most famous
instance of these cases, rhizocephalan Sacculina. These radically simplified organisms
may become the founders of a new, initially macroevolutionary very plastic but
gradually freezing clade. We know of no large, diverse and successful metazoan lineage
with a radically different body plan that would have evolved from a lineage with an
already established body plan in the last 490 million years (i.e. since the end of
Cambrian). Therefore, it seems probable that these macroevolutionary events play only
a very limited role in evolution, at least in the metazoan case. However, in light of the
FET, it remains an open question whether this is not only a temporary state and a
consequence of the fact that sexual evolutionary lineages have not yet reached the
critical point of abandoning sufficiently large parts of the ecospace they hold as the
“kings of the hill”,

One possible and less radical variation of the simplification of body plan could be
neoteny (or generally any heterochrony), as was summarized by Budd (2006). Such an
event enables its carriers to change their phenotype relatively simply and eventually to
expand into a new environment. It is, moreover, often associated with the releasing of
some modules for new purposes.’ Similar processes might cause, for example, the
diversification of major chordate (Chordata) clades (see Haiyang et al. 2017).

In sum, even though lineages differ in the speed of their macroevolutionary freezing
and some clades are probably able to temporarily slow this freezing down or reverse it,
it can be said that it applies universally, statistically speaking. None of the
abovementioned options can completely stop the decreasing of (macro)evolutionary
potential. Returning to the analogy of the accumulation of slightly deleterious muta-
tions by Muller’s ratchet, the original function of the gene can be restored by reverse
mutations. However, such events are extremely rare and cannot completely stop the
accumulation of slightly deleterious mutations, at least not in populations of eukaryotic
size (Lynch et al. 1993). Sexual organisms can significantly slow down Muller’s ratchet
by the means of sexual reproduction that enables the accumulation of deleterious
mutations in certain individuals and their removal from the population. However, we
know of no similar process on the level of whole evolutionary lineages.

Alternatives to Freezing Modular Organization

Organismal architecture consisting of quasi-independent modules is very common but
not the only way that the evolution of evolvability may proceed. It is not universally

2 Compare with the role of SBS in the development of societies and their options of restoring evolvability
(Ostdiek 2011; Markos 2014, 2015; Toman and Flegr 2017).
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true that a genetic architecture with the most articulated modular elements and lowest
number of pleiotropic interactions between them is the most evolvable. The structure
and direction of pleiotropic interactions is a more important factor (see, e.g. Hansen
2003; Rasskin-Gutman 2005). Certain elements of modularity apply almost universally
in genetic architecture. However, modularity itself is not an easily delimited natural
phenomenon and always represents only a relative property (Hansen 2003).

Moreover, complex (compound, major, irreducibly complex etc.) adaptations, i.e.
not only minor changes of phenotype but profound evolutionary innovations deeply
integrated in it, may originate even by means other than by the (re)arrangement of
modularly organized elements and processes. According to some authors, this is the
reason why (macro)evolutionary potential need not decrease despite an accumulation of
constraints in the evolution of evolvability (Budd 2006). These alternative ways were
summarized, e.g. by Budd (2006). Leaving apart “hardly structuralistic” evolutionary
theories that completely reverse the relationship between genotype and phenotype,
either the existence of exceptional key adaptations, or at least an occasional origin of
“hopeful monsters™ (i.e. individuals that reached significantly altered but viable phe-
notype by major shift in their genotype-phenotype map) must be postulated (Budd
2006). Some authors also speak of “correlated progression”, i.e. the gradual tandem
evolution of loosely interconnected traits (Kemp 2007). Several other explanations that
usually incorporate some elements of modularity but are not necessarily based on them
were also proposed to explain the evolvability of organisms, as was summarized, e.g.
by Hansen (2003) or Sharov (2014).

From a general point of view, the fulfilment of several requirements which are not
directly conditioned by strictly modular structure is probably necessary for the
evolution of a complex trait (Budd 2006). Nevertheless, a key condition for changes
of complex traits to occur with a realistic probability is redundancy — generally, a
backup of components that is conditioned by their modular build. Therefore, com-
plex traits without modular structure may evolve in theory. However, the native
advantages of modular organization ensure its vast predominance among genomic
architectures.

Transition to a Higher Level of Hierarchical Complexity

It currently seems that the only way to efficiently avoid irreversible macroevolutionary
freezing and the decreasing of (macro)evolutionary potential remains in the transition to
a higher hierarchical level of complexity (see, e.g. McShea 2001a, 2001b). The first
type of these transitions that enable evolutionary lineages to avoid SBS on a given level
is the internal modularization of their structure and function. This process was de-
scribed above in association with the evolution of evolvability, especially in the chapter
“Reasons of Macroevolutionary Freezing”.

The direct mechanism of the origin of modules, or the role of various proposed ways
of modularization, have been discussed intensively (Lewontin 1978; Wagner and
Altenberg 1996; McShea 2000; Schlosser 2002; Schlosser and Wagner 2004; Callebaut
and Rasskin-Gutman 2005; Wagner et al. 2005, 2007; Clune et al. 2013; Espinosa-Soto
2014). Generally speaking, modules may originate in two different ways: by
parcellation or integration. Specific versions of both processes take place in evolution
(see, e.g. Vermeij 1973; Erwin et al. 1987; Wagner and Altenberg 1996; Foote 1997,
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Eble 1998, 1999; Thomas 2005; Budd 2006). Moreover, both processes may alternate
on subsequent levels (Wagner and Altenberg 1996; Eble 2005). Strong SBS induced
integration on the lower level accompanied by macroevolutionary freezing may lead to
the multiplication of a whole integrated structure and consequently the origin of
parcellated modular organization on the higher level. The possibilities of such cumu-
lative modularization were sketched, e.g. by Kirschner and Gerhart (1998). One
extreme case of such restructuralization of genomic architecture is the duplication of
the whole genome. This event is quite common in some lineages and might have
played a key role, e.g. in the potentiation of the early evolution of vertebrates or
actinopterygian fish (Meyer and Van de Peer 2005).

The second way evolutionary entities may reach a higher level of organization and
restoration of their (macro)evolutionary potential is a combination of several originally
independent entities of the lower level. There are essentially two ways to achieve this.
Queller (1997, 2000) termed them fraternal and egalitarian transitions in individuality.
Fraternal transitions in individuality are based on the conjoining of related individuals,
e.g. clones or progeny of one individual or pair, into higher level entity (Queller 2000).
Examples of such entities are, for example, colonies of unicellular prokaryotes or
eukaryotes, multicellular organisms, or eusocial organisms. On the lower level, frater-
nal transitions could lead to pre-cellular compartments consisting of identical mole-
cules, or cells with multiplied organelles. Egalitarian transitions in individuality are
based on the conjoining of unrelated individuals coming from distant evolutionary
lineages (Queller 2000). Their examples are, for example, various kinds of symbiotic
and symbiogenetic events. On the lower level, egalitarian transitions could lead to pre-
cellular compartments consisting of different molecules, or chromosomes consisting of
various genes. However, even looser nearly obligate symbioses such as those among
fungi and plants (mycorrhizae, lichens etc.), dinoflagellates and corals, various unicel-
lular organisms and their metazoan hosts (termites, blood- and sap-sucking insects,
ruminants etc.), or flowering plants and their pollinators also play an important
evolutionary role and, in some sense, constitute a higher level organism (Szathmary
and Maynard Smith 1995; Calcott and Sterelny 2001; Maynard Smith and Szathmary
2010; Szathmary 2015). After all, most metazoans are composite organisms that are no
longer viable without their symbionts, i.e. holobionts, and symbioses are essential even
for the majority of remaining organisms (Margulis and Fester 1991). Macroevolution-
ary freezing that facilitates these processes thus may be a crucial evolutionary factor.

Conclusions

Evolvability and its evolution are two of the most important topics of evolutionary
biology. The association of evolvability with the origin of evolutionary novelties makes
it one of the central themes of evo-devo and the whole field of extended synthesis.
Evolvability, albeit in a slightly different understanding, is also established in the field
of modern synthesis. Moreover, its evolution happens to be an essentially biosemiotic
process that involves elements of memory, leaming and interpretation. Therefore, any
factors that influence the evolution of evolvability are highly relevant for biosemiotics
because they might be analogous to more general factors that affect the evolution,
structure, and function of any biosemiotic system.
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At the same time, evolvability is not a simple concept. The term covers several
interrelated but not completely identical processes on microevolutionary and macro-
evolutionary levels, and, in a similar way to the Roman god Janus, it has two faces. The
“bright” one presents evolvability as a process that creatively canalizes evolutionary
change, increases robusticity and facilitates the origin of complex adaptations. This
“bright” conception depicts a process that evolves over the long term and maximizes
these properties on the basis of past experience. The “dark™ face of evolvability tells
another story. In this light, evolvability seems to be a process that reduces the
(macro)evolutionary potential of a lineage, i.e. it limits the origin of profound evolu-
tionary novelties and deep transformations of phenotype. In the extreme case, it might
limitally restrict possible evolutionary changes down to zero.

These two aspects of evolvability constantly intermingle. According to FET, SBS
causes a constant and inevitable accumulation of further, effectively unchangeable,
macroevolutionary frozen elements. Lineages with the most effective genetic architec-
ture, i.e. lineages with the highest evolvability, predominate in competition with other
linages. SBS, however, continues on the level of newly originated and more or less
modular genotype-phenotype map. It leads to a radical limitation of (macro)evolutionary
potential of the evolutionary lineage. SBS thus may represent a long-sought factor
leading to the origin and structuration of (macro)evolutionary limiting genomic
interdependencies.

Under normal circumstances, evolutionary lineages can only slow the macroevolu-
tionary freezing down, temporarily stop it, or partially reverse it — e.g. by implementing
new combinations of frozen traits, rare thawing of seemingly irreversibly frozen modules,
or heterochrony. Completely, albeit also only temporarily, macroevolutionary freezing can
be reversed only by the radical simplification of development, i.e. sacculinization, or
fraternal and egalitarian transition to a higher level of hierarchical complexity.

All of these assumptions and implications of FET can be tested, for example, on the
basis of new findings regarding the genetic architecture of organisms, fossil material, or
the ecology of particular evolutionary lineages. It has been previously presented that
this theory can coherently explain many mysterious phenomena from a variety of
biological disciplines (Flegr 2010, 2013, 2015). FET, however, promises much more.
Its foundation stone, SBS, acts in all historical systems and it is thus reasonable to
assume that these systems also exhibit processes analogous to macroevolutionary
freezing. A small outline of this approach was made, for example, by Flegr (2015) or
Toman and Flegr (2017). In any case, FET has the potential to play the role of a bolt
uniting modern synthesis, extended synthesis and biosemiotics: three distinct but not
necessarily opposing approaches to evolutionary research.
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ABSTRACT

Natural selection is considered to be the main process that drives biological evolution. It requires selected
entities to originate dependent upon one another by the means of reproduction or copying, and for the
progeny to inherit the qualities of their ancestors, However, natural selection is a manifestation of a more
general persistence principle, whose temporal consequences we propose to name “stability-based sorting”
(SBS). Sorting based on static stability, i.e., SBS in its strict sense and usual conception, favours characters
that increase the persistence of their holders and act on all material and immaterial entities. Sorted en-
tities could originate independently from each other, are not required to propagate and need not exhibit
heredity. Natural selection is a specific form of SBS—sorting based on dynamic stability. It requires some
form of heredity and is based on competition for the largest difference between the speed of generating
its own copies and their expiration. SBS in its strict sense and selection thus have markedly different
evolutionary consequences that are stressed in this paper. In contrast to selection, which is opportunistic,
SBS is able to accumulate even momentarily detrimental characters that are advantageous for the long-
term persistence of sorted entities. However, it lacks the amplification effect based on the preferential
propagation of holders of advantageous characters. Thus, it works slower than selection and normally is
unable to create complex adaptations. From a long-term perspective, SBS is a decisive force in evolution—
especially macroevolution. SBS offers a new explanation for numerous evolutionary phenomena, including
broad distribution and persistence of sexuality, altruistic behaviour, horizontal gene transfer, patterns of
evolutionary stasis, planetary homeostasis, increasing ecosystem resistance to disturbances, and the uni-
versal decline of disparity in the evolution of metazoan lineages. SBS acts on all levels in all biotic and
abiotic systems. It could be the only truly universal evolutionary process, and an explanatory framework
based on SBS could provide new insight into the evolution of complex abiotic and biotic systems.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

error, i.e., without the intervention of any sentient being or exis-
tence of a preliminary plan.

1.1. Theories on the origin of adaptations

The most important evolutionary discovery of Charles Darwin
was probably the identification of natural selection (Darwin, 1859).
This process offers the explanation of the origin and accumulation
of adaptive, often functionally and structurally complex, characters
in organisms. These characters enable organisms to effectively and
often sophisticatedly react to the selective pressures of their en-
vironment, use its resources, and avoid its detrimental forces. De-
spite all of this, these adaptations that enable survival and suc-
cessful reproduction of organisms in complex and changing envi-
ronments originated through the “primitive” method of trial and
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http://dx.doi.org/10.1016/].jtbi.2017.09.004
0022-5193/© 2017 Elsevier Ltd. All rights reserved.

Explanations and solutions based on the principle of natural se-
lection were applied in a plethora of other systems in the fields of
natural science, technology and even humanities. Over the years,
evolutionary biologists discovered that selection has several com-
ponents and many forms, and that biological evolution is also
driven and markedly affected by many other mechanisms, e.g. ge-
netic drift, genetic draft, evolutionary drives, gene flow, and species
selection (see e.g. Mayr, 2003). It was also demonstrated that nu-
merous adaptive traits did not originate as biological adaptations
but, exaptations, or even spandrels (see e.g. Gould, 2002). More-
over, the complex nature of genetic inheritance, various forms of
non-genetic inheritance, and the evolution of multi-level meta-
adaptations (such as the ontogeny of metazoans) that affect the
evolvability of lineages and canalize their ontogeny and anagenesis
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returned to the focus of evolutionary and developmental biologists
in the last years (see e.g. Laland et al., 2015).

However, natural selection is probably a manifestation of a
more general law that affects all material and immaterial entities
in the universe, does not require replication and inheritance, and
is usually called survival of the stable, according to the remark in
the first chapter of Dawkins' book Selfish Gene (Dawkins, 1976,
p. 13"). At first, it sounds like a tautology: Changeable entities
change, whereas stable or rapidly emerging entities accumulate
and predominate in the system. Indeed, the claim that the most
stable (or persistent) entity lasts the longest time is undoubtedly
an axiom (Grand, 2001, p. 34-38; Pross, 2012; Shcherbakov, 2012;
Pascal and Pross, 2014,2015) and this “law” thus seems utterly
trivial, at least in a simple model. However, in the real world,
coexisting entities interact in a complex manner and the conse-
quent evolution of systems of interacting entities with variable and
context-dependent persistence is all but simple (while still char-
acteristic of the perpetual search for states of higher stability) (see
e.g. Bardeen, 2009, or Pross, 2003,2004,2012; Wagner and Pross,
2011, Pascal and Pross, 2014,2015,2016, and references therein). As
Shcherbakov (2013) concludes: “This principle - “survival of those
who survive” - sounds as a tautology, but it is the great tautology:
Everything genuinely new emerges through this principle.”

Remarks analogical to Dawkins’ survival of the stable were made
also by several other researchers (e.g. Lotka, 1922a,b; Simon, 1962;
Wimsatt, 1980; Van Valen, 1989; Michod, 2000; Grand, 2001;
Maynard Smith and Szathmary, 2010) whereas possible relations
between natural selection and various forms of self-organization
were analysed by Weber and Depew (1996). However, to our
knowledge, Addy Pross and his colleagues elaborated the idea most
profoundly (see e.g. Pross, 2003, 2004, 2012; Wagner and Pross,
2011; Pascal and Pross, 2014, 2015, 2016). The phenomenon it-
self is very general and probably applies to all fields that concern
any form of biological or non-biological evolution. Researchers that
touched it from various angles during their investigations called
it e.g. natural selection in the non-living world (Van Valen, 1989),
survival in the existential game (Rappaport, 1999; Slobodkin and
Rapoport, 1974), contraction (Slotine and Lohmiller, 2001), Persis-
tenice Through Time of a lineage (Bouchard, 2008; Bouchard, 2011),
thermodynamic stability (Pross, 2003,2004,2012; Wagner and Pross,
2011), the selection of long-lasting structures (Shcherbakov, 2012),
sorting on the basis of stability or sorting for stability (Flegr, 2010,
2013), natural selection through survival alone (Doolittle, 2014), vi-
ability selection or selection on persistence (Bourrat, 2014), per-
sistence principle (Pascal and Pross, 2014,2015,2016),ultrastability
(Bardeen and Cerpa, 2015), eventually differential persistence or per-
sistence selection (Doolittle, 2017). This loose conceptual embed-
ding is probably related to the fact that only a few theoretical re-
searchers (at least in the field of evolutionary biology) attribute
great importance to this phenomenon. For example, Okasha (2006,
p. 214), who comments on the topic more thoroughly, calls this
phenomenon weak evolution by natural selection, According to him,
this process cannot generate interesting adaptations and thus he
considers it to be (in contrast with paradigmatic evolution by
natural selection) uninteresting from the evolutionary viewpoint.
Godfrey-Smith (2009, pp. 40 and 104), presents a similar opin-
ion. He considers such an extension of the term “natural selection”
(i.e., low-powered Darwinian process) essentially possible but arti-
ficial and basically useless. The opposite opinion has been much
rarer. It was explicitly presented, e.g., by Bouchard (2011), Doolittle
(2014,2017) or Bourrat (2014). Bourrat (2014) even demonstrated

! Darwin’s ‘survival of the fittest’ is really a special case of a more general law
of survival of the stable (...) The earliest form of natural selection was simply a
selection of stable forms and a rejection of unstable ones, There is no mystery about
this. It had to happen by definition.”

that this process can lead to some class of adaptations in numer-
ical models of evolution. He stated that it could actually stand on
the very beginning of biological evolution—original non-replicating
entities differing only in their persistence could transform into
genuine replicators by the means of this process.

In this paper, we argue that this evolutionary mechanism,
which is currently underappreciated and mostly is not taken into
account in efforts to explain the origin of characters of living or-
ganisms at all, acts upon all biotic and abiotic systems that un-
dergo evolution. In fact, this process may be responsible for a
wide range of adaptive traits. In the reaction to its weak con-
ceptual embedding, we propose to call this survival of the stable
(Dawkins, 1976, p. 13) or, more exactly, temporal manifestation
of persistence principle (Pascal and Pross, 2014,2015,2016), i.e., the
general tendency for more stable, persistent and unchangeable en-
tities and characters in the system, unambiguously stability-based
sorting (SBS) according to the conception proposed by Vrba and
Gould (1986) and Gould (2002, p. 659). This term avoids any con-
notations that attribute the phenomenon only to material, imma-
terial, living or non-living entities, its confusion with natural se-
lection, which we consider a specific manifestation of this uni-
versal principle (see Section 2.1), and its confusion with sorting
based on any other kinds of criteria. We will clarify the relation-
ship of SBS and selection more thoroughly in the next section.
More particularly, we will show that selection is just one spe-
cial manifestation of the general process of SBS (a relationship
that was implied by numerous evolutionary-biological scholars of
the role of persistence in nature mentioned above, e.g. Dawkins,
1976, Okasha, 2006, Godfrey-Smith, 2009, Bouchard, 2011, Doolit-
tle, 2014, or Bourrat, 2014). However, despite being related in their
essence, selection, as a special case of SBS, has markedly different
evolutionary consequences, Therefore, because the aim of this ar-
ticle is predominantly to demonstrate and stress the different evo-
lutionary consequences of the two processes (deeply understudied
SBS in the strict sense and usual conception, and its special case,
selection), we will consider SBS and selection as separate phenom-
ena from now on.

2. Results and discussion
2.1. The relationship between selection and SBS

All forms of selection, including species selection, require se-
lected entities to originate in reproduction or copying (and thus
have an ancestor-descendant relationship) and exhibit at least
some degree of inheritance of ancestor qualities (Gould, 2002;
Okasha, 2006; Godfrey-Smith, 2009). SBS, on the other hand, does
not require any of this. It takes place in all systems with history,
i.e., evolution in the broad sense. SBS acts upon all material and
immaterial entities regardless of their origin, even entities that
originate independently of each other such as snowflakes, cosmic
objects during the history of universe, memes, or mutually isolated
civilizations. According to the fact that—by definition—unstable and
changeable entities expire or change into something else whereas
the stable and invariable entities persist, more and more increas-
ingly stable variants of sorted entities accumulate in the system
over time, whereas less stable variants gradually vanish. This is
true even in the case that less stable entities originate more often
in a studied system than their stable variants.

SBS and selection act both in open and growing systems, and in
closed systems with a stagnating number of entities. For example,
in the course of a snowstorm, the number of competing entities
(snowflakes) is not limited and will constantly grow in the snow
cover (an open system into which new snowflakes constantly ar-
rive from the system's surroundings). In such a system, the number
of less stable entities will constantly decline, but never reach zero
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because of the constant share of unstable variants among newly
arriving snowflakes.? In a closed system, e.g. during the evolution
of our universe after the Big Bang with a limited amount of mat-
ter available to form space objects, or during memetic evolution
of some exclusive religious beliefs that is limited by the number
of members of society, more stable entities will gradually replace
less stable entities (space objects or memes). The same applies to
selection. In an open system, e.g. an exponentially growing unlim-
ited population, the number of individuals better adapted to their
environment will gradually grow, but worse adapted individuals
will remain in the system too. In a closed system, e.g. in a chemo-
stat or a turbidostat (Flegr, 1997), worse adapted individuals with
lower speed or effectiveness of reproduction are quickly displaced
by their better adapted counterparts. Thus, in both cases, evolution
will proceed faster in closed systems.

In most systems, SBS acquires solely the form of competition
among entities for the highest static stability, i.e., lowest probabil-
ity of expiration or transformation of individual entities or their
traits into something else. In a particular class of systems—those
in which new entities originate from parental entities and in-
herit their traits—SBS becomes predominantly the competition for
the highest dynamic stability (Pross, 2003,2004,2012; Wagner and
Pross, 2011; Pascal and Pross, 2014,2015,2016). The competition of
stable coexisting entities for the longest static persistence becomes
competition for the ability to produce the highest number of their
own copies (i.e. the copies of the information how to copy itself),
or more precisely, competition for the largest difference between
the speed of generation and expiration of these copies. This differ-
ence is based both on the longevity of entities (e.g. length of the
reproductively active life in organisms), as in the case of static sta-
bility, and on the speed of their generation, e.g. reproduction or
speciation (Malthusian kinetics of Pascal and Pross, 2014,2015,2016;
see also Pross, 2003,2004,2012, and Bourrat's, 2014, models). Dar-
win's natural selection (as well as Dawkins' interallelic competi-
tion, Dawkins, 1982, and Vrba's and Gould's species selection, Viba
and Gould, 1986; Gould, 2002) are thus special cases of general
SBS. Sorting based on dynamic stability (i.e. selection) and sort-
ing based on static stability differ in the nature of what is sorted—
entity itself versus the information how to create its copies. From
a certain perspective, information emancipates from matter in the
case of selection (Shcherbakov, 2012). This makes us to expect both
kinds of sorting to take place in evolution of systems of replicating
entities with heredity, directly affecting its course and perpetually
interacting in their effects.

This is in full agreement with Bourrat’s (2014) arguments that
were supported by numerical models of the continuous transfor-
mation of populations of entities sorted purely on the basis of
static stability to populations of genuine replicators. Similar views
were presented even earlier, (see e.g. Slobodkin and Rapoport,
1974; Rappaport, 1999; Bouchard, 2008,2011 or Bardeen, 2009).
Doolittle (2017) also implied the interdependence of sorting based
on persistence and natural selection but he aimed to accommo-
date his differential persistence or persistence selection into an ex-
panded understanding of natural selection. (Pross, 2003,2004,2012;
Wagner and Pross, 2011 and Pascal and Pross, 2014,2015,2016 and
references therein) studied the role of stability in nature from an-
other angle, differentiating physical forces standing behind stability
kinds. Their concept and terminology, however, differ in some im-
portant details from the presented one (see Fig. 1 and Appendix).

In the case that selection, not only SBS in its strict sense, affects
the evolution of a certain population; entities that do not invest in
their maintenance (and thus have low longevity) but channel the
majority of their resources to reproduction may easily prevail. Se-

2 Dynamics of such a system were modelled, e.g., by Doolittle (2014).

lection thus represents sorting based on dynamic stability, ie., a
specific form of SBS in the broad sense, whereas SBS in the strict
sense and its usual conception represents sorting on the basis of
static stability. Therefore, we will respect a traditional terminol-
ogy, use the term SBS exclusively to refer to sorting on the basis of
static stability, and call sorting on the basis of dynamic stability by
its standard term—selection (for a more radical approach regard-
ing the classification of selection, see e.g. Pross, 2004,2012). [Fig. 1
HERE]

It would be erroneous to consider SBS a process from whose di-
rect influence the entities undergoing natural selection completely
escaped. As Dawkins (1976, p. 13) stressed, this process is in each
sense more general. It acts constantly and simultaneously on all
levels. Moreover, the stable accumulates and unstable vanishes re-
gardless of the origin of sorted entities or the nature of the sort-
ing process. Shcherbakov (2012,2013) goes even further and ar-
gues on this basis that the inevitable consequence of every evo-
lution is stasis. Invariance, not variability, is the attractor of evo-
lution. According to this author, any evolutionary changes are only
by-products of evolution, e.g. the inability of organisms to com-
pletely avoid mutations, or transient consequences of opportunism
of selection-based evolution manifested by transient predominance
of entities that are less stable in the long-term but have higher dy-
namic stability—higher fitness—in the short-term. This conclusion
might seem quite extravagant taking into account all the variabil-
ity of life forms on Earth. However, it is the logical consequence of
the appreciation of the role of SBS in evolution. It is also worthy to
note that Wagner and Pross (2011) and Pross (2012) take the oppo-
site stand, reducing the role of static thermodynamic stability (see
Appendix) in the systems of replicating entities only to a general
constraint and postulating their general tendency to complexify.

Contrary to both of these approaches, we believe that the role
of SBS in the systems of replicating entities with heredity is di-
rect but subtle and selection is rather its tool than by-product,
which was suggested only implicitly by Shcherbakov (2012) % In a
simple case (stable and homogenous environment), entities in the
system would compete only for the highest number and accuracy
of copies, i.e., the speed of reproduction associated with its preci-
sion, achieved, for example, by reduction of genomic size (which
is also the outcome of numerous computer simulations of biologi-
cal evolution, see e.g. Ray 1993,1997; Thearling and Ray, 1994,1996,
or Ray and Hart, 1998, as well as experiments, see e.g. Mills et al.,
1967). In the real world, the entities are affected by much more
heterogeneous conditions of the environment, including other co-
evolving entities that undergo selection and mutually interact in a
very complex manner. The outcome is constant tension between
the pressure to conserve information (i.e., to increase the speed
and precision of reproduction) and its evolution (i.e., adaptation to
new conditions). Entities that reproduce most rapidly and precisely
are not necessarily most successful under these conditions. The in-
creased persistence of individual entities remains the ultimate at-
tractor, yet not by trivial means (static persistence or speed of re-
production), but through more sophisticated adaptations. From our
point of view, evolvability is not a mere by-product of evolution. It
is an important meta-adaptation that enables an actual increase in
the persistence of entities in the process of sorting on the basis of
dynamic stability—selection.

Moreover, in the case of terrestrial life, the selected information,
which was originally coded directly in the replicating sequence of
nucleotides, emancipated to some degree from its material basis.
Replicators evolved interactors—bodies—that interpret the informa-
tion embedded in the sequence of nucleotides in various context-

3 “Evolution is resistance to entropy, the adaptation to environment being only
one of the means of this resistance.”
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Fig. 1. The difference between presented stability concept (A) and the stability concept of Pross et al. (B). We differentiate two kinds of stability (A). Static stability equates
to the entity's static stability in time, i.e. its persistence until its expiration or change into something else, regardless of the physical basis of this process. Statically more
stable entities and their properties are sorted in time in the process of SBS. Entities replicating with heredity are sorted, or selected, on the basis of dynamic stability, i.e.
largest difference between the speed of generation and expiration of their copies. Putting aside its physical basis and viewed from the evolutionary perspective, however,
dynamic stability is only a special case of static stability in systems of entities replicating with heredity in which the statically sorted “thing” became the information how
to copy itself. Pross (2003, 2004, A. 2012), Wagner and Pross (2011) and Pascal and Pross (2014, R. 2015, 2016), on the other hand (B), differentiate static thermodynamic
stability and dynamic kinetic stability. Both of these stability kinds, i.e. the state of high entropy and the exponential multiplication of entities, are governed by the general
logical “persistence principle™: systems' tendency to change from less stable (persistent) to more stable (persistent). Note that other kinds of stable systems may eventually
exist and be subject to the persistence principle. Dynamic kinetic stability equates dynamic stability in the first concept; kinetic selection indeed was proposed to be equal
to natural selection (Pross, 2004; A. 2012), It is its relationship to static stability that differs among the two concepts, Note, (1) that our approach is more general, addresses
all material and immaterial entities, and does not address the physical basis of stability, and therefore (2) the difference is mainly conceptual—both approaches need not

exclude each other.

dependent ways. These interactors started new rounds of compe-
tition on higher levels, so that the meaning or interpretation of
genetic information and the DNA-body complex became the sub-
ject of selection rather than the nucleotide sequence itself (Markos,
2002; Ostdiek, 2011; Shcherbakov, 2012). The consequence is that
interacting entities themselves (replicators), as well as the repli-
cated information, change in the course of evolution but still main-
tain their historical individuality. The outcome of any such com-
petition can be estimated with the help of game theory, particu-
larly the theory of evolutionarily stable strategies (Maynard Smith
and Price, 1973; Kolokoltsov and Malafeyev, 2010, p. 65), and if
the whole system is complex enough (as e.g. the terrestrial bio-
sphere), it need not immediately follow the path to evolutionary
stasis. This, however, does not contradict the SBS-mediated accu-
mulation of stable entities that resist selective pressures and have
decreased evolvability; it continuously proceeds on all levels re-
gardless of the effects of selection. The course of evolution on the
largest scale can thus be seen as a constant struggle between sta-
bility or conservation on one side, and adaptation on the other,
which, as will be shown in Section 3, can have interesting evolu-
tionary consequences.

2.2. Differences between selection and SBS

SBS is much more widespread than natural selection and prob-
ably takes place in all evolving systems (i.e., systems with mem-
ory/history) with the exception of closed systems with a fixed

maximum number of entities in which it proceeded completely,
i.e., where only absolutely stable non-expiring entities that are in-
capable of any change accumulated and remained. In selection, the
most successful entities are those that produce the most offspring
until their expiration, i.e., death. In SBS, the most successful en-
tities are the most stable ones—those that persist for the longest
time without expiring or changing into something else. Selection
is much more efficient. Ensuring that offspring inherit the traits of
their parents and that the speed of offspring production is based
on the number of beneficial traits of the individual, selection grad-
ually accumulates and amplifies beneficial traits, which give indi-
viduals a higher dynamic stability—higher fitness. Thus, more (on
average) better-adapted individuals and fewer worse-adapted indi-
viduals are produced in time. This pattern may be partially masked
by the Red Queen effect (Van Valen, 1973). Competitors, preda-
tors and parasites evolve counter-adaptations so that, for exam-
ple, the final speed or effectiveness of reproduction of members
of a certain population or species seemingly stagnates until we ar-
tificially prevent the counter-evolving species to respond to evolu-
tionary moves of the studied species (see e.g. Becerra et al., 1999).
On the other hand, the same share of stable and unstable entities
(e.g. snowflakes) originate in the course of SBS regardless of the
previous evolution of the system, and especially regardless of the
average stability of entities currently constituting the system. This
does not fully apply to some memes. For example, new ideas are
created with regard to past ones and authors of new ideas pref-

118



J. Toman, J. Flegr/Journal of Theoretical Biology 435 (2017) 29-41 33

erentially generate such that they have a higher chance of success
in long-term competition with existing ones (a process analogical
to “copy-the-product”, see Blackmore, 1999, pp. 59-62). However,
this is probably specific to entities created by conscious beings that
are able to (at least partially) anticipate future development of the
system (see e.g. Blackmore, 1999).

In the course of the evolution of a certain genealogical lin-
eage, incomparably more complex adaptations originate by means
of the gradual accumulation of mostly small changes (beneficial
mutations) in natural selection than by means of much more
widespread SBS. It is clear that random changes that increase the
stability (persistence) of entities may also accumulate in systems
without selection, but this process would be incomparably less ef-
fective and slower (see Bourrat, 2014). However, it is possible in
principle, as was modelled by Doolittle (2014). In the course of se-
lection in closed systems (which are, in the long term, all systems
undergoing biological evolution), every beneficial change spreads
to most or even all members of the population. Newly originated
beneficial change thus would almost always affect the individuals
that already bear the previous one. In SBS, the probability of a si-
multaneous occurrence of several changes that increase the stabil-
ity of one newly originated individual is negligible, and the time
necessary for the accumulation of a larger number of changes that
are beneficial in terms of stability in one individual might be in-
comparably longer than its estimated lifespan (see Bourrat, 2014).
For example, the chamber eye evolved multiple times indepen-
dently by means of natural selection (Fernald, 2000). It is, how-
ever, very unlikely that such a complex organ would evolve solely
by means of SBS.

In spite of lower efficiency of SBS, a certain category of adap-
tations that we see in modern organisms probably originated by
means of SBS rather than selection. However, these can only be
characters that originated by one or two changes, not a long chain
of consequential changes that would continuously elaborate a cer-
tain function. An important source of adaptations that increase the
stability of sorted entities (e.g. individuals in natural, i.e. intraspe-
cific, selection or evolutionary lineages in species selection) are
preadaptations. Such characters evolved by means of selection as
adaptations to a certain function, but later turned out to be ad-
vantageous in terms of stability and thus spread and prevailed by
the means of SBS. SBS works as a sieve that selects characters
contributing to the long-term stability of entities that constitute
the system and also the system itself (Doolittle, 2014,2017). An
example of such a character may be obligate sexuality (Davison,
1998; Flegr, 2008,2010, 2013; Shcherbakov, 2010,2012,2013; Gore-
lick and Heng, 2011), which originated by natural selection, likely
as one of the mechanisms of reparation of mutations, especially
structural damage to DNA (Bernstein and Bernstein, 2013; Horandl,
2013) .* Only ex post did it turn out that sexuality significantly
contributes to the stability of its holders—sexual species—in het-
erogeneous, changeable and often unpredictable conditions ruling
on most of the Earth’s surface. Asexual species are constantly at
risk of adapting to temporarily changed conditions, losing their
genetic polymorphism and not being capable of re-adaptation to
original (or any other) conditions fast enough. This could even
lead to their extinction. Sexual species, on the other hand, adapt
to transient environmental changes only imperfectly, and con-
stantly maintain high genetic polymorphism (including currently
disadvantageous alleles) because of the effects of genetic epista-
sis and pleiotropy in conjunction with frequency dependent selec-

4 The so called “reparation theories” are only one of many concepts proposed
for the origin of sexual reproduction. See e.g. Birdsell and Wills (2003) for other
proposed theories of the origin of sexual reproduction. However, the vast majority
of them assumes that original purpose of sexual reproduction and the reasons of
its subsequent spread and long-term maintenance differ.

tion. Therefore, they are always able to quickly re-adapt by the
changes of allelic frequency (Williams, 1975, pp. 145-146, 149-
154, 169; Flegr, 2008,2010,2013). From the perspective of individ-
ual selection, sexuality is, accompanied by the two-fold cost of
meiosis, two-fold cost of sex and other handicaps of its holders
(Lehtonen et al., 2012), disadvantageous. From the perspective of
species selection—in this case the lower probability of extinction of
species in heterogeneous environment—it is highly advantageous.
However, species selection is weaker and cannot act against indi-
vidual one. From the perspective of SBS, it is highly advantageous
as well; species and lineages that reverse to asexual reproduction
are sorted out, i.e., perish, those that cannot reverse to asexual re-
production for any reason accumulate, and by this mechanism sex-
uality might spread and prevail.

SBS cannot gradually generate such spectacular adaptations as,
e.g., chamber eye, yet it always has the final word in evolution
and is even able to completely reverse the course of evolution
driven mostly by selection. For example, the human brain and con-
sciousness are undeniably one of the most remarkable characters
among terrestrial organisms. However, it is possible that this brain
that enabled humans to dominate the Earth and establish a multi-
billion population may also be the reason of our early extinction,
either by the means of catastrophic warfare, failed physical or bi-
ological experiment or “prosaic” severe viral infection that could
spread only in a sufficiently dense and interconnected population.
From the macroevolutionary point of view, humans may be easily
outlived by species in which some ontogenetic constraints in the
role of preadaptation prevented the evolution of a sufficiently effi-
cient brain,

Selection is opportunistic. It would beat seemingly “forward
planning” SBS in a stable environment (see e.g. Ray, 1993,1997;
Thearling and Ray, 1994,1996; Ray and Hart, 1998). However, in
a changing environment, i.e., under the realistic conditions of
Earth's surface, it is otherwise. Selection does not “plan in ad-
vance” and thus is only able to improve the adaptation of organ-
isms on the current conditions regardless of the risk of impair-
ing their future chances of survival, including the risk of extinc-
tion of the whole species. Considering the “adaptive landscape”
(Wright, 1932), species and populations are able to move only in
the upward direction under normal conditions and thus are able to
occupy only local, not global, optima. Descending a little and then
ascending on another slope for the occupation of a higher peak in
the adaptive landscape would not be possible under the normal
regime of selection. Mutants that descend have lower fitness and
they or their offspring are removed from the population before ac-
cumulating other mutations, reaching the “bottom of the valley”
and starting to ascend on another slope. On the other hand, SBS
does not have such a limitation and is subject to much less oppor-
tunism.” In the case that a certain adaptation (e.g. a certain pat-
tern of altruistic behaviour) decreases the chance of survival of an
individual or slows down its reproduction, yet simultaneously en-
hances the chances of survival of the population of the individual's
species, those (probably rare) populations and species in which the
adaptation prevailed would prosper and survive in the long term.

In most species and within them in most populations, individ-
ual selection would act against these tendencies and prefer mu-
tants that lose the individually disadvantageous character. How-
ever, populations and species that are preadapted with safeguards

5 A certain degree of opportunism can manifest only in SBS ongoing in a closed
system. Stable entities that are resistant to current effects of environment, or ef-
fects that do not actually affect the system but happen relatively often, could pre-
vail there. In closed systems, this precludes the occurrence of entities that would
be more resistant to another, possibly much stronger, effect of environment that
happens much less often. On the other hand, SBS ongoing in open systems is not
opportunistic at all. Ultimately stable entities always prevail there in the long term.
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against such reverse changes would prevail in the end. Return-
ing to the previous example, such safeguard against the reversal
of asexual reproduction may be for example mammalian genomic
imprinting that significantly reduces the chance of successful tran-
sition to asexual reproduction (Bartolomei and Tilghman, 1997).
This and all similar safeguards originated as preadaptations, i.e.,
adaptations for another purpose, or as spandrels, i.e., characters
without any function formed purely as the consequence of topo-
logical, physical, biochemical or ontogenetic constraints (see e.g.
Gould, 2002). Many species presumably did not have any such
safeguards, but we do not see them today because they lost to
their counterparts in the process of SBS. Rare extremes are usually
more important than average values both in intraspecific and inter-
specific evolution (see e.g. Dobzhansky, 1964; or Williams, 1975).
Winner usually “takes all”. The fact that the vast majority of pop-
ulations do not have safeguards and are dominated by selfish in-
dividuals means nothing if a safeguard is present in at least some
populations. It would be the populations that bear the safeguard
that would determine the evolution of a studied species. Similarly,
if there happens to be a safeguard against the loss of sexuality or
altruistic behaviour in certain species that is absent in the vast ma-
jority of others, we will meet only the species with such a safe-
guard and their descendants in the long term.

3. General discussion
3.1. Phenomena in which SBS plays an important role

3.1.1. Microevolutionary phenomena

SBS is much more widespread than selection. However, in the
reign of biological evolution, and especially in the processes oper-
ating on the human (ecological to microevolutionary) timescale, its
significance is obscured by spectacularly manifesting natural selec-
tion. SBS is thus encountered especially in phenomena whose ori-
gin, establishment or maintenance wasn’t convincingly explained
by natural selection yet. Such products of SBS may be, for exam-
ple, sexuality mentioned in Section 2.2 or some types of altruis-
tic behaviour, including restrictions on individual reproduction un-
der the risk of overpopulation that were widely discussed in the
past (Dawkins, 1976; Wilson, 1983; Wynne-Edwards, 1986; Leigh,
2010). The usual assumption is that individuals that “voluntarily”
reduce the speed of their reproduction would be displaced by self-
ish mutants (i.e., eliminated by selection). The whole phenomenon
is interpreted not as an evolutionary adaptation that increases the
long-term success of populations, but as an individual adaptation
that enables the individual to save its resources in the situation
of high offspring mortality. The proximate reasons for this phe-
nomenon are also being emphasized, e.g. territoriality, social hi-
erarchy, or that individuals in too dense a population disturb each
other, reducing the success of each other's reproduction (Wynne-
Edwards, 1986). However, these proximate reasons may act as the
safeguards described in Section 2.2 that enables certain popula-
tions not to be dominated by selfish individuals, which are able to
reproduce regardless of the risk of overpopulation. The existence
of a safeguard, e.g. the population density-dependent ability “to be
disturbed” by nearby individuals, might give the species a chance
to overcome the risks of fatal overpopulation and thus give it the
decisive advantage in SBS. Species without this or some similar
safeguard were more susceptible to extinction and thus we do not
meet them today.

Doolittle (2014) suggested that another product of the process
that we call SBS may be widespread and often intensive horizon-
tal gene transfer (HGT). According to this author, it may signifi-
cantly accelerate the adaptations of (especially prokaryotic) organ-
isms to environmental stressors. Such acceleration is probably ad-
vantageous in two ways: in terms of individual selection in the

short to medium-term and, as will be shown in Section 3.1.3, in the
long-term because of the gradual stabilisation of environmental
conditions (Marko3, 1995; Doolittle, 2014). In a similar way to sex-
ual reproduction mentioned in Section 2.2, the original purpose of
HGT was probably completely different (it probably served for hor-
izontal spread of selfish genetic elements, see e.g. Redfield, 2001).
However, species and lineages that evolved safeguards against the
loss of ability to undergo HGTs preserved the ability of relatively
fast reactions to the changes of conditions. The most profound
safeguard against the loss of HGT ability may be the extraordinary
conservation of genetic code (Markos, 1995; Syvanen, 2002; McIn-
erney et al, 2011)—evolutionary lineages that deviated too much
and compromised their ability to undergo HGTs were sorted out
by lineages that could still enjoy its benefits.

Similarly, SBS can explain the wide distribution of certain strik-
ingly restrictive traits of modern organisms, i.e., safeguards against
the loss of a trait that is beneficial in the long-term. Some exam-
ples might be e.g. genomic imprinting of mammals mentioned in
Section 2.2 or a similar phenomenon in gymnosperms, whose em-
bryos require organelles from the paternal gamete for successful
development (Neale et al., 1989); or the extraordinary conservation
of genetic code that may enable mutual compatibility of organisms
in horizontal gene transfers (Markos, 1995; Syvanen, 2002; Mcln-
erney et al., 2011).

3.1.2. Macroevolutionary phenomena

SBS may also explain certain macroevolutionary phenomena.
It is probably tightly connected to the phenomenon of evolu-
tionary stasis, or the punctuated pattern of evolution of (espe-
cially) sexual organisms (see e.g. Eldredge and Gould, 1972; or
Gould, 2002, pp. 745-1024, with particular examples on pp. 822-
874). As was already mentioned, sexual reproduction spread and
is still maintained by means of SBS—it helps to maintain high
genetic polymorphism, prevents opportunistic one-way adaptation
accompanied by loss of genetic polymorphism and enables fast and
reversible evolutionary reactions to fluctuations of conditions in
changeable and heterogeneous environments by means of epista-
sis and pleiotropy interconnected with frequency-dependent selec-
tion (Flegr, 2008,2010,2013). Another consequence of SBS in sex-
ual species is the accumulation of functionally interconnected alle-
les on the level of an individual and a population. Alleles that are
tightly and non-trivially interconnected in their effects on a pheno-
type, especially alleles that are maintained in a polymorphic state
by frequency-dependent selection, are extremely hard to fixate or
eliminate through any type of selection and thus are more persis-
tent and accumulate in populations (Flegr, 2008,2010,2013). Such
“microevolutionary freezing” may be beneficial even to individual
organisms—for example, it may enhance the robustness of develop-
ment to internal and external changes (Shcherbakov, 2012). Sexual
species thus remain in evolutionary stasis for most of their exis-
tence and are able to irreversibly change only under certain condi-
tions, as was suggested by Eldredge and Gould (1972).5 This is in
accordance with Sheldon's (1996) theory Plus ¢a change that high-
lights the difference between paleobiological evolutionary patterns
of species of changeable environments (punctuated evolution) and
species of stable environments (gradual evolution). The difference
between these “generalists and specialists in geological timescale”
may stem from the presence, or absence, of sexual reproduction.

6 Several alternative hypotheses for the conditions under which species in the
state of evolutionary stasis may start to irreversibly respond on selective pressures
were suggested already by Eldredge and Gould (1972). However, the transition be-
tween the “plastic” and “elastic” phase of the species’ evolution is probably most
thoroughly described by Frozen Plasticity Theory, see e.g. Flegr (1998, 2008, 2010).
All types of punctuationalistic theories of evolution and proposed conditions for the
above-mentioned transition were comprehensively summarized by Flegr (2013).
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The very prominent and almost universal pattern of macroevo-
lutionary processes is also a non-monotonous change in disparity,
i.e.,, morphological and functional variability (e.g. in the number
of body plans), in the course of the evolution of particular evolu-
tionary lineages, or more precisely, particular taxa. Every clade of
an evolutionary tree originates in a speciation event and initially
contains a single species. Thus, it has minimal diversity (number
of species) and minimal disparity at the beginning. The number
of species and morphological and functional diversity then grow
in the course of the evolution of a lineage, as do the number
of different phenotypically distinct clades and number of higher
taxa described by paleotaxonomists within the original evolution-
ary lineage. However, individual sub-clades die off in time and only
clades whose species differ in continuously decreasing number of
still less essential traits originate within the remaining clades. The
number of species of the original taxon, diversity, need not nec-
essarily decrease and may even grow for a considerable time. Its
disparity, on the other hand, decreases (Rasnicyn, 2005; Erwin,
2007; Hughes et al., 2013). According to the class of developmental
explanations of this phenomenon, the taxon exhibits high evolv-
ability, i.e., “evolutionary plasticity”, at the beginning. Its mem-
bers can initially change in almost every trait under appropriate
selective pressures. In time, more and more traits “macroevolu-
tionarily freeze”, so that modern members of the taxon are not
able to evolve such profoundly new adaptations and lifeforms that
were evolved by the species in earlier stages of the evolution
of the clade (Foote, 1997; Eble, 1998; Erwin, 2007). The taxon
thus gradually abandons different parts of morphospace and per-
haps only one, often very specialized and phenotypically very uni-
form, clade survives at the end. For example, only the species-rich
but morphologically rather uniform clade of birds (Aves) survived
from original highly disparate clade of dinosaurs to the present
(Chiappe, 2009). An even more extreme example of gradual loss of
disparity, which is in the long-term probably accompanied by the
loss of diversity because of decreasing evolvability, may be the so-
called “living fossils” (see e.g. Lloyd et al., 2012). The phenomenon
of dead clade walking (Jablonski, 2002), i.e., higher susceptibility
to extinction in many isolated lineages of higher taxa that sur-
vived mass extinction, may also be a manifestation of the same
process. It is probable that these lineages are macroevolutionarily
frozen and their possible responses to selective pressures of the
post-extinction environment are thus very limited.

A spectacular example of macroevolutionary freezing is the evo-
lution of multicellular animals. The common ancestor of all bi-
laterians lived approximately 700 million years ago, whereas the
common ancestor of all metazoans probably did not precede them
by more than 100-200 million years (Douzery et al, 2004; Pe-
terson et al, 2008; Erwin et al, 2011). However, metazoans did
not exhibit any significant diagnostic characters until Cambrian
or at least Ediacaran, and they probably consisted of mm-sized
creatures without hard parts that would enable their identifica-
tion and classification in fossil material. However, something hap-
pened in the early Cambrian approximately 540 million years ago,
and metazoans started evolving rapidly and differentiating into
many morphologically and ecologically distinct forms, future meta-
zoan phyla (Shu, 2008). This initial period was short and lasted
tens of millions of years maximally (Erwin et al, 2011). All cur-
rent animal phyla, and several tens of other phyla that gradu-
ally died out in the next millions of years, originated during this
time (Gould, 1989). No other animal phylum and, with the excep-
tion of certain groups of radically simplified parasitic organisms
(Canning et al., 2004; Glenner and Hebsgaard, 2006; Murchison,
2008), no radically new body plans have originated since the end
of the Cambrian. The trend of a gradual decrease of disparity in the
course of the evolution of a lineage was also documented in many
particular taxa of multicellular animals and plants (Erwin et al.,

1987; DiMichele and Bateman, 1996; Eble, 1999). Other examples
were summarized by Gould (1989) or Erwin (2007), and, accord-
ing to Hughes et al. (2013), this trend is characteristic for Phanero-
zoic clades of metazoans in general. Particular macroevolutionary
frozen traits are, for example, the patterns of head segmentation
characteristic of main groups of arthropods, five-fingered legs of
tetrapods, or (with a few exceptions) seven cervical vertebrae of
mammals. All these currently frozen traits were, in some cases
even considerably, changeable in the early stages of the evolution
of respective taxa (Hughes et al., 2013).

The gradual macroevolutionary freezing of individual traits is
almost certainly not just taxonomic artefact caused by the subjec-
tivity of our view from the recent perspective and the way pale-
otaxonomists delimit taxa of higher and lower level (older combi-
nations of characters delimit higher taxa and vice versa). Freezing
of individual traits in the course of macroevolution is a real phe-
nomenon that is observed even on the intraspecific level. On this
level, it was first described by Italian zoologist Daniele Rosa, and is
known as Rosa's rule today (Rosa, 1899). For example, intraspecific
variability of particular morphological characters and the num-
ber of characters in which this variability is exhibited are much
greater in the early branched-off species than in later branched-
off species of certain taxon. Particular evidence for this pattern is
the gradual decrease of intraspecific variability in trilobites (Trilo-
bita). Webster (2007) documented that the relative proportion of
species with at least one intraspecifically polymorphic morpholog-
ical character decreased from 75% in middle Cambrian to 8% in late
Cambrian. After the subsequent rise to 40% in early Ordovician, it
just more or less monotonically decreased until middle Devonian.
At that time, the intraspecific polymorphism vanished completely,
not to show again until the extinction of taxon at the end of Per-
mian. The temporal pattern in proportion of characters coded as
intraspecifically polymorphic is even more striking, declining from
a median of 2,8% and 3,6% in middle and late Cambrian to a me-
dian of 0% in post-Cambrian. The primary reason for the freezing
of individual characters in the course of macroevolution is there-
fore most likely the freezing of these characters within particular
species. If species cease to vary in certain trait, there are no di-
verse variants of this trait among which selection might differenti-
ate. Such species are thus unable to adapt to conditions to which
species cleaved early in the evolution of respective taxon were able
to adapt easily (Webster, 2007).

Frozen Evolution Theory (do not confuse with Frozen Plasticity
Theory which describes the causes of alternation of short “evolu-
tionarily plastic” and long “evolutionarily elastic” phases in species’
lifetimes) assumes that the reason for the macroevolutionary freez-
ing of individual traits and, consequently, taxa (monophyletic sec-
tions of the evolutionary tree delimited by a taxonomist on the
basis of a unique combination of several diagnostic characters) of
sexual organisms is SBS (Flegr, 2008,2010,2013). Various characters
exhibit various degrees of evolvability, i.e., the ability to change
under appropriate selective pressures, given by the way of their
genotype-phenotype mapping and frequency-dependent effect on
fitness (Flegr, 2008,2010,2013). In the initial phase of the evolu-
tion of a certain taxon, a large part of the characters of its mem-
bers are easily changeable, a smaller part harder and only a small
fraction, probably those that the members of the taxon inherited
from their evolutionary ancestors, not at all or to a very limited
extent. Individual characters change in the course of the taxon's
evolution, even in terms of their variability and evolvability. Traits
that are able to change easily and distinctly under proper selective
pressures appear and disappear, whereas stable traits persist and
accumulate in the taxon. More and more traits irreversibly freeze
by means of this sorting, both on the intraspecific and interspecific
level. Intraspecific variability is decreasing in a growing fraction of
traits. The disparity of the whole taxon is decreasing because old
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evolutionary lineages of the taxon slowly die out and newly origi-
nating species can be distinguished from the original species only
to a limited degree in a small and constantly decreasing number
of traits.

Organisms, or their evolutionary lineages, may theoretically
avoid irreversible macroevolutionary freezing through species se-
lection (Stanley, 1979). Competition for the highest rate of specia-
tion and lowest rate of extinction should theoretically ensure that
the lineages with the highest (remaining) evolvability prevail in the
long-term. However, SBS, whose manifestation is also macroevo-
lutionary freezing, probably cannot be reversed by species selec-
tion, i.e., sorting on the basis of dynamic stability at the species
level. Irreversible macroevolutionary freezing is a ratchet-like pro-
cess that continuously accumulates stable characters and traits in
all lineages simultaneously. It cannot be ruled out that certain new
species may rarely acquire a unique combination of characters that
was not sorted on the basis of stability yet, which would proba-
bly mostly accompany its transition to a completely different en-
vironment or the adoption of a new ecological strategy. A certain
seemingly irreversibly frozen character, or combination of charac-
ters, may also exceptionally “thaw” in the course of the evolution
of a lineage and start to respond to selection again. Both these
events might stand on the beginning of the evolution of birds
whose common ancestor conjoined several unique adaptations
(Brusatte et al., 2014) and uncoupled the development of front and
rear legs to a considerable degree (Dececchi and Larsson, 2013).
However, a more fundamental thaw, e.g. thawing of whole body
plan, is probably extremely rare, and if it happens, it has the
character of a radical simplification of current individual develop-
ment. This can be demonstrated, e.g., on the example of endopar-
asitic crustaceans from the clade Rhizocephalia (Glenner and Heb-
sgaard, 2006), seemingly unicellular endoparasitic cnidarians from
the clade Myxozoa (Canning et al., 2004) or sexually- or biting-
transmitted mammalian cancers (Murchison, 2008). These radically
simplified species may become founders of entirely new, initially
macroevolutionary very plastic, but gradually irreversibly freezing
high-ranking taxon.

3.1.3. Ecological and geophysiological phenomena

SBS acts even on the ecosystem level, and, in the largest spa-
tial and temporal scale, on the level of the whole planet. Com-
munities in a newly establishing ecosystem (e.g. after severe fire,
deglaciation, or emersion of a new island) undergo ecological suc-
cession. With a certain degree of simplification, ecosystems are
heading towards an equilibrium state—climax—in which they can
stay, or around which they can oscillate, for a considerable time
in the absence of significant changes to environmental conditions
(see e.g. Walker and del Moral, 2003) .7 The development of com-
munities towards the stage of climax is of various lengths and
complications and the final climax communities may vary accord-
ing to the character of disturbances, amount of available resources
and energy etc. (in other words, a climax community may be a
polar growth of lichens, as well as a tropical rainforest). Ecolog-
ical succession is a multidimensional process and takes place on
many levels. It may even lead to significant changes in abiotic con-
ditions of the environment. However, it always follows the rules
of SBS. Individual species are sorted based on their persistence
in the context of a dynamically changing community. An impor-

7 Taking into account the plethora of factors of biotic and abiotic environments
that affect terrestrial organisms, it is better to consider the concept of climax as
depicted here a simplification; a mobile attractor at best, towards which all ecosys-
tems are usually heading but almost never reach. This, however, does not contradict
the general tendency of ecosystems to evolve towards a stable climax stage, i.e., the
accumulation of species that maintain stable conditions for their survival in the
context of other biotic and abiotic factors.

tant component of this persistence is their current ecological suc-
cess. In the long-term, however, their contribution to the stability
of the ecosystem is much more important (Bardeen, 2009). This
contribution need not be active and need not be paid at the ex-
pense of individual fitness (such a system could be extremely eas-
ily invaded by selfish entities). It is, rather, based on the species’
ecosystem function, its by-products and side effects—safeguards on
the ecosystem level. Species that unidirectionally change the en-
vironment towards the conditions suboptimal for them disappear,
whereas species that are incorporated in various negative feed-
back loops that maintain conditions favourable for them persist.
Thus, an ecosystem at an advanced stage of development is usu-
ally able to compensate (at least to some degree) for the effects
of biotic and abiotic environments that lead it off current balance.
However, if the intensity of these effects exceeds a certain thresh-
old, the ecosystem may, sometimes profoundly, change (e.g. after
distortion of the ecosystem by an invasive species, or change in
the soil pH caused by certain tree species). Such change leads to
further change in the course of ecological succession (Walker and
del Moral, 2003). Certain changes may be destructive—exceptional
cases even on the global scale—e.g. the origin of oxygenic photo-
synthesis that completely altered global conditions on Earth. Such
events are described by the Medea hypothesis, see Ward (2009).
However, Medea-class events are probably very rare and organisms
are thus able to adapt to the resulting changes with the help of
selection on the evolutionary timescale. On the other hand, if the
changes exceed a critical threshold, or if they are too fast (this ap-
plies more to the catastrophic events of abiotic character, e.g. the
impact of large cosmic bodies), they can lead to the extinction of
all (at least surface) life on the planet.

The strong version of the Gaia hypothesis (Lovelock, 1979) was
rejected by most evolutionary biologists because of its assump-
tion that planet Earth (with the help of terrestrial organisms) ac-
tively maintains conditions suitable for life. According to the hy-
pothesis, this “planetary homeostasis” is ensured by a broad ar-
ray of negative-feedback cycles of chemical elements and energy
and Earth thus shows signs of a superorganism. The main argu-
ment against it is that the only known possible natural origin
of such a purposeful system involves natural selection (Doolittle,
1981; Dawkins, 1982; Gould, 1988). However, the group selection
on behalf of a whole biosphere postulated by Lovelock would col-
lapse under the pressure of individual selection favouring selfish
individuals. The same is true for species selection. The only other
alternative, selection on even higher level—the level of whole plan-
ets or biospheres—is impossible for one non-reproducing and non-
competing individual (the Earth).

Nevertheless, such a long-term stable system integrated by neg-
ative feedback loops might develop through sorting of individual
geological, atmospheric and biological entities and processes on
the basis of stability, i.e, their contribution to the long-term sta-
bility of the terrestrial environment. This contribution is possible
to estimate with the help of game theory, or more specifically, the
theory of evolutionarily stable strategies (Maynard Smith and Price,
1973; Bardeen, 2009; Kolokoltsov and Malafeyev, 2010, p. 65). En-
tities and processes that did not contribute to the stability of the
system or directly led it out of balance acted only temporarily,
whereas the ones that supported the long-term maintenance of
stability in the context of other forces accumulated. The main dif-
ference from ecological succession mentioned earlier in this sec-
tion, besides the role of biogeochemical cycles that manifest them-
selves only on higher spatial and temporal scales, is that it oper-
ates on evolutionary, not ecological, timescales and new biological
entities enter the system through speciations, not colonizations. In
a similar way to ecological succession, entities and processes act-
ing against the establishment of homeostasis might (even substan-
tially) change conditions in the system. Nevertheless, the general
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SBS-mediated tendency of the system to develop towards higher
stability via the accumulation of contextually stable elements af-
fects it all the time, on all levels. The later the system is observed,
the more long-term stability supporting entities and processes it
accumulates and thus remains in stable states for longer periods
(Doolittle, 2014). This agrees with the observed decrease in extinc-
tion and speciation rates (Raup and Sepkoski, 1982; Gilinsky and
Bambach, 1987; Gilinsky, 1994; Benton, 1995; Alroy, 2008) and ac-
cumulation of long-lived genera in the terrestrial biosphere dur-
ing the Phanerozoic (Rohde and Muller, 2005). Decreasing sensitiv-
ity of the ecosystem to the effects of newly arriving species was
also observed in certain computer simulations, see e.g. Post and
Pimm (1983). Another consequence of SBS is that it is more proba-
ble that any such system (Earth, certain exoplanet etc.) will be met
in a long-term stable state than in an ephemeral unstable one.

SBS acts on any space body, even lifeless ones, and always
leads to the most stable states under current circumstances. The
equilibrium among geological, geochemical and atmospheric pro-
cesses need not be static even on lifeless bodies; it could be dy-
namic, as was observed, e.g., on Venus or Titan, and continuously
evolve in relation to changes of outer and inner conditions. How-
ever, only in the case when biological entities with a significant
effect on the conditions of the environment take part in this sort-
ing, the whole system is heading towards the long-term stable and
negative-feedback-regulated conditions favourable for this specific
class of entities. The establishment of biogeochemical cycles (plan-
etary homeostasis) is probably further facilitated by the multilevel
character of the sorting of biological entities based on their contri-
bution to long-term stability—they are sorted on all levels simul-
taneously including the global level. SBS is thus able to explain
the accumulation of biological entities and processes that main-
tain conditions suitable for their own survival with the help of
negative-feedback processes without greater difficulties. As in the
preceding examples, we should not be surprised that, ex post, the
whole system looks strikingly non-evolutionary, almost like it was
planned. This is the common feature of systems evolved by SBS.

Doolittle (2014, 2017) and Bardeen (2009) reached similar con-
clusions regarding the possibilities of establishing Gaian planetary
homeostasis; they also postulated the evolution of a system (Earth)
towards more stable states through the accumulation of contextu-
ally stable elements. Both these researchers supported their argu-
ments by computer simulations: selection of non-replicating non-
competing entities in the first case and Gaian “daisyworlds” in the
second. Doolittle (2014) got especially close to our conception of
SBS. According to this author, classical adaptations do not originate
in this process. It can, however, sort adaptations that originated by
means of natural selection. These adaptations thus serve as muta-
tions of a higher level. Note, however, that Doolittle (2017) recently
stressed differential reproduction of co-adapted parts of the persis-
tent entity (e.g. Gaia) as a more “credible way” for the emergence
of certain complex traits of non-reproducing entities in an attempt
to reconcile Gaia with Neo-Darwinism, Bardeen (2009) elaborated
the basic idea even further and proved that persistence, i.e., long-
term stability, is de facto the true fitness. Similar reasoning also lies
behind proposals to define fitness as the rate of actual or poten-
tial persistence of biological entities (in Bouchard's words “differ-
ential survival through a time of a lineage”) in the context of a sys-
tem (Bouchard, 2008,2011). However, this is (at least to a high de-
gree) a direct implication of an even older theory of evolutionarily
stable strategies. According to this theory, organisms compete for
the highest persistence, or the continuing in an “existential game”
(Slobodkin and Rapoport, 1974).

3.14. Cultural and other phenomena
SBS-based explanations may be naturally applied even in many
non-biological fields that deal with evolving systems. The princi-

ple of SBS was described and used as an explanation for numerous
phenomena e.g. in the fields of artificial intelligence (Slotine, 1994;
Runarsson and Jonsson, 1999), cybernetics (Slotine and Lohmiller,
2001; Slotine, 2003), and even cosmology (Safuta, 2011). Its role is
probably even more significant in cultural evolution. SBS is able,
e.g., to explain the continuous freezing of social institutions and
slowing down of social development: It is possible to change al-
most everything immediately after the establishment of a soci-
ety, or a revolution that broke down current organization. How-
ever, self-maintaining institutions and forces, whose changes grad-
ually slow down and eventually stop, accumulate in time by means
of SBS. Numerous authors have highlighted this aspect of cultural
evolution. For example, Kovac (2015, p. 26), stressed the evolu-
tion of laws, morals, culture and political arrangements towards
greater stability. Charles Sanders Pierce named this aspect of cul-
tural evolution “the origin of habit” and “sedimentation” (see e.g.
Eco, 2000). Rappaport interprets evolution as constant struggle
to maintain stability that is manifested in cultural evolution by
the origin, formalisation and petrification of rituals under whose
paradigm the society develops (Rappaport, 1999, pp. 416, 425-
437). According to Rappaport, the “aim” of all entities is to persist
in the existential game as long as possible. This existential game
follows the rules of evolutionarily stable strategies, whereas enti-
ties that are most stable in the context of their environment and
other interacting entities persist for the longest time (Slobodkin
and Rapoport, 1974; Rappaport, 1999, pp. 6-7, 408-410, 420, 422-
424). However, in a similar way to biological evolution, cultural
evolution also need not unidirectionally lead to absolute stability.
Cultural evolution usually has a punctuated character: the al-
ternation of short periods of dynamic changes with long periods
of stasis. Systems theory calls this pattern an alternation of “ultra-
stability” and “breaks” that occur after the deviation of an ultra-
stable system beyond the limits of its adaptability, which leads to
its rearrangement, whether the systems are biological, economical
or technological (Bardeen and Cerpa, 2015). This aspect of cultural
evolution was highlighted from another angle by Lotman (2009,
pp. 7-18, 114-132), who distinguished the periods of cultural “sta-
sis” and “explosion”. Bardeen and Cerpa (2015), presented many
particular examples from cultural, or technological, evolution. Nu-
merous particular examples of the punctuated character of cul-
tural evolution were also presented by Gould (2002, pp. 952-972).
Markos (2014) explicitly pointed out the analogy of this pattern of
cultural evolution and biological punctuationalism, particularly the
processes described by the Frozen Plasticity Theory. In another ar-
ticle (Marko§, 2015), this author connects the ideas of Pierce, Lot-
man, Rappaport and Flegr and interprets them as various views
of the general property of all semiotic systems (historical sys-
tems with evolution, ancestor-descendant relationships, memory
and experiences): Original chaos “charged” with possibilities fol-
lows one specific trajectory, which is plastically changeable at the
beginning, but gradually freezes and passes into the state of stasis
characteristic of reversible “elastic” reactions to internal and ex-
ternal influences. According to Markos (2015), the evolution of all
semiotic systems ends either by their expiration, or return to the
original state of chaos. The biosemiotician Ostdiek (2011) analog-
ically connects the “solidification” of the meaning of a particular
symbol and the transition of a system to a state of evolutionary
stasis characteristic of elastic reactions. This author even explicitly
emphasizes the Frozen Plasticity Theory and argues for the homol-
ogy of processes causing microevolutionary freezing and solidifica-
tion of a symbol (particularly its usage by a bigger population and
in a higher number of connotations and interactions with other
signs and symbols) or the restoration of its original plasticity (only
if the symbol loses most of its original meaning). SBS thus takes
place even in cultural evolution, although, because of its specifics,
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SBS sometimes proceeds there in a slightly different manner than
in biological evolution.

3.2. Historical dimension

The relatively late discovery of the principle of natural selec-
tion is considered one of the greatest enigmas of science. This
principle is simple and evident from the modern point of view,
yet it was not discovered until the latter half of 19th century, i.e.,
later than the vast majority of comparably complex and many even
more complex processes in other fields (Komarek, 2003, pp. 37-
44), One reason for this lateness may be cognitive bias. The human
brain is specialized in solving problems of interpersonal relations,
and every problem that is not easily translated into such a relation
or does not have evident analogies with these relations is dispro-
portionately harder to solve (Cosmides, 1989; Gigerenzer and Hug,
1992). For example, it was demonstrated that only a small fraction
of unaware respondents solves the Wason selection task (Wason,
1966,1968) easily and correctly: “You are shown 4 cards labelled A,
D, 3 and 8 on the visible faces. You know that each card has a let-
ter on one side, and a number on the other. Which card(s) must be
turned over to test whether following statement applies to these 4
cards: If a card shows A letter, then there is an odd number on the
other side?” On the other hand, if we translate the same task into
the question on interpersonal relationships: “There are 4 persons
in the bar: one elderly and one young, in which we can't recog-
nize the nature of their drinks, and two persons of uncertain age,
one of which drinks an alcoholic beverage and the second soda.
Which of these persons must be controlled by a policeman to test
whether the bar serves alcohol to minors?”, it is solved easily and
correctly by nearly everyone, including many policemen.

The concept of sociomorphic modelling (Komarek, 2009) shows
that Darwin's model of natural selection, which explains the evo-
lution of organisms as the consequence of competition of individ-
uals for the highest fitness, could not have been generally thought
of and formulated until 19" century England, in which analogous
competition among individual economical subjects led to striking
and immensely fast development in industry and society. The pro-
cess of industrial development based on the prosperity of success-
ful and demise of unsuccessful companies was easily thought of,
which greatly facilitated insight into an analogical process among
living organisms. It is no coincidence that a more or less identi-
cal model of evolution was independently formulated by Matthew
(1831), Darwin (1859), Darwin and Wallace (1858) and Wallace
Darwin and Wallace (1858) within a few years. It is true that ideas
preceding the exact formulation of the theory of natural selection
could be traced several decades back (see e.g. Radl, 2015). How-
ever, a similar insight would be much more difficult just 100-200
years earlier—back then, there was almost no substantial industrial
development and companies; rather, craftsmen workshops were
associated with guilds that guaranteed stable prices and quality of
their products, and offered practically the same spectrum of prod-
ucts as they did for centuries (Ogilvie, 2004).

On the other hand, the very same rapid development of the
material world that has surrounded us until now might have pre-
cluded the identification of another universal process that drives
biological evolution—SBS—until recently. It is telling that this pro-
cess was known already in ancient Greece and some historical
models of biological evolution were based exclusively on it. For ex-
ample, Empedocles formulated a model of the origin of living or-
ganisms through random combinations of individual limbs (i.e., or-
gans) (Campbell, 2000). Most organisms that arose this way were
not successful or even viable because their randomly combined
limbs did not fit together very well. However, some of these organ-
isms proved to be well organized, were successful and persistent,
and prevailed. Thus, we cannot exclude the possibility that we will

not be able to fully recognize and appreciate the true value of the
most universal process that drives the evolution of practically all
living and non-living systems until the rapid development of our
material world slows down or ceases completely.

3.3. Conclusion

Natural selection is neither the only, nor the most general pro-
cess that drives biological evolution. It is a manifestation of a more
general but underestimated persistence principle (Pascal and Pross,
2014, 2015, 2016), for whose temporal—and hence evolutionary—
consequences we have proposed the name “stability-based sort-
ing”. We believe that this neutral term may enable the unifica-
tion of different approaches to the study of SBS-related phenom-
ena and facilitate the interconnection of different narrowly focused
field-specific studies on this topic with related general theoretical-
biological concepts.

Our broad concept of stability that consists of (1) static stability
and SBS in its strict sense and usual conception, i.e. the accumu-
lation of temporally persistent unchanging entities and characters,
and (2) sorting based on dynamic stability, i.e. selection, being a
special case of this phenomenon in systems of entities replicating
with heredity (see Fig. 1) has broader scope than any other at-
tempt to study these phenomena in the field of evolutionary biol-
ogy or related disciplines. Therefore, despite our primary goal was
to show the paramount importance of the effects of SBS on various
levels of diverse evolutionary systems—a fact that has been practi-
cally neglected among evolutionary biologists—our conception may
also serve as a new standpoint and universal platform for students
of various kinds of evolving systems.

All complex novelties in biological evolution originate from the
joint influence of two kinds of SBS in the broad sense, the force
that drive the system towards dynamic stability and the force that
drive the system towards static stability. The same applies to all
natural and artificial systems whose entities multiply by reproduc-
tion or copying and exhibit at least some degree of inheritance—
e.g., cultural evolution or even simulated systems with those prop-
erties. Indeed, there are clear analogies between the SBS-related
phenomena observed in various kinds of evolving systems, for
example, the punctuated character of their evolution or increas-
ing resistance to change (see e.g. Post and Pimm, 1983; Ostdiek,
2011; Markos, 2014,2015). Explanatory framework based on SBS
thus could provide new insight into the evolution of any complex
system.

In future, simulations that recognize the difference between
static and dynamic nature of the sorting the evolving systems un-
dergo and discriminate the role of these two kinds of sorting under
various parameters may significantly contribute to the understand-
ing of the general rules of evolution of any systems, and, conse-
quentially, our theoretical understanding of some of the most pro-
found phenomena of existence—e.g., the nature of life.
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Appendix

The relationship between the presented concept and the conception
of Pross et al

Pross (2003,2004,2012), Wagner and Pross (2011) and Pascal
and Pross (2014,2015,2016 and references therein) studied the role
of stability in nature thoroughly, differentiating static thermody-
namic stability that affects non-living entities and dynamic kinetic
stability that is based on replicative chemistry and characteristic of
living entities. The identification of the exact physical basis of the
stability kinds is out of scope of this article. However, the equa-
tion of static stability to thermodynamic stability, i.e. the state of
highest entropy (Pross, 2003,2004,2012; Wagner and Pross, 2011;
Pascal and Pross, 2014,2015,2016), is an evident one. Pross and his
colleagues stress that this kind of stability is fundamentally differ-
ent to dynamic kinetic stability based on replicative chemistry and
Malthusian kinetics, whereas the two stability kinds are unified
under the umbrella of purely logical persistence principle: The gen-
eral tendency of systems to change from less stable (persistent) to
more stable (persistent) forms (Pascal and Pross, 2014,2015,2016).

Our conception that integrates all evolutionary systems regard-
less their physical basis is slightly different (see Fig. 1). In our con-
cept, thermodynamic stability is just one option how to ensure
static stability, although it could be speculated whether all other
options (regarding e.g. immaterial entities such as memes, or even
dynamically stable entities) could be ultimately converted or do
naturally converge onto this one, Dynamic stability in our concep-
tion is not defined by the physical properties of particular system
(i.e. replicative chemistry) either. Although the degree of dynamic
stability must depend on the Malthusian kinetics of the dynam-
ically stable entities (it would probably be better to say context
dependent evolutionary stability in the sense of evolutionary sta-
ble strategies of Maynard Smith and Price (1973)) as in the Pross’
concept, we stress especially the second, somehow “static”, aspect
of this sorting—heredity. Dynamic stability in our concept can be
explicated as a special case of static stability in which the sta-
ble sorted “thing” changed from the entity itself to the heritable
information necessary for its copying or reproduction. Therefore,
static stability in our conception is more general and de facto cor-
responds to Pross’ general persistence in time or persistence princi-
ple (see Fig. 1).
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Abstract

The increasing maximal hierarchical complexity of organisms is one of the best-supported macroevolutionary trends. The
nature and causes of this trend, as well as several accompanying macroevolutionary phenomena are, however, still unclear.
In this theoretical article, we propose that the cause of this trend could be the increasing pressure of species selection, which
results from the gradual decrease of (macro)evolutionary potential (i.e. the probability of producing major evolutionary inno-
vations). As follows from the Theory of Frozen Evolution, this process is an inevitable consequence of the sorting of genes,
traits, and their integrated groups (modules) based on their contextually dependent stability. In turn, this causes effectively
unchangeable elements of genetic architecture to accumulate during the existence of evolutionary lineages. Although (macro)
evolutionary potential can be partially restored by several processes, a profound restoration of (macro)evolutionary potential
is probably possible only by means of a transition to a higher level of hierarchical complexity. However, the accumulation of
contextually more stable elements continues even on this higher level. This leads to the integration of the modular character
of composite organisms and a repeated pressure to increase the level of hierarchical complexity. Our model explains all
components of McShea’s “Evolutionary Syndrome,” i.e. the trend of increasing the hierarchical complexity of organisms,
the growth of variability among elements on the immediately lower level, and their gradual machinification. This pattern
should be characteristic of sexual eukaryotes and especially their complex representatives. Our model also sheds new light
on several related macroevolutionary phenomena, such as the gradual acceleration of the trend or the striking difference
between pre-Neoproterozoic and Phanerozoic evolution.

Keywords Evolvability - (Macro)evolutionary potential - Evolutionary trends - Hierarchical complexity - Frozen evolution
theory - Frozen plasticity theory - Stability-based sorting

Introduction: The Trend of Increasing
Hierarchical Complexity

An evolutionary trend is usually understood as a “persis-
tent, directional change in a character state, or set of char-
acter states, resulting in a significant change through time”
(McNamara 1990, 2006). More broadly, they constitute
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“identifiable patterns in which the overall evolution of a trait
occurs in a given direction within a group for a prolonged
period of time” (Gregory 2008). The most interesting global
evolutionary trend—at least from the macroevolutionary
point of view—is probably the increasing organismal com-
plexity in the history of life on Earth. Dozens of theoretical
concepts aim to explain this pattern, either as a driven or a
passive trend (these concepts are extensively summarised,
e.g. in Novdk 1982; McShea 1991, 1994, 20014, b; Petters-
son 1996; Michod 2000; Jablonka and Lamb 2006; Buss
2014; or; Corning and Szathmary 2015). Despite all this
effort, there is no agreement on the nature, or even existence
of this trend. The major source of confusion is the difficult
conceptualisation of this trend that results from an unclear
definition of the term complexity. Indeed, complexity could
be understood in several different ways (see, e.g. McShea
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1991, 1996; Carroll 2001; Mitchell 2009). For example, it
can mean morphological complexity on the level of organ-
isms or their parts (see, e.g. Bonner 1988, 1998; McShea
1993, 1996; Valentine et al. 1994; Carroll 2001). In another
way, it can be defined as the complexity of genetic infor-
mation (i.e. the number and complexity of genes or pro-
teins, eventually interactions of these entities or some of
their classes, such as developmental genes) (Adami et al.
2000; Carroll 2001; Rasskin-Gutman and Esteve-Altava
2008), but also, for example, the complexity of behaviour
(McShea 1991).

The trend of increasing morphological complexity has
been tested most often. At least in some evolutionary line-
ages, its maximum was proven to have been growing for a
considerable time (see, e.g. McShea 1996, 2001a, b; Marcot
and McShea 2007). Therefore, there is probably a relatively
frequent trend in the growth of the maximal level of this fac-
tor. However, it is not clear whether this trend is driven or
passive. Moreover, it is not present in all groups, and certain
evolutionary lineages may even exhibit a directly opposite
trend (McShea 1996, 2001a, b; Marcot and McShea 2007).
Testing the general nature of this trend is even more diffi-
cult (McShea 1996). In spite of that, it was well supported
that a certain type of morphological complexity—hierar-
chical complexity—increases even globally (McShea 1996,
2001a, b, 2015; McShea and Changizi 2003; Marcot and
McShea 2007). This trend can be described as the increase
in the hierarchical level of organisms by the means of their
modular builds, i.e. nesting of lower-level entities within
higher-level individuals (McShea 1996, 2001a, b; McShea
and Changizi 2003; Marcot and McShea 2007). The whole
process is also called the growth of vertical complexity
(Sterelny 1999).

Hierarchical increasing of organismal complexity was
widely commented upon by a number of authors, as was
summarised, e.g. by Novik (1982), McShea (1991, 1994,
20014, b), Pettersson (1996), Michod (2000), Jablonka and
Lamb (2006), Marcot and McShea (2007), Buss (2014), or
Corning and Szathmary (2015). One characteristic evolu-
tionary motive that is common in all transitions to a higher
level of organismal complexity is the combination of lower-
level entities into a higher-level individual followed by
differentiation and specialisation of formerly independent
parts and their integration. This is usually followed by a
transition to an even higher hierarchical level of organisa-
tion after some time (McShea 2001a). Moreover, the trend
of increasing hierarchical complexity is seemingly associ-
ated with several other macroevolutionary phenomena. The
frequency of transitions to a higher level probably acceler-
ates in time and with the increasing hierarchical level of
complexity (McShea 2001a, b, 2015; McShea and Changizi
2003). This acceleration is remarkable, and it is not prob-
able that it would be an artifact. Another major question

is why hierarchical complexity started to increase more
markedly as late as in the Neoproterozoic (about 1.2 billion
years ago) and especially at the beginning of Phanerozoic
(about 540 million years ago), even though life on Earth has
existed for about 4 billion years (Carroll 2001; McShea and
Changizi 2003; McShea 2015). It also remains an open ques-
tion as to why the trend is more pronounced in sexual, and
especially complex multicellular, organisms (Flegr 2015;
Toman and Flegr 2017b, 2018). On top of that, as a conse-
quence of the transition to a higher level, we see an increase
in the number of parts and differentiation among them on the
immediately lower hierarchical level. However, this pattern
is inseparably associated with strong a decrease in complex-
ity, streamlining and simplification on this and lower levels
(machinification) (Schank and Wimsatt 1986; McShea 2002,
2015; McShea and Anderson 2005). These two phenomena
are associated with increasing hierarchical complexity so
tightly that McShea (2015) termed the whole trinity “Evolu-
tionary Syndrome,” a prominent macroevolutionary pattern
that asks for a common explanation. At the same time, this
explanation need not be trivial (see McShea 2005).

In this theoretical paper, we propose that that the trend
of increasing hierarchical complexity may be caused by a
growing pressure of effectively irreversible decreasing of
(macro)evolutionary potential (i.e. the probability of produc-
ing major evolutionary innovations) that is probably charac-
teristic of sexual organisms (Toman and Flegr 2018). This
is a direct consequence of the accumulation of effectively
unchangeable genes, traits and their integrated groups (mod-
ules) in the evolution of sexual lineages that is postulated by
Frozen Evolution Theory (FET) (Flegr 2008, 2010, 2013,
2015), or, more generally, how follows from the principle
of stability-based sorting (SBS) (Toman and Flegr 2017b).
In other words, we propose that the trend of increasing hier-
archical complexity in the history of life, as well as other
points of McShea’s (2015) “Evolutionary Syndrome™ and
associated macroevolutionary phenomena, might be by-
products of species selection on the restoration of (macro)
evolutionary potential.

Results and Discussion: Macroevolutionary
Freezing and Restoring of the (Macro)
evolutionary Potential

Macroevolutionary Freezing

Stability-based sorting (SBS) is a universally recognised but
rarely studied process that affects all entities on all levels of
historic (evolving s.l.) systems (Toman and Flegr 2017b).
Whether these are systems consisting of material or imma-
terial, living or non-living entities, as long as they undergo
historical development, they accumulate contextually more
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stable (persistent) entities and their groups. These entities,
over time, predominate in the system. On the other hand,
entities that are less stable sooner or later change or perish
and disappear from the system. Abstract on the first sight,
this is a rather trivial (although fundamentally important)
phenomenon. Stable space objects such as planets, stars and
galaxies in the history of our Universe, heat more resist-
ant snowflakes in a melting snowdrift, or even more stable
memes and their complexes, such as stories, religions, and
useful technological processes in human cultural history, all
accumulate by SBS (whereas their less stable counterparts
disappear). SBS in its strict and usual conception therefore
represents sorting based on static stability (the slowest dis-
appearance of entities that constitute the system). It is true
that Toman and Flegr (2017b) documented that even natural
selection (sorting based on dynamic stability), or the larg-
est difference among the speeds of originating and disap-
pearance of new entities, is in fact a special case of SBS in
the systems of entities that reproduce with heredity. How-
ever, SBS, in its strict sense, still operates (in parallel with
selection) on all levels of systems whose evolution is driven
mostly by natural selection,'

SBS is a decisive force in evolution and it is capable
of completely changing the course of evolution driven by
opportunistic natural selection (2017b). One of the examples
of this phenomenon, and also one of the most spectacular
manifestations of SBS in biological evolution, might be its
effect on evolvability, or the (macro)evolutionary potential
of evolutionary lineages. As was emphasized by Toman
and Flegr (2018), SBS likely plays an important role in the
evolution of evolvability. Evolvability is usually defined as
“the genome’s ability to produce adaptive variants when
acted upon by the genetic system” (Wagner and Altenberg
1996). In simpler words, the ability to evolve in an adap-
tive way. It can be, however, understood in several inter-
related but distinct ways associated with the extent or mode
of evolutionary change—from the ability of a population
to adaptively and “plastically” respond to selection (Flegr
and Ponizil 2018), to the ability of an evolutionary linage to
evolve major evolutionary innovations, i.e. (macro)evolu-
tionary potential (see, e.g. Pigliucci 2008; Toman and Flegr
2018). On longer timescales, SBS decreases (macro)evolu-
tionary potential in evolutionary lineages, which leads to a
decreasing intraspecific and interspecific disparity during
their existence. Later in this paper, we will argue that this
trend may apply more strongly to sexual lineages.

! Similar or comparable claims were made also by several other theo-
retical biologists (see, e.g. Bouchard 201 1; Pross 2012; Shcherbakov
2012; Bourrat 2014; Doolittle 2014). For details on SBS, the afore-
mentioned concepts, and their mutual relationships, see Toman and
Flegr (2017b).
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We have already demonstrated elsewhere (Flegr 2008,
2010, 2013, 2015; Toman and Flegr 2017b, 2018) that the
gradual reduction of (macro)evolutionary potential, intraspe-
cific and interspecific disparity are real trends, which have
been documented in various eukaryotic clades by a long
series of paleontological and paleobiological observations
(see also “General Discussion”). The cause of this “mac-
roevolutionary freezing” is probably two complementary
manifestations of SBS (Toman and Flegr 2017b, 2018)
described by previously postulated FET (Flegr 2008, 2010,
2013, 2015).

The first of these two processes follows from the fact that
various organismal traits exhibit varying degree of evolv-
ability, which is based on the specificity of their genotype-
phenotype mapping. This genetic architecture, i.e. a sort of
transducer between genotype and phenotype, and, conse-
quently, the evolvability of traits may change during evolu-
tion. It follows from the principle of SBS that more stable
traits with limited evolvability and their groups will accu-
mulate during the existence of evolutionary lineages. The
character and common features of macroevolutionary freez-
ing traits were described elsewhere in considerable detail
(Toman and Flegr 2018). In this place, we can summarise
that macroevolutionary freezing traits are generally coded by
a high number of strongly integrated genes. Such genes are
usually also essential for multiple processes, deployed in the
early stages of individual development and phylogenetically
older. These are, for example, the genes that govern basic
metabolic pathways in the cell, mitosis, meiosis, or early
stages of the development of multicellular body (e.g. polari-
zation of body axis, regionalization etc.) (Riedl 1977, 1978;
Schank and Wimsatt 1986; Galis and Metz 2001; Wimsatt
and Schank 2004; Wimsatt 2013, 2015). As a result, evolv-
ability should be (at least theoretically) irreversibly decreas-
ing in all evolutionary lineages (Flegr 2008, 2010, 2013,
2015; Shcherbakov 2012; Toman and Flegr 2017b, 2018).2

The idea that the ultimate outcome of biological evolu-
tion is stasis, or, more plainly, that evolution is going to
end, sounds quite radical (although it was proposed, e.g. by
Shcherbakov 2012). Nevertheless, it is clear that the whole
process is not so simple (see, e.g. Toman and Flegr 2018).
In the first place, there are some traits coded by one gene
or a small number of genes (e.g. hair colour) that are highly
evolvable (not very burdened in the Riedl’s 1977, 1978,
sense) and considerably resistant to evolutionary freezing.

2 Note that major innovations, including meta-adaptations that
increase variability (e.g. sexual reproduction), may still originate,
albeit with a very low probability. Moreover, smaller adaptations that
may later become important exaptations (preadaptations) still origi-
nate with considerable probability (at least initially, see the section
“Transition to a Higher Level of Complexity” and Toman and Flegr
2018).
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More importantly, evolvability in general probably does
not simply decrease, but also gets to some extent optimised
during its evolution. To a considerable degree, genetic
architecture evolves to most effectively reflect the structure
of a phenotype and the environment with all its selective
pressures (Riedl 1977, 1978; Wagner and Altenberg 1996;
Kirschner and Gerhart 1998; Turney 1999; Pigliucci 2008).
On the one hand, this reduces the risk of lethality or del-
eteriousness of mutations, or even increases the probability
that a mutation will be adaptive. This reduces the number
of mutations necessary to produce an adaptive phenotype.
On the other hand, the same process strongly constrains the
origin of major evolutionary innovations. By accumulating
constraints that channel the depth and character of further
possible evolutionary reactions, the evolution of evolvability
optimises microevolution at the expense of macroevolution.
In other words, evolvability on the lower level (in the sense
of the ability to respond to selective pressures of natural
environment) increases at the cost of decreasing evolvability
on the higher level (in the sense of the (macro)evolution-
ary potential, or the ability to produce major evolutionary
innovations) (Wagner and Altenberg 1996; Pigliucci 2008;
Toman and Flegr 2018).

This sounds rather abstract, but it is similar to the way
that we adapt in our lives. For example, after moving to
a new city (evolution of evolvability and learning are, in
fact, intriguingly similar phenomena, see, e.g. Watson and
Szathmary 2016). At first, we are totally unaware about the
layout of the city. We explore new routes every day with a
high probability of experiencing something new—discover-
ing a new shop, making a new friend, finding whole new
neighbourhood, driving through a dangerous road crossing,
or even getting stabbed in a back alley. In time, we learn
our routines. Sometimes we do something “new”, but this
is usually only iteration of something we are already used
to doing (i.e. visiting a new shopping centre). This makes
us more effective in daily life, more easily able to adapt to
“new” but familiar things, and much less likely to experience
any inconvenient “adventures”. However, it also reduces the
probability of finding or experiencing something genuinely
unexpected.

It seems that the most common way that organisms opti-
mise their evolvability is by structuring further unchangeable
(or only narrowly changeable) natural groups of genes with a
closely related influence on phenotype into internally largely
unchangeable quasi-independent modules. Such modules are
characterised by strong pleiotropic links within the module
and weaker linking in relation to its surroundings. There-
fore, these (developmental, morphological or functional)
modules can be duplicated in evolution. The duplicates can
be individually regulated and deployed (to a considerable
degree) independently in different settings, i.e. on different
locations of the body or at different developmental phases

(Simon 1962; Lewontin 1978; Schank and Wimsatt 1986;
Bonner 1988; Wagner and Altenberg 1996; McShea 2000;
Schlosser 2002, 2004; Schlosser and Wagner 2004; Calle-
baut and Rasskin-Gutman 2005; Melo et al. 2016). This is
corroborated by the fact that a large number of developmen-
tal genes, their modules, and signalling pathways are shared
in nearly identical state—even among phylogenetically very
distant lineages. Schlosser (2004), for example, stresses this
evolutionary-developmental pattern and lists a broad array of
gene regulatory (transcriptional regulation), signalling (e.g.
hedgehog, TGFp, Wnt, receptor tyrosine kinase, or Notch
pathways), or positional (e.g. Hox or Pax genes) modules
that are shared among large groups of metazoans. Evolu-
tion based on the combination and regulation of semi-inde-
pendent modules is sometimes compared to playing with a
Lego building kit. Using relatively few types of essentially
unchangeable modules, it enables construction of extremely
variable outcomes.

However, even organismal modularity cannot stop macro-
evolutionary freezing in the long term. SBS acts on all lev-
els. Therefore, it causes macroevolutionary frozen elements
(in this case higher order integrated modules consisting of
the genes and modules of the lower level) to accumulate
even on the higher level of the modular organism. On this
level, the process of macroevolutionary freezing is expected
to manifest as a gradual specialization and integration of
the initially modular organismal build. An excellent mac-
roevolutionary example of this process is the evolution of
arthropod appendages. A series of identical modules (that
probably originated by multiple copying of the same mod-
ule) differentially specialized in various arthropod groups
(see, e.g. Shubin et al. 1997). Some of them gained locomo-
tory function, others serve for reproduction, etc. Different
groups of these modules integrated (e.g. because they serve
for a common function) and formed evolutionary modules of
a higher level (see, e.g. Schlosser 2004). These modules of
a higher order are bound internally by numerous pleiotropic
interactions, they share morphogens that specify their devel-
opment (e.g. Hox genes), etc. This renders them less evolv-
able internally. For example, it is not easy to change the right
leg without changing the left one and compromising the
locomotory function, An extreme example of this is when
several initially (semi)independent appendages in the ante-
rior part of the body became highly integrated and formed
mouthparts (see, e.g. Hughes and Kaufman 2002, or; Auman
and Chipman 2017 on genetics of arthropod development).
Note that similar integration may proceed indefinitely. It may
proceed because it is adaptive, but also for purely random
reasons—for example, when a new selectively neutral inter-
connection among modules arise. As a general consequence
of this process, modularly structured organisms are expected
to decrease their (macro)evolutionary potential in the long
term as well (Toman and Flegr 2018).
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It can be argued that lineages maintaining relatively high
(macro)evolutionary potential are initially advantageous in
species selection. This makes them less prone to extinction
when the conditions change and more likely to split off into
significantly distinct daughter species that would be able to
colonize new areas of ecophenotypic space, or even undergo
adaptive radiations under such conditions. It would make
them displace more “frozen” lineages and ultimately stop
macroevolutionary freezing on a global level. However, spe-
cies selection based on the highest remaining (macro)evo-
lutionary potential probably cannot stop macroevolutionary
freezing. The reason is that SBS proceeds in all lineages
simultaneously and most changes that reduce (macro)evo-
lutionary potential probably remain under the resolution of
species selection,

As we outlined above, different genes, modules and traits
are differentially evolvable. Some of them may change easily
in evolution. From time to time, however, integrated units
that cannot be easily changed emerge. The first problem
(from the viewpoint of adaptive evolution) is that such evo-
lutionary frozen units may be advantageous in the individual
selection. This can be because they are adaptive, and because
they are not easily evolvable. (It was proven that the evolv-
ability of a trait correlates with its developmental robustness
and that developmental robustness might be highly advan-
tageous in the individual selection, see, e.g. Pavlicev and
Wagner 2012). In case the frozen elements gravely reduced
the evolvability of a species, they would probably be eas-
ily eliminated by species selection. This might be the case
of some uniform taxa with low phenotypic disparity and
species diversity, such as modern lungfish (Dipnoi) (Lloyd
etal. 2012). However, most of the macroevolutionary frozen
units probably reduce only one aspect of evolvability—the
(macro)evolutionary potential of evolutionary lineages. They
likely do it very moderately (for example, binding together
the development of eyes and pigment patches on Heliconius
butterfly wings by co-option of the eye selector gene optix,
see Monteiro 2012). Any individual advantage stemming
from their presence would therefore trump any long-term
disadvantage stemming from the reduction of (macro)evo-
lutionary potential (because individual selection is stronger
than species selection, see Williams 1966). The second (and
more important) problem, is that most of the macroevolu-
tionary frozen units probably appear selectively neutral in
the short term under most circumstances (birds, for exam-
ple, seem morphologically rather constrained but reached
immense diversity, see, e.g., Dececchi and Larsson 2013).
Therefore, they accumulate in the history of evolutionary
lineages purely based on their stability. Whereas other pos-
sible configurations change constantly, macroevolutionary
frozen units persist. In other words, minor decreases of
(macro)evolutionary potential probably remain (especially
in sexual eukaryotic organisms, as will be shown later) under
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the resolution of species selection, and gradually accumulate
(Toman and Flegr 2018).

The decreasing of the (macro)evolutionary potential may,
in fact, be a process similar to the accumulation of slightly
deleterious mutations by the principle of Muller’s ratchet
in realistically sized populations of asexual species (Toman
and Flegr 2018). Muller’s ratchet cannot be easily stopped
in finite populations because most of the mildly deleterious
mutations remain under the resolution of individual selec-
tion and new mutations appear in all individuals (Muller
1964). Analogically, our “macroevolutionary ratchet”” cannot
be stopped because most of the macroevolutionary frozen
elements remain under the resolution of species selection
and various macroevolutionary frozen elements originate
in all lineages simultaneously.’ It has been proven that the
accumulation of deleterious mutations may lead to a consid-
erable decrease of fitness, or even a complete non-viability
of the affected population (Chao 1990). It is, therefore, con-
ceivable that the accumulation of macroevolutionary fro-
zen elements may lead to a comparably severe decrease in
(macro)evolutionary potential.

To sum up the previous section, the process of macroevo-
lutionary freezing seems to be effectively irreversible under
normal conditions (later in the paper, we will note several
specific ways that evolutionary lineages can avoid decreasing
their (macro)evolutionary potential or even restore it) and
continue even on the higher level of whole genetic modules.

The second SBS-driven process that may cause an irre-
versible decrease of (macro)evolutionary potential brings
us from the field of macroevolution and evolutionary devel-
opmental biology to the realm of microevolution and popu-
lation genetics. This process is based on the SBS-driven
accumulation of alleles and their groups, which are kept in
stable frequency in the gene pool of a species by some form
of the frequency-dependent selection. When the negative
dependence of fitness of a particular allele on the frequency
of another allele (of the same or another gene) is steep
enough, the allele cannot be fixed or eliminated by positive
selection. Alleles with these properties probably originate
by mutagenesis in relatively low frequency. However, they
continuously accumulate in the populations via the process
of SBS. Due to the complex genetic architecture of modern
organisms (namely due to pleiotropy, i.e. the effect of one
gene on many traits, and epistasis, i.e. the effects of many
genes on the same trait), even a small number of alleles
with a frequency dependent effect on fitness may stabilise

3 The problem of Muller’s ratchet has been heavily studied, point-
ing especially to the importance of the form and strength of epista-
sis among slightly deleterious mutations. Mutual interactions among
freezing genes, modules and traits, as well as their consequences for
evolvability in general therefore may also be of great importance for
the study of the “macroevolutionary ratchet”.
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the composition of a whole gene pool, and by this make the
population resistant to natural selection of usual strength
(Flegr 1998, 2010).

We are limited by the maximal length and scope of this
paper, but we can illustrate the nature of these alleles with
several brief examples. A recessive HBB allele for sickle
cell disease is relatively benign in heterozygous condition.
On the other hand, it significantly impairs human health in
homozygous condition. However, both homozygotes and
heterozygotes have a significantly elevated resistance to
malaria. Providing protection from one of the most danger-
ous parasitoses, the frequency of the allele for sickle cell
disease elevates in areas with abound Plasmodium falcipa-
rum. However, when the frequency of this allele rises too
much, a disproportionate fraction of nonviable homozygotes
is born. Therefore, it is kept in the polymorphic condition
with the frequency of both alleles closely following the risk
of the exposure to the parasite. The heterozygous advantage
is only one special type of frequency-dependent selection.
Other examples are, for example: the presence of colour
polymorphisms in prey under predation pressure, the fre-
quency-dependent fitness of various MHC variants under
the pressure of parasites and pathogens (see, e.g. Ridley
1994), or the frequency-dependent sexual success of three
male morphs of the lizard Uta stansburiana (Sinervo and
Lively 1996).

As is predicted by the Frozen Plasticity Theory (FPT)
(Flegr 1998, 2008, 2010, 2013; Toman and Flegr 2017b,
2018), the evolutionary theory describing the microevolu-
tion of sexual species and specific aspects of their adap-
tive evolution, the effectively irreversible accumulation of
polymorphic alleles should be predominantly related to the
diploidy of sexual species. In asexual species, the diploidy
is not stable, as one of the gene copies in a locus is always
inactivated by mutations. On the other hand, many genes can
be sustained in the polymorphic state in diploid organisms
due to their context-dependent fitness value, heterozygote
advantage, and other forms of frequency-dependent selec-
tion. According to punctuationalist evolutionary theories
formulated by Wright, Mayr, Carson, Templeton, Eldredge,
and Flegr (see Flegr 2013), some of these polymorphic
alleles may get fixed or eliminated during specific periods
of a species’ evolution. Under FPT, this is expected to be
possible after a major non-selective reduction in popula-
tion counts followed by a long period of survival in small
population dominated by genetic drift and ended by a rapid
inflation of the population. (Complicated at first sight, this
is in fact a typical situation accompanying successful colo-
nization of a new island and subsequent speciation). In such
a situation, a population can start to transiently respond to
selection until new alleles with frequency-dependent effects
on fitness accumulate in its gene pool. From the viewpoint of
(macro)evolutionary potential, it is important that some of

the polymorphic alleles would require such a radical reduc-
tion in population counts and/or such long survival at such a
low number of individuals that they cannot be fixed or elimi-
nated under any realistic conditions. Therefore, they would
only accumulate in the gene pool of the evolutionary lineage
and reduce its ability to respond to directional selection.

It should be also noted that Toman and Flegr (2018)
have proposed that it is possible that such alleles may act as
persistent “crystallization cores” around which modules of
functionally interconnected genes can form. Moreover, poly-
morphism in a large and still growing number of genes that
increase the diversity of genetic background may increase
the pressure on robusticity of development (Von Dassow and
Meir 2004, Wimsatt 2013) and thus further accelerate the
accumulation of any (macro)evolutionary frozen elements
(Toman and Flegr 2017b, 2018).

Both aforementioned processes proposed to reduce
(macro)evolutionary potential were documented in particular
studies (summarised, e.g. in Flegr 1998, 2008, 2010, 2013,
2015; Toman and Flegr 2017b, 2018). Whereas irreversibly
polymorphic alleles (second process) accumulate almost
exclusively in sexual species (see Flegr 2015), more stable
elements of genetic architecture (first process) could theo-
retically accumulate even in the evolution of asexual spe-
cies. This raises the question as to whether we should expect
(macro)evolutionary potential to decrease in all evolutionary
lineages, or whether is this trend restricted to sexual clades.
Equally important queries can be made as to its possible
consequences such as increasing hierarchical complexity. In
our opinion, the restriction of the trend to sexual clades is
more probable. The reason is that asexual (overwhelmingly
prokaryotic) species usually have large populations that are
characterised by strong individual selection. Moreover, indi-
vidual selection is de facto analogous to species selection in
asexual organisms because each of their members establish
his own asexual evolutionary lineage. Consequently, spe-
cies selection is strong enough in these groups to effectively
select lineages with the highest remaining (macro)evolution-
ary potential and to stop (or at least considerably slow down)
macroevolutionary freezing.

If we return to the example with Muller’s ratchet, asex-
ual organisms might be in the same position as prokary-
otes in the Muller’s concept. Prokaryotic populations are
large enough for individual selection to detect and eliminate
even very slightly deleterious mutations and effectively stop
Muller’s ratchet. Species selection in (most) asexual organ-
isms might be strong enough to detect and eliminate frozen
elements that reduce their (macro)evolutionary potential
only very slightly and effectively stop “macroevolution-
ary ratchet” (Toman and Flegr 2018). Macroevolutionary
freezing and the accompanying phenomena thus should be
characteristic of eukaryotic sexual organisms and, as we sug-
gested above, it is possible that they are more prominent in

@ Springer

134



380

Evolutionary Biology (2018) 45:374-394

those of their representatives that are endowed with complex
multilevel genetic architecture, i.e. especially complex mul-
ticellular animals.

Transition to a Higher Level of Complexity

SBS thus causes further effectively unchangeable compo-
nents of genetic architecture to accumulate effectively irre-
versibly (especially) in sexual eukaryotes. Are there any
ways out of this “dead end”? One possibility is to organ-
ise genetic architecture differently. It has been repeatedly
suggested that organisms may be organised on a different
(macroevolutionary possibly more perspective) basis than
the macroevolutionary freezing modular arrangement. How-
ever, empirical studies show that modular organisation com-
pletely dominates among complex organisms with elaborate
adaptations. This is probably due to the fact that it brings
substantial short to medium term natural advantages over
other ways of forming and operating organisms (see Carroll
2001; Toman and Flegr 2018).

It follows that, statistically speaking, the (macro)evo-
lutionary potential should only be decreasing in the long
term. Let us start with a simple, possibly unrealistic, exam-
ple that takes this into extreme consequences (Toman and
Flegr 2017b, 2018). Every clade (including clades of high
taxonomic rank such as eukaryotes or metazoans) has mini-
mal diversity and disparity at the beginning. The number of
species and phenotypic disparity, as well as the number of
different phenotypically distinct clades, later described as
higher taxa by paleotaxonomists, then grow. However, as
particular (sub)lineages go extinct over time, newly origi-
nated species (the potential founders of new evolutionary
lineages) in the remaining (sub)lineages differ in a low and
still decreasing percentage of increasingly derived and less
essential traits. Species diversity of the whole clade does
not necessarily decrease. In fact, it may even grow for a con-
siderable time, producing variations on the gradually freez-
ing phenotypic motive. This may be the reason we observe
increasing species diversity in Phanerozoic (see, e.g. Smith
2007). Disparity of the clade, however, decreases. Strange at
first sight, similar trends were in fact documented in numer-
ous clades (see “General Discussion™).

Setting aside other factors, eukaryotic clades should be
gradually abandoning large areas of morphospace. In some
cases, their places can be occupied by other, perhaps even
completely unrelated, clades, in which the (macro)evolution-
ary freezing has not yet gone so far, or which have main-
tained sufficient developmental plasticity or evolvability in
traits relevant for adaptation to the current environment. In
the long run, however, the(macro)evolutionary potential of
all sexual lineages approaches zero (see the previous section
“Macroevolutionary Freezing”). The decreasing probability
of producing major evolutionary novelties associated with
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the sorting out of more persistent species should also mani-
fest by changing the dynamics of their evolution. A large
and still growing percentage of traits should become more
or less unchangeable and evolution should gradually limit
itself to small peripheral changes. In the end, Earth should
be inhabited only by several universal and broadly distrib-
uted or obscure and distinctly stable environment inhabit-
ing sexual eukaryotic clades. However, even these clades
would ultimately succumb to a sufficiently large fluctuation
of environmental condition, leaving the Earth to prokary-
otes and possibly several lineages of ancient asexual eukary-
otic organisms (Toman and Flegr 2017a). These organisms
would probably be prone to macroevolutionary freezing and
maintain their (macro)evolutionary potential.

In such a situation, lineages capable of restoring their
(macro)evolutionary potential would have a great advantage
over macroevolutionary more frozen lineages. We com-
mented on the processes that may stop evolutionary freezing
or even restore (macro)evolutionary potential thoroughly in
Toman and Flegr (2018). Since particular traits and mod-
ules differ in the depth of their freezing, some of them may
probably rarely loosen their inner links and “thaw” (see,
e.g. Melo et al. 2016). This may be facilitated by a small
population size, a relaxation of selection, a redundancy,
and other factors that were summarised, e.g. in Toman and
Flegr (2018). Such an event could happen, for example, at
the beginning of angiosperm (Magnoliophyta) evolution. It
is likely that the enormous success of this plant group was
enabled by their ability to quickly and operatively change
the size of their genome. Although the original purpose
of this ability is unknown, a subsequent “miniaturization”
of genomes, nuclei and cells of some angiosperm lineages
lead to a more elaborate leaf morphology and an improved
effectiveness of photosynthesis. This has resulted in their
expansion to almost all conceivable habitats beginning in the
Cretaceous period (Simonin and Roddy 2018). One possible
alternative may be a heterochronic change in development
(e.g. neoteny) that has the potential to release some mod-
ules from their functional links for other purposes. These
events were documented in the evolution of several taxa (e.g.
the famous Axolot! but also many other, see Raff and Wray
1989). Moreover, as was pinpointed by one of our reviewers,
many cases of simplified interstitial meiofauna indicate that
it might be a relatively frequent mode of evolution (West-
heide 1987). More radical cases of such events (i.e. devel-
opmental changes that would lead to “thawing” of even very
deeply macroevolutionary frozen modules or traits) are usu-
ally associated with fundamental simplification of individual
development (i.e. sacculinization). Radical simplifications of
development might play an important role in the evolution
of Rhizocephala (Glenner and Hebsgaard 2006), Myxozoa
(Canning et al. 2004), or biting- or sexually-transmitted
mammalian cancers (Murchison 2008).
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Although we know of several occasions in which the
above-mentioned processes took part in evolution, it seems
that none of them can completely stop macroevolutionary
freezing in the long term. Evidence supporting this conclu-
sion is mainly empirical. Although current major success-
ful taxa are probably descendants of lineages that managed
to produce a major evolutionary innovation or simplify
their development, disparity in many of them, as well as
higher eukaryotic taxa such as metazoans, was shown to
be generally decreasing (see “General Discussion™). The
reason is that the probability of evolutionary “thawing” is
inversely proportional to the degree of macroevolutionary
freezing of the module. (This is imperative; if it does not
apply, macroevolutionary frozen entities would not be stable,
persistent, and would not accumulate via SBS in the first
place). Weakly frozen traits and modules may “thaw” rela-
tively easily. Deeply frozen ones, however, remain basically
unchangeable and accumulate. Considering sacculinizations,
these events are probably very rare. We do not know any
large, diverse and successful eukaryotic lineage that would
have originated this way. These macroevolutionary events
thus probably have only a limited role in evolution. If we
return to the comparison with Muller’s ratchet one more
time, the processes mentioned above can be analogized
with rare reverse mutations in Muller’s case. Mutations that
restore the original function of a defective allele are pos-
sible. The same counts for changes that restore the (macro)
evolutionary potential of the evolutionary lineage. However,
both of these events are probably so rare that they do not
play major role in evolution.

In our opinion, the only way to completely and at least
temporarily restore (macro)evolutionary potential is through
a transition to a hierarchically higher level, which makes the
entity of the original level a limitedly changeable module
within a new (macro)evolutionary potent whole.” The organ-
ism of the higher level is thus naturally modular (Carroll
2001). Macroevolutionary frozen units, i.e. quasi-independ-
ent modules, then can be to a large degree independently
regulated, multiplicated, combined, or deployed in different
places, in different times, or different contexts by a higher-
level individual (Simon 1962; Lewontin 1978; Schank and
Wimsatt 1986; Bonner 1988; Wagner and Altenberg 1996;
McShea 2000; Schlosser 2002, 2004; Schlosser and Wag-
ner 2004; Callebaut and Rasskin-Gutman 2005; Melo et al.
2016).

Various transitions to a higher level of organisation sig-
nificantly differ. Some of them are natively less burdened

4 We are aware that this might be a bold claim. It could be—and
should be—debated. Especially in the light of the evolutionary pro-
cesses that can theoretically restore (macro)evolutionary potential or
at least slow down the macroevolutionary freezing mentioned above.

by constraints, and thus evolutionary more perspective than
others (Nedelcu and Michod 2004; Calcott 2008). However,
under normal circumstances, a transition to a hierarchically
higher level is usually a relatively risky endeavour that is
under the threat of breakdown from many directions. The
initial, usually not very significant, benefits may not out-
weigh the risks associated with a transition to a higher level
(Michod 2000, 2007; Queller 2000; McShea 2001a; Michod
and Nedelcu 2003; Michod and Herron 2006; Calcott 2008;
Godfrey-Smith 2009; Queller and Strassmann 2009; Corn-
ing and Szathmary 2015). The risk of selfish behaviour of
individual parts at the expense of the whole is especially
noteworthy. Therefore, long-term stable and successful tran-
sitions to a higher level are relatively rare (see, e.g. Novak
1982; Szathmary and Maynard Smith 1995; McShea 1996,
2001a, b, 2015; Pettersson 1996; Knoll and Bambach 2000;
Michod 2000; Calcott and Sterelny 2001; McShea and Simp-
son 2001; McShea and Changizi 2003; Jablonka and Lamb
2006; Okasha 2006; Marcot and McShea 2007; Maynard
Smith and Szathmary 2010, 2015; Bouchard and Huneman
2013; Buss 2014; Corning and Szathmary 2015). However,
the perpetually decreasing (macro)evolutionary potential on
one level causes a constantly growing pressure favouring
entities with (if only very slightly) restored (macro)evolu-
tionary potential. In a situation when this factor decreases
to a critical point at one level, even a momentarily very
suboptimal but evolutionary viable solution associated with
restoration of (macro)evolutionary potential—transition
to a higher level of hierarchical complexity—may become
competitive.

However, SBS that leads to macroevolutionary freezing
acts even on the new, hierarchically higher, level of organi-
sation. Although one of the sources of irreversible (macro)
evolutionary freezing—the accumulation of irreversibly
polymorphic alleles and their groups—acts only on the level
of populations of sexual species (see the section “Macro-
evolutionary Freezing”), the second source of macroevo-
lutionary freezing—the accumulation of stable elements of
genetic architecture—applies to all levels. This should not
be surprising. It is the nature of SBS to accumulate further
unchangeable parts on all levels of all systems regardless
of their nature. Consequences of this process can be more
interesting.

In time, a modular organism of a higher level may del-
egate many functions of initially identical subunits only to
some of them. For example, a newly originated multicellular
organism (i.e. volvocine algae) initially consists of many
identical cells. However, a lot of essential organismal pro-
cesses can be maintained only by one or few cells. Some
cells may thus specialise for these purposes (i.e. reproduc-
tion, digestion, movement etc.), whereas the same function is
lost in other cells who are free to specialise differently (Ned-
elcu and Michod 2004). As a result, the mutual diversity
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of subunits (or, from the viewpoint of the whole organism,
the variability among its subunits) grows at the next lower
level of a modular organism (Lewontin 1978; Bonner 1988,
1998; Wagner and Altenberg 1996; McShea 2000, 2002,
2015; Schlosser and Wagner 2004; Callebaut and Rasskin-
Gutman 2005; McShea and Anderson 2005). Note that this
does not count only for multicellular organisms or organ-
isms of this hierarchical level. It applies to organisms of all
subsequent levels of organismal complexity, from simple
unicellular eukaryotes to colonies of eusocial insects. Even
neutral mechanisms such as Zero Force Evolutionary Law
(McShea and Brandon 2010) contribute to this process of
increasing variability among subunits—they may also diver-
sify as a result of pure chance.

However, as modules at the next lower level specialise,
they establish new functional interconnections. Those inter-
connections that are further unchangeable accumulate by
SBS. Modules gradually form a complex web of functional
links, whereas those integrated wholes that reach higher per-
sistence (i.e. become integrated by effectively unbreakable
interconnections), will preferentially accumulate. Modules
become less and less (semi)independent and the originally
modular organism integrates. Just as on the lower hierarchi-
cal level before, this process is probably effectively irrevers-
ible. (Macro)evolutionary potential on this level decreases
again, and when it reaches a critical level, even suboptimal
organisms of the new, even higher, level of hierarchical com-
plexity get the advantage (see Fig. 1). Moreover, it cannot be
ruled out that the resulting increasingly complex multilevel
genetic architecture that is characteristic of many functional
interconnections on the current level (and among different
levels) further accelerates macroevolutionary freezing on
every subsequent level (see, e.g. the model of Thomas 2005).

We can only speculate as to whether this complication
of organismal structure and function will continue indefi-
nitely, or whether organisms may eventually reach their
limits, become indifterent to selectional pressures, and
stop restoring their (macro)evolutionary potential (Bonner
1988; Carroll 2001; Wimsatt 2013). As was mentioned by
one of our reviewers, it seems that there could be an upper
limit, because we don’t see any super—super organisms,
e.g. colonies of colonies, integrated enough to qualify (at
least theoretically) as individuals. Moreover, such enti-
ties are hardly even imaginable. On the other hand, this
scepticism may result only from our lack of creativity. It
was documented that in some organisms, e.g. in the ant
Linepithema humile, loosely arranged supercolonies are
slowly emerging (Human and Gordon 1996). In a similar
manner, human societies become integrated on a grow-
ing number of levels (states, federations of states etc.).
These higher-level entities surely do not qualify as indi-
viduals, but it somehow urges us to be cautious. It is not
set in stone that super-superorganisms or organisms of
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HIERARCHICAL COMPLEXITY

Fig. 1 Schematic representation of the trend of increasing maximal
hierarchical complexity according to FET. Reaching a higher hierar-
chical level of organization is advantageous because of the temporary
restoration of (macro)evolutionary potential that otherwise gradually
decreases on every level. For the same reason, the overall disparity
of numerous groups on the lower level could have been higher in the
past compared to the present (a see also “General Discussion™). Not
cvery evolutionary attempt to establish an organism of higher hier-
archical level is equally successful; many such attempts could end
up being evolutionary nonviable or marginal in the long term (b)
because organisms on the original level still retained enough (macro)
evolutionary potential or because the organisms of the higher level
were loaded with a number of constraints that severely limited their
further evolution. Reversals to a lower level of hierarchical organi-
zation (c) are possible but, based on the available evidence (see
“Results and Discussion” or Toman and Flegr 2018), seem to be very
rare in the history of life on Earth. The transition from hierarchical
level O to level I (i.e. the origin of eukaryotic cells) corresponds to the
egalitarian transition in individuality. The transition from level I to
level II (i.e. the origin of simple multicellular organisms) corresponds
to the fraternal transition in individuality. The third transition (i.e.
the origin of complex multicellular organisms with modular genetic
architecture and development) corresponds to the internal modulari-
zation. The last depicted transition (i.e. the origin of colonial or euso-
cial complex multicellular organisms) corresponds to the fraternal
transition in individuality. Note that this is only a schematic represen-
tation, i.e. it does not follow the evolution of any particular lineage
and does not make any claims about the proportions of the three ways
to increase hierarchical complexity or the overall number of the lev-
els of hierarchical complexity (those that are depicted, 0 to IV, surely
need not be comprehensive)

even higher hierarchical levels are impossible, or that they
would resemble any organism already present on Earth.
Could we imagine eusocial insects with their specialized
castes, complex life strategies and complicated mounds if
we did not know them? In any case, transitions to a new
level repeated many times, especially in the evolution of
sexual eukaryotic organisms (as was described, e.g. by
McShea 2001b).
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Various Types of Transitions

The first way through which an organism can achieve
a higher level of hierarchical complexity was de facto
described in the section “Macroevolutionary Freezing”. It
is the internal modularisation of an organism that is based
on the establishment of genetic, strongly interconnected
modules that are to a considerable degree unchangeable,
but independently regulable, repeatable, combinable, and
deployable. This results in the modular character of an
organism on physiological, morphological and other lev-
els. The proximal reasons of modularisation (which is inti-
mately connected to the evolution of evolvability), the direct
mechanism of the origin of modules and, eventually, the
involvement of various ways of modularisation are beyond
the scope of this article (see, e.g. Lewontin 1978; Wagner
and Altenberg 1996; McShea 2000, 2002; Schlosser 2002;
Schlosser and Wagner 2004; Callebaut and Rasskin-Gutman
2005); it was also summarised in Toman and Flegr (2018). It
is, however, important to note that both selection on multiple
levels and SBS may play important roles in this process.

In most cases, internal modularisation probably happens
through multiple duplications of the original modules. This
occurs at lower levels of hierarchical complexity represented
by genes (as was summarised, e.g. by Wagner and Altenberg
1996), and at higher levels of hierarchical complexity rep-
resented by whole (genetic, physiological, morphological,
developmental etc.) modules. It broadly corresponds to the
origin of modularity by the process of parcellation (loosen-
ing of interconnections in a tightly integrated whole). This
process should manifest externally by the origin of organis-
mal genetic modularity, and, in multicellular animals, also
by the origin of developmental modules such as body seg-
ments or appendages that reflect the modular organisation of
the genotype-phenotype map (Wagner 1989a, b). At every
level, however, we should expect a subsequent integration
(creating new interconnections among elements at a given
level) of the modular character (see the section “Transi-
tion to a Higher Level of Complexity™) and the formation
of higher-level modules of organisation (see McShea 2002,
2015; McShea and Anderson 2005). This mode of transition
to a higher level of complexity may repeat several times in
the evolution of the lineage, which leads to the complication
of its genetic architecture. It has already been suggested by
some authors that the processes of parcellation and integra-
tion may regularly alternate at neighbouring hierarchical
levels (Wagner and Altenberg 1996; Kirschner and Gerhart
1998; Eble 2005). This is a nontrivial pattern that was, at
least to our knowledge, never satisfactorily explained. It is,
however, predicted by our theory as a natural consequence
of macroevolutionary freezing and the restoration of (macro)
evolutionary potential. An extreme example of the rebuild-
ing of genetic architecture is the duplication of the whole

genome. Such events are relatively frequent in certain evo-
lutionary lineages and could play a key role, e.g. in potenti-
ating early evolution of vertebrates (Vertebrata) of actinop-
terygian fish (Actinopterygii) (Meyer and Van de Peer 2005).

Evolutionary entities may also reach a new hierarchical
level of organisation and restore their (macro)evolutionary
potential on the higher level by combining several originally
separate entities of the lower level. The remaining two ways
thus correspond with two types of transitions in individual-
ity—fraternal and egalitarian (Queller 1997, 2000).

Fraternal transition in individuality is based on either
the multiplication of identical or nearly identical entities of
the lower level, e.g. closely related individuals, the progeny
of one individual, or clones (Queller 2000). This transition
in individuality might play a role in the formation of cells,
specifically the formation of compartments consisting of
the same molecules. Beyond that, it is the process through
which the colonies of prokaryotic and eukaryotic unicel-
lular organisms originate, as well as various forms of mul-
ticellular organisms, their colonies, and eusocial organisms
(see, e.g. Novak 1982; McShea 1991, 1994, 2001b; Szath-
mary and Maynard Smith 1995; Pettersson 1996; Knoll and
Bambach 2000; Michod 2000; Calcott and Sterelny 2001;
Jablonka and Lamb 2006; Okasha 2006; Calcott 2008;
Maynard Smith and Szathmary 2010, 2015; Bouchard and
Huneman 2013; Corning and Szathmary 2015). The close
relation of entities that constitute the higher-level individual
brings specific advantages but also specific disadvantages.
The immediate advantage is a lower risk of intraindividual
conflict that follows from the close relation of constituting
entities (see, e.g. Michod 2000, 2007; Queller 2000; Michod
and Nedelcu 2003; Michod and Herron 2006; Calcott 2008;
Godfrey-Smith 2009; Queller and Strassmann 2009; Corning
and Szathmary 2015). The major problem of such higher-
level entities is their weak initial advantage over lower-level
individuals (see, e.g. Calcott 2008). This advantage, if any,
apparently results mainly from body enlargement and the
economics of scale (see, e.g. Bonner 1988, 1998; Queller
1997). Secondarily, the selective specialisation (i.e. separa-
tion of germinal lineage, or general division of labour and its
synergistic effects) of the elements composing the composite
entity may occur (see, e.g. Bonner 1988, 1998, 2003; Szath-
mary and Maynard Smith 1995; Queller 1997; Calcott 2008;
Maynard Smith and Szathméary 2010, 2015; Simpson 2012;
Corning and Szathmary 2015). Regardless of this, another
major advantage that would manifest, especially in species
selection, over the longer term may result from the restora-
tion of (macro)evolutionary potential.

An egalitarian transition in individuality is based on
the combination of two or more different entities of the
lower level, not exclusively organisms from very remote
evolutionary lineages (Queller 2000). Generally, it is the
case of all symbioses and symbiogenetic events. From the
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macroevolutionary point of view, the origin of endosymbi-
otic organelles (and probably also the nucleus) seems to be
the most important of these events (see, e.g. Szathmary and
Maynard Smith 1995; Pettersson 1996; Knoll and Bambach
2000; Michod 2000; Calcott and Sterelny 2001; McShea
2001b; Sterelny 2004; Jablonka and Lamb 2006; Okasha
2006; Queller and Strassmann 2009; Maynard Smith and
Szathmary 2010, 2015; Bouchard and Huneman 2013;
Corning and Szathmary 2015). This transition could also
play an important role in the early evolution, specifically
during the formation of compartments consisting of differ-
ent molecules, or chromosome consisting of linked genes.
In contrast to the previous case, the advantages and draw-
backs of egalitarian transitions in individuality stem from
the unrelatedness of the constituting entities. The major
initial advantage lies in the combination of different func-
tions and properties, i.e. the division of labour and further
synergistic interactions. A further advantage may stem from
the restoration of (macro)evolutionary potential. The major
problem is probably the control over conflicting interests of
unrelated individuals that can be ensured by a fair distribu-
tion of reproduction allocations and enforced by their mutual
dependence (see, e.g. Szathmary and Maynard Smith 1995;
Michod 2000, 2007; Queller 2000; Michod and Nedelcu
2003; Michod and Herron 2006; Calcott 2008; Godfrey-
Smith 2009; Queller and Strassmann 2009; Maynard Smith
and Szathmary 2010, 2015; Corning and Szathmary 2015).
Therefore, it can take some time for egalitarian entities to
evolutionary merge, integrate and start producing common
propagules.

General Discussion: The Context of Frozen
Evolution Theory

“Evolutionary Syndrome” and Related Phenomena

As was mentioned in Introduction, several accompanying
phenomena are clearly associated with the global trend of
increasing maximal hierarchical complexity. These phenom-
ena correlate with the aforementioned trend on a macro-
evolutionary scale, but their mutual relationship is unclear,
These are especially: (1) an increasing number and differ-
entiation of parts at the next lower hierarchical level that
follows transition to a higher level, and (2) a radical decrease
of complexity on this level and all lower levels (i.e. their
machinification) (Schank and Wimsatt 1986; McShea 2002,
2015; McShea and Anderson 2005). The coincidence of
these three phenomena is so noticeable that McShea (2015)
labelled it an “Evolutionary Syndrome”—a striking, yet
unexplained, macroevolutionary pattern.

In the event that the trend of increasing hierarchi-
cal complexity is really caused by decreasing (macro)
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evolutionary potential accompanied by growing pres-
sure on its restoration by transitions to new hierarchi-
cally higher modularly organised levels, as we suggest
in this paper, then the above-mentioned accompanying
phenomena are natural side-effects of these processes.
After reaching a new hierarchical level, macroevolution-
ary freezing starts anew. The modules, initially separate
organisms or units that originated by internal modularisa-
tion, are regulated largely independently of each other at
first. As we described in Results and Discussion, various
neutral mechanisms and forms of selection make them
multiplicate, differentiate, and deploy in various contexts,
which leads to the documented increase in horizontal vari-
ability (Lewontin 1978; Bonner 1988, 1998; Wagner and
Altenberg 1996; McShea 2000, 2002, 2015; Schlosser
and Wagner 2004; Callebaut and Rasskin-Gutman 2005;
McShea and Anderson 2005). The second accompanying
phenomenon of “Evolutionary Syndrome,” streamlining
or even machinification of modules, is related to the same
processes. According to FET, the streamlining of modules
is the consequence of their gradual specialization and inte-
gration caused by stability-based sorting on the highest
level of composite entities. Variability among modules and
their specialisation over time inevitably leads to differen-
tiation, the emergence of new interconnections, the sort-
ing of further unchangeable interconnections and elements
by SBS, integration, and finally the diminishing of the
originally modular character of the organism (Toman and
Flegr 2018). One symptom of this is the simplification of
lower levels that usually lose many of their functions and
get streamlined in order to achieve an increased effective-
ness (McShea 2002, 2015; McShea and Anderson 2005).
Modules themselves are variable only in a very limited
way. They are largely macroevolutionary frozen units of
lower levels, which makes them much more prone to lose
functions than to gain them. Considering the developmen-
tal viewpoint, adding new hierarchical levels increases the
macroevolutionary freezing (see also the concepts of bur-
den and generative entrenchment in the next section) of the
lower levels of development. We can therefore expect com-
plexity on the lowest levels to minimize up to a macroevo-
lutionary completely frozen state that is characteristic of
minimal evolvability and a high resistance to changes—the
most machine-like state. It is noteworthy that this tendency
to mechanize deep mechanisms in complex organisms was
already predicted by Schank and Wimsatt (1986). Beyond
that, machinification may be facilitated by other factors.
Selection probably leads to a preferential preservation of
interconnections that ensure a higher robusticity, which is
favourable in the development and function of composite
organisms (Kirschner and Gerhart 1998; Schoch 2010;
Brigandt 2015). A greater interconnection of subunits may
be also advantageous as a prevention against their eventual
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selfish actions at the expense of the whole individual (Sza-
thmary and Maynard Smith 1995; Michod 2000; McShea
2001a, b; Michod and Herron 2006).

It is noteworthy that the whole pattern—the reduction
in the number of initially identical modular and serially
repeated parts, their gradual specialisation and integra-
tion—is known as Williston’s law (Gregory et al. 1935).
FET therefore also offers an explanation for this macroev-
olutionary rule. To summarise, FET can explain “Evolu-
tionary Syndrome™ without major difficulties as a series of
interrelated and causally following events resulting from the
evolutionary dynamics of macroevolutionary freezing organ-
isms. The common cause of all phenomena that compose
the McShea’s (2015) evolutionary syndrome thus may be
the process of macroevolutionary freezing. On top of that,
our concept can shed new light on several related mysterious
evolutionary patterns.

As we argued in “Results and Discussion”, macroevo-
lutionary freezing and the associated trend of increasing
hierarchical complexity should, according to FET, apply
dominantly to sexual, i.e. eukaryotic, organisms. The
effectively irreversible accumulation of further unchange-
able elements is facilitated by sexual reproduction itself,
the associated ability to form species that has changed the
intensive struggle among asexual lineages to a much slower
classical species selection, and the generally smaller size
of eukaryotic populations (Flegr 2008, 2010, 2013, 2015;
Toman and Flegr 2017b, 2018). Therefore, we should not be
surprised that the trend of increasing hierarchical complex-
ity has not proceeded evenly since the origin of life. After
the initial increase that had accompanied the origin of cel-
lular life approximately 4 billion years ago, there followed
a long period when the maximal hierarchical level more
or less stagnated. This period lasted about 2.2-2.8 billion
years until the next impetus for further advancement of the
trend took place—the invention of sexual reproduction by
first eukaryotes (Carroll 2001; McShea and Changizi 2003;
McShea 2015).

The more puzzling question is: why has the trend of
increasing hierarchical complexity, as appears from avail-
able paleontological indices, gradually accelerated since
that time (McShea 2001a, b, 2015; McShea and Changizi
2003)? It has been proposed, for example, that this accel-
eration might be caused by increasing biodiversity, or that
it was potentiated by the rise of oxygen content in the
atmosphere. However, the ratio of internal and external
influences on this phenomenon remains unclear (McShea
2001a, b). The explanation based on FET, i.e. the hypoth-
esis that macroevolutionary freezing proceeds faster on
every subsequent level due to the evolution of evolvability,
thus seems at least a realistic alternative worthy of further
testing. As we mentioned in “Results and Discussion”,

polymorphism in an ever-increasing number of genes
that increases the diversity of genetic background can put
pressure on the robustness of development (Von Dassow
and Meir 2004; Wimsatt 2013) and can further acceler-
ate the accumulation of (macro)evolutionary frozen ele-
ments (Toman and Flegr 2017b, 2018). Also, it cannot
be excluded from consideration that macroevolutionary
freezing on every subsequent level is further accelerated
by an ever-complicating multilevel genetic architecture
that is characterised by many functional interconnections
at a given level and between levels (see, e.g. the model of
Thomas 2005). This should be clearly observable, espe-
cially on the evolution of organisms with the most complex
individual development. It is consistent with observations
that the most pronounced acceleration of the increasing of
hierarchical complexity can be seen in complex multicel-
lular organisms and that its beginning can be dated to the
time shortly preceding Cambrian and Cambrian explosion,
i.e. the time when multicellular animals (Metazoa) evolved
and reached their modern forms (McShea 2001a, b; David-
son and Erwin 2006).

For the same reasons, we should not be surprised by the
fundamentally different character and dynamics of pre-
Neoproterozoic (and especially pre-Cambrian) and Phan-
erozoic evolution (see, e.g. Knoll and Bambach 2000; Car-
roll 2001; Butterfield 2007). While the time preceding the
Neoproterozoic was dominated exclusively by prokaryotes
characterised by their “two dimensional” evolution (i.e. in
the absence of significant selective pressures usually slow
and stabilizing evolution devoid of a continuous increase
of hierarchical complexity), the Neoproterozoic gave
birth to eukaryotes with their “three dimensional” evo-
lution characterised by the trends of increasing diversity
and hierarchical complexity. It is true that more complex
cells (see, e.g. McInerney et al. 2011) or hierarchically
more complex colonies (see, e.g. Claessen et al. 2014)
emerged several times in the prokaryotic evolution. How-
ever, if we exclude one of their very specialised derived
lineage—eukaryotes—prokaryotes do not exhibit any
continuous trend of increase in any form of complexity
(McShea 2001a, b, 2015; McShea and Changizi 2003;
Marcot and McShea 2007). In contrast to that, the maxi-
mal level of hierarchical complexity has increased several
times in eukaryotes, which has led directly (through the
development of new ecological strategies, the occupation
of new areas of ecophenotypic space, etc.) and indirectly
(through the (co-)creation of new habitats, the influence on
environmental conditions etc.) to the complete rebuilding
of the whole ecological space of our planet and a funda-
mental change in the dynamics of evolution (Knoll and
Bambach 2000; Carroll 2001; Butterfield 2007; Toman
and Flegr 2017a).
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Analogical Older Concepts

The study of the trend of decreasing evolvability (includ-
ing its special cases such as (macro)evolutionary potential),
or the reduction of intraspecific and interspecific disparity
during the existence of clades, has a long history. A number
of theoretical studies (see, e.g. Riedl 1977, 1978; Wagner
and Laubichler 2004; Budd 2006; Schoch 2010; Wimsatt
2013) and observations (see, e.g. Rosa 1899; Erwin et al.
1987; Gould 1989; DiMichele and Bateman 1996; McShea
1996; Foote 1997; Eble 1998, 1999; Kirschner and Gerhart
1998; Rasnicyn 2005; Budd 2006; Erwin 2007; Webster
2007; Hughes et al. 2013; Lee et al. 2013) have supported
its existence. Especially in the macroevolution of eukary-
otic organisms (metazoans were most thoroughly studied
in this context), the above-mentioned trend applies almost
universally (it was summarised, e.g. by Toman and Flegr
2017b, 2018).

If we leave out some more eccentric explanations (e.g.
that the trend is caused by meiosis, which is understood as
a derived process hampering any adaptive change; Davison
1998), or that the evolution of any system leads to stasis
(Shcherbakov 2012), we can divide the proposed explana-
tions of this trend into two groups (Erwin 2007)—ecospace
and developmental (or genetic) hypotheses. According to the
ecospace concept, the success of newly originating and sig-
nificantly differing evolutionary lineages is inversely propor-
tional to the saturation of the ecospace in which representa-
tive groups reside. Their chances of significant success thus
decrease in time. According to the developmental (genetic)
explanations, the trend is based on the decreasing poten-
tial of lineages to generate major evolutionary innovations
(Valentine 1995; Davidson and Erwin 2006; Erwin 2007;
Webster 2007). Both of these groups of explanations were
supported by evidence and it should be noted that they need
not exclude each other (Erwin 2007). However, the global
trend of gradually decreasing intraspecific variability during
the evolution of taxa, which is known today as Rosa’s rule
(Rosa 1899), speaks in favour of the developmental expla-
nations. Leaving aside older anecdotal evidence, Rosa’s
rule was demonsirated even quantitatively. As was proven
by Webster (2007), the number of intraspecifically variable
traits and the degree of their variability were much higher
in older species of the taxon Trilobita in comparison to the
younger ones. Moreover, certain data indicates that similar
phenomena might also take place in the evolution of cock-
roaches (Blattodea) (Vrsansky 2000; Vrsansky et al. 2017).
The above-mentioned trends therefore most likely result
from the decreasing variability on the species level.

The possible long-term consequences of one-way con-
straining of the clades’ evolution were studied, e.g. by
Wimsatt (2013) or Riedl (1977, 1978; see also Wagner and
Laubichler 2004; Budd 2006; and; Schoch 2010). However,
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an analogous view was also offered by Arthur (1982) and
similar topics were touched upon even by other, often much
older, researchers that have been summarised, e.g. by Riedl
(1977, 1978), Schank and Wimsatt (1986), Gould (2002),
Schoch (2010), or Wimsatt (2013, 2015). According to
these authors, evolutionary lineages may ultimately reach
the extreme state when the origin of major evolutionary nov-
elties becomes limitally improbable (Budd 2006). Accord-
ing to Riedl (1977, 1978; Wagner and Laubichler 2004;
Budd 2006; Schoch 2010), processes or elements that are
associated with a greater number of more important fea-
tures and functions, i.e. processes or elements that are more
substantial and probably also phylogenetically older, exhibit
a decreasing changeability (increasing “burden”) due to a
high risk of rendering organism unviable when changed.
This leads to a gradual “cementation” of traits and conse-
quent “evolutionary sclerosis” of evolutionary lineages. This
manifests in strong restrictions to their evolvability, con-
straining of possible adaptations, and changeability limited
only to minor peripheral traits or one direction. The resulting
evolution of clades has a cyclistic (i.e. assuming a gradual
transition of taxa from adaptive and experimenting “youth”
to strongly constrained “old age”) and typostrophic (i.e.
assuming changeable nature of new traits and their increas-
ing conservativeness as they are burdened by characters
build upon them) character (Schoch 2010). In such a case,
evolvability can be restored only through radical rebuild-
ing of the organism’s development, i.e. major heterochronic
change (Budd 2006).

In a similar vein, Wimsatt (2013; Schank and Wimsatt
1986; Wimsatt and Schank 2004) writes about “generative
entrenchment,” which is a property of traits analogical to
burden, but derived from timing in the individual develop-
ment and (consequently) integration into the system. In any
case, sets of genes and genetic modules that take place early
in development (so that they influence a high number of
various characters and processes), those that code charac-
ters and processes more fundamental for the functioning of
the organism, and those that code characters and processes
phylogenetically older, should, to a large extent, correspond
(see Riedl 1978; Arthur 1982; Schank and Wimsatt 1986).°
Strongly entrenched traits are under constant risk that their
change through internal (e.g., mutation) or external (e.g.,
change of environment) factors would negatively influence
some of the later developmental processes or elements. They
also have a lower probability that their change would be
adaptive. The modification or extension of individual devel-
opment is therefore possible only on the least entrenched
components of development. Moreover, every extension of

% This does, in fact, follow already from von Baer’s laws of develop-
ment, see Schoch (2010).
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development increases the entrenchment of all the devel-
opmental components that it is built upon. Wimsatt (2013)
went even further and considered an extreme situation in
which the system reaches a state when any further increase
of effectivity or size of an organism that would be selected
upon would be redeemed by a disproportionately large
increase of its inner complexity and the risk of catastrophe
of complexity. At the same time, Wimsatt was also probably
the first author to propose that the only possible way out of
this dead end is to transition to a higher level of organisation.
Such a radical and restrictive conception of evolutionary
constraints became one of the sources of criticism on Riedl’s
account (Schoch 2010) and accounts of older understand-
ings of evolution of evolvability in general (Brigandt 2015).
However, in the light of FET and SBS (Toman and Flegr
2017b), which inevitably proceeds on all levels, these ideas
seem greatly justified (Toman and Flegr 2018). Moreover,
the conserved nature of early embryonic development (the
phylotypic stage), especially due to intensive pleiotropic
interactions among genes, is becoming increasingly sup-
ported (Galis and Metz 2001; Hu et al. 2017).

Concerning the increasing hierarchical complexity in
the history of life, the trend itself, as well as the existence
of “transitions in individuality,” have been known to biolo-
gists for a long time and are the subject of intensive research
in several directions (for some recent discussions, see, e.g.
Novik 1982; McShea 1991, 1994, 1996, 2001a, b; Szath-
mary and Maynard Smith 1995; Pettersson 1996; Knoll
and Bambach 2000; Michod 2000; Calcott and Sterelny
2001; Jablonka and Lamb 2006; Okasha 2006; Marcot and
McShea 2007; Maynard Smith and Szathmary 2010, 2015;
Bouchard and Huneman 2013; Buss 2014; Corning and
Szathmary 2015). The best-known concept in this area is
probably “Major transitions in evolution,” which emphasizes
the merging of originally separate entities into higher-level
units, their specialisation and the fact that these transitions
were accompanied by the emergence of new ways of storing,
transmitting, and interpreting information, i.e. the origin of
new forms of inheritance (Szathméry and Maynard Smith
1995; Calcott and Sterelny 2001; Maynard Smith and Sza-
thmary 2010, 2015; Corning and Szathmary 2015).

Similar alternative approaches (“levels of organisation,”
“integrative levels,” “levels of selection,” various kinds of
major transitions, etc.) and their resulting hierarchies differ
in their emphasis on partial aspects of the growth of biologi-
cal complexity (horizontal, vertical, filial, ecological, inte-
gration on various levels etc.) and terminology (see, e.g.
the concepts and reviews of this problem in Novik 1982;
McShea 1991, 1994, 2001a, b; Pettersson 1996; Knoll and
Bambach 2000; Michod 2000; McShea and Simpson 2001;
Jablonka and Lamb 2006; Buss 2014; or; Corning and Szath-
mary 2015). Concerning lesser-known concepts, the theory
of sociogenesis of Novak (1982) is worth mentioning. In

his theory, Novik postulated that the growth of hierarchical
complexity by the repeated merging of modular wholes into
higher-level units and the integration of initially autonomous
modules are processes common to the whole universe. The
author largely neglected the role of egalitarian transitions
(especially symbiogenesis). On the other hand, he consid-
ered both fraternal transitions and internal modularisation of
organisms to be possible ways to a new level. According to
Novik, sociogenesis occurs on all five postulated organismal
levels including the psychological-social level in humans.
In modern terminology, Novak considered the trend to be
driven. Increasing hierarchical complexity was considered to
reflect a universal tendency for cooperation and to be selec-
tively advantageous both in the short and in the long term.
However, the concept was based on a priori ideological, spe-
cifically Marxist, assumptions and has no realistic support
in the paradigm of modern evolutionary biology. Among
other problems, the theory (as well as Marxism in general)
completely ignores natural threats to a higher-level entity
resulting from the selfish interests of its partial elements.
Only some of the previously proposed concepts have
addressed the issue of the causes of the trend of increasing
hierarchical complexity. Even so, many potential explana-
tions of specific transitions to higher levels, or entire trends
leading to repeated transitions to higher levels, have been
proposed over time. These concepts were summarised,
for example, by McShea (1991), Corning and Szathméry
(2015), McShea and Simpson (2001), or Marcot and McShea
(2007). Nevertheless, we should note that the whole problem
historically overlaps with the problem of the general increase
in organismal complexity (see Introduction). Darwinian and
non-Darwinian (Corning and Szathmary 2015), or internal-
istic, externalistic, and undriven (McShea 1991) mecha-
nisms can be distinguished. It is, however, clear that most
proposed concepts cannot be considered disparate because
of the high number of commonalities (McShea 1991).
According to Darwinian (or externalistic) explanations
of this phenomenon, transitions to higher levels of organi-
sation are generally selectively advantageous. This applies
(albeit with some reservations, as transitions may also bring
a number of problems, see the section “Various Types of
Transitions™) also to FET. However, the main cause of tran-
sitions is not a simple advantage of increasing biological
fitness after reaching a new hierarchical level in our concept.
The primary cause is the restoration of (macro)evolution-
ary potential and, consequently, the advantage in species
selection. Moreover, FET exhibits at least some elements
of internalist concepts that consider the source of the trend
to be some non-Darwinian, most often developmental,
mechanism. In our case, this mechanism is proposed to be
SBS mediated macroevolutionary freezing. From the for-
mal viewpoint, it is thus hard to decide whether FET is (in
the sense of McShea 1991) rather internalist (and consider

@ Springer

142



388

Evolutionary Biology (2018) 45:374-394

the trend to be a side-effect of decreasing (macro)evolution-
ary potential) or externalist (and consider the trend to be a
side-effect of species selection on restoration of the (macro)
evolutionary potential). In any case, the trend of increas-
ing hierarchical complexity appears undriven most of the
time. However, when the (macro)evolutionary potential of
the evolutionary lineage reaches a critical point, the chances
that an entity of a hierarchically higher level would be evolu-
tionary viable, succeed, and establish a new major evolution-
ary lineage dramatically rise. From the global perspective,
this trend thus constitutes a special case of a driven trend
in the sense of McShea (1994, 1998; Marcot and McShea
2007) that is based on SBS and “driven” at the large scale.
Therefore, we expect its course (see Fig. 1) to correspond to
the pattern depicted section E of Fig. 7 in McShea (1996) or
Fig. 2 in McShea (1998).

In some respects, our concept approaches the hypotheses
of Cope and Gregory, who stressed the role of multiplication
and diversification of modular wholes in evolution, or Saud-
ers and Ho, who postulated asymmetry between the simple
addition of components and their much harder deletion due
to their integration into functional units (this was summa-
rised, e.g. in McShea 1991). The possibility that the trend
of increasing hierarchical complexity is a result of species
selection has been proposed in the past (see, e.g. Wagner
1996; McShea and Changizi 2003; Marcot and McShea
2007). However, according to our knowledge, the trend has
never been associated with decreasing evolvability or (macro)
evolutionary potential. Theories that assume a similar drive
as SBS at the base level (see, e.g. Zuckerkandl 1997) are
generally quite exceptional. In any case, the permanence
of this trend, its characteristic course with diversification
and machinification of lower-level subunits, its occurrence
predominantly in primary sexual eukaryotes and especially
complex multicellular organisms, its gradual acceleration and
significant boost since Neoproterozoic-Cambrian, cannot be
coherently explained by any other theory presented so far.

Conclusions

Several global macroevolutionary trends, particularly the
trends of decreasing (macro)evolutionary potential, dispar-
ity, and intraspecific variability in the evolution of (espe-
cially) sexual lineages, and the trend of increasing of the
maximum of their hierarchical complexity may have one
common explanation—stability-based sorting (SBS). More-
over, it may also coherently explain the accompanying phe-
nomena of these processes: (1) the gradual acceleration of
the growth of hierarchical complexity, (2) the boost in this
acceleration since the Neoproterozoic-Cambrian, (3) the
typicality of the aforementioned trends for sexual eukaryotes
(and, especially, complex multicellular organisms), (4) the
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modular character of higher-level organisms, (5) the increas-
ing mutual diversity (from the viewpoint of subunits), or
variability (from the viewpoint of higher-level organism) on
the next lower level of organisation, and (6) the decrease in
complexity at this level and at lower levels.

We have previously demonstrated that all complex adap-
tations probably have their origin in the joint action of SBS
and its special case, sorting based on dynamic stability, i.e.
natural selection (Toman and Flegr 2017b). Moreover, SBS
itself can explain many mysterious evolutionary phenomena.
In this article, we proposed that one of these phenomena
may be the trend of increasing hierarchical complexity of
organisms that is based, according to Frozen Evolution The-
ory (FET), on the repeated nearly irreversible accumulation
of effectively unchangeable genes, their interrelated groups,
traits, and whole functional or morphological modules (i.e.
the process of macroevolutionary freezing). According to
FET, this phenomenon is characteristic of sexual eukaryotes
and it can be more pronounced in organisms with complex
development. Because of the ratchet-like character of the
accumulation of macroevolutionary frozen elements, selec-
tion both on an individual and a species level seem rather
ineffective at stopping it or slowing it down (see also Toman
and Flegr 2018). It is widely accepted that the evolution of
evolvability leads to the origin of the genotype-phenotype
map that enables existence, development, and evolution of
complex organisms. However, the same processes may sig-
nificantly limit the (macro)evolutionary potential of these
organisms in the long term (Toman and Flegr 2018). The
accumulation of effectively unchangeable elements by SBS
decreases the (macro)evolutionary potential of evolution-
ary lineages at a given hierarchical level and increases pres-
sure to restore this property, which is essential in species
selection. (Macro)evolutionary potential can be restored,
at least theoretically, by the means of the rare “thawing”
of seemingly irreversibly frozen elements, heterochrony, or
radical simplification of individual development, i.e. saccu-
linization (Toman and Flegr 2018). However, it remains an
open question whether these processes can restore (macro)
evolutionary potential completely, at least significantly, or
only partially (i.e. only in some, potentially less frozen traits
or modules). We are convinced (and we presented some
arguments to support this idea in “Results and Discussion™)
that the (macro)evolutionary potential can be significantly
restored only through a transition to a higher hierarchical
level by means of internal modularisation, fraternal, or
egalitarian transition.® Continuously originating lineages

® Nevertheless, note that transitions to higher levels of complexity
might be important ways to overcome the decreasing of (macro)evo-
lutionary potential even il other means to restore this property were
open.
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of modular organisms increase their advantage as (macro)
evolutionary potential of the whole lineage decreases. At
one point, they reach evolutionary viability. Initially, they
have a great advantage. They can produce major evolution-
ary innovations and occupy (or even co-create) new niches
or whole so-far unoccupied environments. Neutral processes
and processes that increase the fitness of composite organ-
isms on the new level (i.e. the differentiation of modules,
their specialisation, integration of the whole organism, or
even the origin of further unchangeable elements of body
organisation), however, irreversibly lead to SBS induced
macroevolutionary freezing at the new level. Therefore, the
whole process repeats itself.

FET can explain McShea’s (2015) “Evolutionary Syn-
drome” and associated aforementioned macroevolutionary
patterns that have defied simple explanation so far. Con-
sequently, it can shed new light on other problems met by
researchers in fields of evolutionary and theoretical biology.
One of the largest problems of traditional hypotheses that
predict the trend of increasing complexity in evolution is
the fact that this trend has never been replicated in com-
puter models or laboratory experiments aimed at simulating
the conditions of open-ended evolution (see, e.g. Ochlen-
schliger and Eigen 1997; Bedau et al. 2000; Channon and
Damper 2000; McMullin 2000; Watson 2006; Bedau 2009).
Neither computer simulations of open-ended evolution (see
Langton 1984; Ray 1993, 1997; Thearling and Ray 1994,
1996; Yaeger 1994; Bedau et al. 1997; Ray and Hart 1998;
Sayama 1999; Adami et al. 2000; Channon 2001; Suzuki
et al. 2003; de Vladar et al. 2017), nor observations of the
evolution of simple pre-cellular or prokaryotic systems in
the laboratory (see Spiegelman et al. 1965; Mills et al. 1967
Oehlenschliiger and Eigen 1997; Lenski 2004; Blount et al.
2008) led, under natural conditions (i.e. without introducing
a strong artificial selection to the advantage of more com-
plex entities), to open-ended evolution with continuously
emerging novelties or even increasing hierarchical complex-
ity. On the contrary, after the facultative short phase of the
origination of new phenotypes, streamlining, simplification,
and reduction of replicating entities, which did not change
much after that, took place (Adami et al. 2000). Reasons
for these failures may vary. It is possible that a sufficiently
complex environment with practically unlimited variability,
unlimited genetic system, dispersion of entities, and possibly
other factors are necessary aside from basic prerequisites for
the action of natural selection (the inheritance of properties
and the overproduction of variable offspring) (de Vladar
et al. 2017). However, even if these conditions are met, it
may be necessary to simulate the evolution of evolvability
and effectively irreversible freezing of (macro)evolutionary
potential on the given level to reproduce the trend of increas-
ing (hierarchical) complexity.

Given that the ‘complexification’ of life on Earth has
directly and indirectly affected (and still affects) all lower
levels of the organismal organisation, the trend of increas-
ing hierarchical complexity may represent one of the most
important macroevolutionary phenomena. From a concep-
tual point of view, FET enables microevolution to be con-
nected with macroevolution, classical modern synthesis with
“extended synthesis”, and an ecologically-population genetic
approach to study evolution with a developmentally-pale-
ontological one (Budd 2006). Although other hypotheses
and theories have been proposed to explain all the trends
and patterns mentioned above, only FET can explain these
phenomena as an integral set of interconnected macroevo-
lutional processes.

Regardless of how conceivable the theory might sound,
testing it will be essential. It is obvious that FET is a wide
theoretical concept whose direct testing will not be an easy
task. In our view, there are basically two ways to easily fal-
sify this theory. It is clear it would not hold in the case that
the trends of decreasing evolvability or (macro)evolutionary
potential, intraspecific disparity (i.e. Rosa’s rule), or inter-
specific disparity do not apply to most clades. These patterns
are still disputed, especially in the field of paleobiology, and
it would be fruitful to verify their existence (and possibly
explore details of their form) in more fossil taxa. Taking the
opposite approach, particular developmental processes that
lead to a solidification of development are being studied in
the field of evolutionary developmental biology (see, e.g.
Galis and Metz 2001; Hu et al. 2017). Finding that develop-
ment is comparably evolvable for the whole time of clades’
existence, or that evolution of evolvability follows no clear
trends in its evolution would greatly challenge our theory
as well.

These are, however, quite negative and non-specific
tests. Concerning more specific ways to test our concept,
it may be best to verify whether the process of SBS (in this
case the accumulation of further unevolvable components
of organisms) may lead to transitions to new hierarchical
levels in the first place. This could be done, for example, in
a virtual simulation of open-ended evolution. There were
several comparable attempts (see above). Alternatively, it is
possible to model the evolution of evolvability in particular
(see, e.g. Crombach and Hogeweg 2008). However, it might
not be easy to construct a model that enables SBS. Even
those models which are capable of simulating the evolution
of evolvability might not be able to incorporate decreasing
evolvability or an indefinitely increasing hierarchical level
of simulated entities. Note that FET is not only about pleio-
tropic interactions, origin of modules, and evolvability on
the given level, but rather ever increasing and complicating
genetic architecture. Concerning numerical models, it may
be also useful to calculate the range of conditions under
which the “macroevolutionary ratchet” that accumulates
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further unchangeable components of organismal structure,
function, and development may operate. Related equations
might be similar or even identical to those used in calcu-
lations concerning the operation of Muller’s ratchet. It is
also clear that factors important for the progression of Mul-
ler’s ratchet (i.e. epistasis among harmful mutations) may
be of great importance also in the macroevolutionary case
(Muller 1964). All of this, however, remains open to further
research. It would be also extremely interesting to compare
the dynamics of evolution in sexual and asexual lineages.
According to FET, trends mentioned above should be char-
acteristic exclusively for sexual clades or be more promi-
nent in the evolution of sexual organisms. It is, however,
unclear whether we could detect macroevolutionary changes
in a laboratory experiment without extreme simplification
of tested hypotheses (e.g. replacing sexual organisms by
recombining viruses as in some earlier studies on the evolu-
tion of sexuality). Quantitative study of macroevolutionary
patterns may present another way to test our concept. In the
case that FET holds, we should expect some evolutionary
lineages to be much more changeable and express a dis-
proportionately larger disparity than other lineages in every
time slice. This should follow a transition to a higher hier-
archical level or any other restoration of (macro)evolution-
ary potential. The same lineages should, however, gradually
loose this potential, whereas other lineages may randomly
gain it. This tendency would probably lead to specific mac-
roevolutionary patterns that could be detectable, for exam-
ple, in paleobiological or phylogenetical data and possibly
distinguished from other possible causes (see, e.g. Morlon
et al. 2010; Hughes et al. 2013). Last but not least, non-
trivial insights into these problems can also be achieved by
the study of analogical processes in other evolving systems,
e.g. cultural evolution (Toman and Flegr 2017a, 2018).
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