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Abstrakt

Aero-terestrické tasy tvoii zietelné biofilmy na rtznych ptirodnich i ¢lovékem vytvorenych
povrsich. Jejich taxonomicka diverzita je znacna, ale dosud ziejmé ne zcela prostudovana, i
kdyz se ji v posledni dobé vénuje zvysena pozornost. Studium diverzity téchto fas je ztizeno
morfologickou podobnosti zastupcii nejbéznéjsi tfidy Trebouxiophyceae, kteii nejcastéji tvori
kokalni stélky. Proto se ke studiu téchto zastupcii velmi Casto voli molekularné genetické
metody. Kromé druhové diverzity je studovana i ekologie téchto fasovych spolecenstev, jejich
prostorova diverzita, sezonalita. Ve své praci jsem se zameétila na dva aspekty mikrobidlnich
biofilmt rostoucich na jehlicich tisu ¢erveného. V prvni studii jsem hodnotila mnozstvi fas
vyskytujicich se v biofilmech na jehlicich v rdmci prazského méstského ekosystému v
souvislosti s kvalitou ovzdusi. Jde o prvni studii takového typu v malém méfitku, pfi¢emz se
ukdzalo, ze by tyto biofilmy mohly slouzit jako bioindikéatory kvality ovzdusi v méstskych
oblastech, reflektujici rizné koncentrace oxidl dusiku a polétavého prachu. Ve své druhé studii
jsem zkoumala taxonomickou diverzitu téchto biofilmi ve dvou evropskych regionech.
Doposud totiz nevznikla taxonomicka studie fas z tohoto specifického habitatu. Zaznamenali
jsme pomérné veliké mnozstvi fasovych taxonti vzhledem k tomu, o jak nepfiznivé prostredi
pro rist jehlice tisu predstavuji. Tato rigordzni prace ma za cil rozsitit povédomi o fasovych
spole€enstvech rostoucich v tak specifickém prostfedi jako je povrch jehlic tisu ¢erveného.
Ukéazat, jak jsou tato spoleCenstva ovlivnéna antropogenni €innosti a také jak jsou pomérné

druhové bohata a odliSna v rtiznych evropskych regionech.






Abstract

Aero-terrestrial algae form distinct biofilms on different natural and man-made surfaces. Their
taxonomic diversity is considerable, but not yet fully studied, even though recent attention has
been paid to it. The study of the diversity of these algae is made more difficult by the
morphological convergence of representatives of the most common class of Trebouxiophyceae,
who most often form coccoid thalli. That is why molecular genetic methods are very often
applied to study these algae. In addition to species diversity, the ecology of these algae
communities, their spatial diversity, seasonality are also studied. In my work I focused on two
aspects of microbial biofilms growing on the needles of the common yew. In the first study, I
evaluated the amount of algae in biofilms on needles within the Prague urban ecosystem in
relation to the air quality. This is the first study of this type on a small scale, showing that these
biofilms could serve as bioindicators of air quality in urban areas, reflecting different
concentrations of nitrogen oxides and particulate matter. In my second study I studied the
taxonomic diversity of these biofilms in two European regions. So far no taxonomic study has
been made from this specific habitat. We have recorded a relatively large amount of algal taxa
despite the unfavorable environment for the algal growth on the surface of yew needles. This
rigorous work aims to increase the awareness of algal communities growing in such a specific
environment such as surface of the common yew needles. To show how these communities are
affected by anthropogenic activity and also how they are relatively rich and diverse in different

European regions.
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1. Uvod

1.1 Aero-terestrické Fasy — obecny tivod

Aero-terestrické tasy jsou relativné malo studovanou skupinou mikroskopickych fas, ackoli
Briick 1981, Broady 1987). Vyskytuji se na celé skale prirodnich i umélych substrati od pudy,
kamend, skal, borky stromtl a jejich listd nebo jehlic po fasady, stfes$ni krytiny nebo sochy. Tato
skupina zahrnuje zastupce n€kolika fasovych skupin — sinice, zelené fasy, spajivky a rozsivky.
Studuje se jak jejich druhova diverzita (napf. Skaloud et al. 2016, Rindi et al. 2003, Neustupa
et al. 2013, Kulichova et al. 2014), ekologie (Freystein et al. 2008, RySanek et al. 2015,
Neustupa & Stifterova 2013, Marmor & Degtjarenko 2014), tak i ekofyziologie (Gustavs et al.
2006, Donner et al. 2017).

Neustale dochézi k definovani novych druht fas, pfedevs§im ze zelené linie, a to zvIaste ve tiidé
Trebouxiophyceae, ktera je v tomto typu habitatu nejhojnéji zastoupena v temperatnich aero-
terestrickych spolecenstvech. V tropickych oblastech jsou naopak na zmiflovanych substratech
spiSe k nalezeni fasy z ¢eledi Trentepohliales (Freystein & Reisser 2010, Rindi et al. 2010). V
temperatnich oblastech, na specifickych substratech nebo biotopech také obcas lokalné
pozorujeme pievazujici vyskyt fas z rodu Trentepohlia. Jedna se zejména o borky stromil s
vyssim pH, typicky napft. topoly nebo jabloné (Hedenas et al. 2007). V ptipad¢ liSejnikovych
fotobiontl 1ze také najit zvySujici se miru zastoupeni fas tohoto rodu v zavislosti na teplotg.
Marini et al. (2011) ukézali, ze vyssi teploty v ramci Italie podporuji hojnéjsi vyskyt lisejnikii
s timto typem fotobiontu. Ttida Trebouxiophyceae je u vétsiny zastupcii typickd svou velmi
zjednodusenou bunéénou morfologii, coz znaéné znesnadiiuje zafazeni jejich zastupcti a i z
tohoto divodu byla pomérné dlouho mimo hlavni zdjem studia aero-terestrickych fas.
Prasiola nebo Trentepohliales (Rindi & Guiry 2004, Hedenas et al. 2007) a po dlouhou dobu
byla diverzita této fasové skupiny znaéné¢ podhodnocend. S rozvojem molekuldrnich metod
bylo ve tfidé¢ Trebouxiophyceae objeveno a popsano mnoho novych rodi, napt. Jenufa,
Heveochlorella, Chloropyrula, Leptochlorella, Kalinella (Zhang et al. 2008, Némcova et al.
2011, Gaysina et al. 2013, Neustupa et al. 2013). Protoze zivotni podminky pro fasy v tomto
prostiedi jsou po vétSinu doby suboptimalni (nedostatek vody, nizkd vzdus$nd vlhkost,

intenzivni slune¢ni zafeni) tyto fasy morfologicky konvergovaly smérem k jednoduché stavbé



bun¢k, a to prfedevsim kokalni organizaci vegetativni stélky (Krienitz & Bock 2012, Rindi et
al. 2017). Krom¢ kokalnich jednobunécnych stélek tvoii nékteré druhy ov§em i kratsi nebo delsi
vlakna. Rozmnozuji se pfevazné autosporami, jez mohou byt stejné nebo rizné veliké.
Donedéavna panovalo piesvédcCeni, ze se tyto fasy rozmnoZzuji pouze nepohlavné, a ze tedy jde
povétSinou o Cisté asexualni linie. Protoze dosud nebylo sexualni rozmnozovani presvédcive
pozorovano, usuzovalo se, ze jej v prabéhu evoluce ztratily. Nicméné Fucikova et al. (2015)
ukazala, ze genomy aero-terestrickych rodu jako napt. Prasiola, Trebouxia, Asterochloris a
Elliptochloris stale obsahuji 1 funkéni geny odpovédné za pribeéh pohlavniho rozmnozovani,
tudiz ho jsou stale alespon teoreticky schopny.

Tyto fasy obsahuji latky, aminokyseliny podobné mykosporinlim, které zastavaji dulezitou
funkci — absorpci UV zareni (Karsten et al. 2005). Schopnost chranit své bunky proti vliviim
UV zafeni je zejména v tomto typu habitatu pro fasy klicova. Ackoli by se dalo o¢ekavat, Ze
fasy budou tyto aminokyseliny vytvaret jako adaptaci na miru vystaveni UV zéfeni, ukazalo se,

ze jejich pritomnost nebo nepfitomnost bunkach spise sleduje jejich fylogeneticky vyvoj.

1.2 Subaerické Fasové narosty ve vztahu ke kvalité ovzdusi

Ve své praci jsem se zabyvala tfasovymi spolecenstvy vyskytujicimi se na jehlicich
nahosemennych dfevin, jejich taxonomickym slozenim a ekologii. Témto specifickym
spolecenstviim se dostalo zvySené pozornosti teprve v 80. letech 20. stoleti, kdy se jejich vyskyt
na jehlicich smrkli rapidné zvysil. Protoze tyto epifytické fasy piijimaji vétSinu potrebnych
zivin z dest'oveé vody, jejich hojny vyskyt zfejme poukazoval na atmosférické zmény, kdy byly
v tomto obdobi v Evrop€ poprvé zaznamendny vysoké koncentrace antropogennich oxidi
dusiku a siry v ovzdus$i. Mozna k jejich rozvoji pfispély i kyselé desté, které poSkozovaly
strukturu jehlic, a tim byla fasdm umoznéna jednodussi kolonizace jejich povrchu (Nihlgard
1985) nebo napf. 1 vyssi koncentrace amoniaku v ovzdusi v blizkosti zvifecich farem (Béick et
al. 1997). Nekteré studie ze zemi severni Evropy dokonce jednoznacné prokéazaly souvislost s
hojné;jsim vyskytem fas na jehlicich nebo borce jehlicnanti a zvySenymi koncentracemi oxida
dusiku a siry v ovzdusi (Goransson 1988, Brakenhielm & Quinghong 1995, Poikolainen et al.
1998, Grandin 2011). Abundance fas rostoucich na jehlicich smrku byla zatazena jako jeden z
hodnoticich faktorit do Integrovaného monitoringu efektu znecisténi ovzdusi na ekosystémy
fizeného Svédskem a Finskym institutem Zivotniho prostfedi (SYKE) (Finnish environmental

institute 2017). Bioindika¢ni schopnosti jednotlivych druh@ zelenych tas ukazali i1 Freystein et



al. (2008) v urbannim prostfedi aglomerace saského Lipska (Leipzig). Tito autofi zaznamenali,
ze nékteré konkrétni druhy zelenych tas na borce stromi se spiSe vyskytuji ve znecisténych
castech mésta, zatimco jiné v ¢astech s niz§i mirou znecisténi. Prvni publikace ptikladana k této
praci (Novakova & Neustupa 2015) je zaméfena pravé na tento aspekt vyskytu fasovych
spolecenstev. Na ptikladu méstského ekosystému Prahy jsem zkoumala, zda je mira vyskytu
fasovych spolecenstev na jehlicich tisu ¢erveného (Taxus baccata L.) korelovana s kvalitou
ovzdusi. Na rozdil od dfive zminované studie jsme ale jako hodnocené parametry zvolili
tloustku (T) mikrobialniho narostu a pokryvnost (C) (do jaké miry je jehlice narostem porostla)
a mnozstvi fas v daném narostu (AA). Tento originalni parametr jsme vyuzili z divodu
odlisnych slozeni narostii — od ryze fasovych, po smisené s houbami nebo naopak zcela prosté
fas a dominované pouze houbami a pripadné dalSimi heterotrofnimi mikroorganismy. Tento
novy parametr se ukazal byt nejlepSim ukazatelem kvality ovzdusi ze tii zmifiovanych. Zjistili
jsme, ze AA negativné koreluje s koncentraci polétavého prachu (PM o) a pozitivné koreluje s
oxidy dusiku (NO3). Tyto dva protichtidné jevy vysvétlujeme tim, zZe zatimco oxidy dusiku jsou
pro fasy zdrojem zivin, vysoké koncentrace polétavého prachu v ovzdusi zpiisobuji zastinovani

fas, které pak htife rostou.

1.3 Taxonomicka diverzita subaerickych rasovych narosti

Taxonomicka diverzita fas na jehlicich nahosemennych dievin byla dosud spiSe opomijena,
jakékoli informace o diverzité€ z tohoto typu habitatu byly velmi strohé a nikdy nebyly hlavnim
zaméienim danych studii (Sechting 1997, Neustupa & Albrechtova 2003). Dostupné informace
poukazovaly na to, Ze v mikrobidlnich narostech na jehlicich se kromé vieckovytrusnych hub a
bakterii vyskytuji zejména jednobunééné zelené tasy, napt. rodu Pseudococcomyxa. Vzhledem
k tomuto stavu poznani jsme se rozhodli fasovou diverzitu téchto mikrobidlnich spolecenstev
hloubéji prozkoumat ve studii, kterou predstavuje ptilozeny manuskript. Ve dvou klimaticky
odliSnych evropskych regionech jsme sbirali vzorky jehlic tisu cerveného s narosty a kultivovali
je v laboratofi. Dané oblasti (zapadni Francie a CR) jsme vybrali z toho diivodu, Ze jsme chtéli
zachytit i pfipadnou variabilitu taxonomického slozeni ovlivnénou pravé klimatickymi
podminkami. V navaznosti na pfedchozi studii jsme vzorky odebirali i v oblastech s riznym
stupném zneciSténi ovzdusi, jelikoz 1 to by mohlo byt moznym zdrojem variability v
taxonomickém slozeni ftasovych narosti. Z davodu uvedenych vySe, tykajicich se

problematického druhového zarazeni jednotlivych fas, jsme se uchylili k zafazovani nalezenych
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fas do rodl nebo fylogeneticky definovanych linii, nikoliv do formaln¢ stanovenych druht.
Celkem jsme zaznamenali 19 OTU (operac¢nich taxonomickych jednotek). Ackoli se nejednalo
o zadné zjevné dosud nezndmé fasy, valna vétSina z nich byla z tohoto konkrétniho aero-
terestrického biotopu popsana poprvé. Ve vzorcich dominovaly vétSinou fasy z tiidy
Trebouxiophyceae, ale nasli jsme 1 vldknité fasy z tfid Klebsormidiophyceae a
Trentepohliophyceae, dale pak i n€které sinice a rozsivky. Z vysledkl vyplynulo, ze zatimco
kvalita ovzdusi neméla na slozeni narosti méfitelny vliv, ovSem regionalni klima hraje ve
strukturovani narost podstatnou roli. Skute¢né se ukazalo, ze v téchto dvou regionech jsou
fasova spolecenstva na jehlicich tist do jisté miry odlisna. Rozdily jsme neobjevili v rdmci
vyssich taxonomickych jednotek, ale zejména na trovni fasovych rodi. Vzhledem k tomu, ze
jsme v nasem taxonomickém rozboru nesli az na Groven samotnych druhti, 1ze predpokladat, ze
pfi podrobnéj$i analyze, napi. pomoci molekuldrnich metod, bychom mohli objevit dalsi
jemnéjsi rozdily v rdmeci studovanych regiont. Nicméné za povSimnuti stoji, Ze 1 pomérné
jednoduchymi a levnymi metodami, jako jsou kultivace a nasledné pozorovani v optickém

mikroskopu lze dosdhnout zajimavych vysledkd.



2. Zavér

Dlouhé 1éta jsem se se zdjmem vénovala aero-terestrickym fasam, zejména tém rostoucim
epifyticky, na jehlicich jehlicnatych stromti. Zpocatku bylo mym primdrnim zdjmem jejich
vyuziti v bioindikaci kvality ovzdusi, coz se ukédzalo byt ikolem pomérné obtiznym. Jakkoli je
mozné zjistit dlouhodoby a kratkodoby vliv urcitych latek (NO2, SO2, PMi¢) na vyskyt nebo
absenci epifytickych fas v rozsdhlych i omezenych oblastech, pieklenuti propasti smérem k
praktickému uziti v bioindikaci kvality ovzdusi neni jednoduchym krokem. Ackoli se mi
nepovedlo sviij zamér dotdhnout do konce, stale véiim, ze celé mé snazeni v tomto sméru smysl
m¢élo. Povedlo se mi najit zpasob, jak pomérn¢ jednoduse, rychle a levné hodnotit mnozstvi fas
v narostech pomoci jednoho nového parametru AA (mnozstvi fas v narostu), ktery by dle mého
nazoru mohl mit potencidlni praktické vyuziti v hodnoceni kvality ovzdusi v méstskych
oblastech. Nicméné€ tuto préci jiz prenechavdm svym piipadnym budoucim nasledovnikiim s

nad¢ji, ze se takovi najdou.

Vlivu kvality ovzdusi na epifytické fasy jsem se Castecné vénovala i v dalsi préci, jejiz hlavnim
zamétenim bylo prozkoumani fasové diverzity v narostech na jehlicich tisu ¢erveného, pficemz
jsem porovnavala dva klimaticky odlisné evropské regiony. Zjistila jsem, jak jsou tato
spolecenstva, ktera jsou vystavena celkem extrémnim Zivotnim podminkam, pomérné druhové
bohat4. V porovnani s mnozstvim fas rostoucim na borce stromt sice nejde o néjaka zavratna
Cisla, pfesto vysledky naseho zkoumani piesahly naSe ocekavani. To se tykd jak poctu
nalezenych OTUs (operacnich taxonomickych jednotek), tak 1 rozmanitosti ve smyslu
zastoupenych fasovych skupin — od sinic a zelenych fas, po rozsivky a Streptophyta. Kromé
tohoto zjiSténi se nam také podatilo ukézat, Ze 1 tento typ spoleCenstev je klimaticky ovliviiovan,
v nami studovanych regionech se co do taxonomického sloZeni spolecenstva ponékud lisila.
Ovlivnéni taxonomického slozeni spolecenstev kvalitou ovzdusi jsme nepozorovali, coz bylo

ale velmi pravdépodobné zpiisobeno rozsahem nasi studie.

Subaerickd fasovad spolecenstva jsou jist¢ moznym potencidlnim zdrojem dalSich novych
zajimavych informaci o Zivoté fas v extrémnich podminkach. V podminkach, kde je povétsinou
voda dostupna pouze v momenté, kdy dochazi ke srazkdm a vlhkost vzduchu je stoprocentni,

kde jsou fasy vysuSovany vlivem proudéni vzduchu a mira dopadajiciho slune¢niho zéateni



vysoka. Jak se tyto fasy s t€émito podminkami vyrovnavaji, jak jsou odolné? Vzhledem k velmi
podobné morfologii zde pfitomnych fas je stale v kurzu otdzka — zndme uz skute¢nou diverzitu

fas v tomto typu habitatu? Tyto a mnohé dalsi otazky stale ¢ekaji na odpovédi.
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Abstract

The algal biofilms growing on the needles of coniferous trees have been studied first in
Northern Europe since the 80's of the 20th century which was probably caused by their
excessive occurence at this period. Their occurence appeared to be linked to high concentration
of nitrogen and sulfur oxides in the atmosphere. Although the ecology of those biofilms started
to be studied more intensively, the algal diversity of those communities remained unknown. In
present study we focused on the algal diversity of biofilms growing on the needles of Taxus
baccata in two European regions. The results show that the algal community in this habitat is
much more diverse as it seemed from previous studies, containing representatives from various
algal classes such as Trebouxiophyceae, Chlorophyceae, Klebsormidiophyceae, cyanobacteria
and diatoms. However, we didn't find any taxon occuring only in this habitat, all of them were
already reported from tree bark communities. By comparing the algal diversity between the two
studied regions we found significant differences which confirms their non neutral distribution.
We also compared the algal community compositions between urban and non-urban sites
sugesting a possible influence of the air pollution on the biofilms. In this case we didn't find
any significant difference between studied communities. This study sheds a new light on this

particular and so far underexplored algal community, its taxonomical diversity and distribution.

Key words: biodiversity, epiphytic biofilms, Trebouxiophyceae, Chlorophyceae,
Cyanobacteria, Bacillariophyceae, Klebsormidiophyceae, Tretepohliales, micro-algal ecology,

common yew

1. Introduction
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Aero-terrestrial algae occur in various habitats. They occupy natural surfaces like rock, stones,
soil, tree bark, leaves, but also artificial surfaces such as facades, monuments, or roof tiles.
These algae commonly live in biofilms that are also composed of protozoa, fungi and bacteria.
Tree bark represents an important habitat for aero-terrestrial algae where they often create
visible green or reddish biofilms (Ettl & Gértner 1995, Rindi et al. 2009). The taxonomic
diversity of biofilms growing on the tree bark was studied since the beginnings of the 20
century. They are typically dominated by algae from the division Chlorophyta (Stifterova
&Neustupa 2015). Other common groups of algae present in those biofilms are Strephophytes,
diatoms and Cyanobacteria. Algae from the class Trebouxiophyceae are the dominant group of
Chlorophyceae that is present on the tree bark and neddles of conifers that are also quite often
covered by a microbial crust. The morphology of those epiphytic algae is mostly coccoid,
sometimes filamentous or they create packages. The simplified coccoid morphology is very
common and comprise various taxa across the whole division of Chlorophyta. The most
common genera were Stichococcus, Coccomyxa and Apatococcus that appeared in almost every
studied sample. Biofilms growing on the needles of conifers are so far underexplored in means
of taxonomy which is caused partly because of their not always very obvious presence. Thery
were given attention since the 1980's due to their spread which was showed to be connected to
the pollution by the nitrogen oxides (Goransson 1988, Brikenhielm & Qinghong 1995).
Grandin (2011) showed that the the extent of the needles covered by algae positively correlates
with the concentrations of nitrogen oxides in the atmosphere across Sweden. Such pattern show
also phototropic biofilms growing on the tree bark (Poikolainen et al. 1998). Freystein et al.
(2008) discovered a different sensibility of various algal taxa from the tree bark biolfilms to the
various conditions of atmospheric pollution. Some of them preferred polluted areas, possibly
using a particulate matter as a source of nutrients, whereas others preferred areas with less
pollution. At the most polluted areas was detected the highest algal diversity. They
hypothesized that some algae from the tree bark biofilms could be used in biomonitoring of

urban atmospheric pollution.

In the present study we focused on the taxonomic compostion of phototrophic biofilms growing
on the needles of Taxus baccata L. in two European regions where this tree naturally occurs.
Until now there has been no study presenting the taxonomic diversity of biofilms from this
particular habitat. For the purpose of our study we decided to examine algal biofilms with the
aid of optical microscopy after previous cultivation. We chose to cultivate the entire biofilm

population growing on the needles in order to grow the maximum of present algae. We
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hypothesized that the diversity might be very similar to tree bark biofilms, maybe hosting more
limited range of algal taxons because of extreme conditions that needles of conifers assuredly
provide. We also aimed to find out whether there is any difference in the taxonomic composition
of biofilms between the two examined regions as previous studies of corticolous algae showed
that particular groups of algae prefer more humid and warmer conditions than those in the
Central Europe (Marini et al. 2011, Neustupa & Stifterova 2013). In the light of findings of
Freystein et al. (2008) we also asked whether there is a detectable difference in the taxonomic
composition of phototropic biofilms on the needles between urban and rural areas within

studied regions.

2. Materials and methods
2.1 Sampling and localities

For the purposes of this study we chose two regions with differing climatic conditions. First,
the Central Europe with humid continental climate (Dfb category according to Képpen-Geiger
classification). The mean annual temperature within this region is 7.9°C and the mean annual
precipitation amounts 686 mm (CHMU, 2018). Second, Western Europe with pronounced
oceanic climate (Cfb according to K-G classification) with the mean annual temperature 11.5°C
and the mean annual precipitation 974 mm (Météo France, 2018). In each of these regions four
localities were chosen, two of which were situated in urban areas and two outside of urban
areas. At each locality two sampling sites were chosen (Tab. 1). At each locality two common
yew (Taxus baccata) individuals were chosen and their needles were sampled. At each tree we
sampled five needles of the same age from five different north-facing twigs that were visually
covered with microalgal biofilms. Thus, alltogether there were sixteen trees from eight localities
from two European regions entering the analyses of the biofilms. The sampling was conducted

October to December 2014.
2.2 Cultivation of samples

In the laboratory, the samples were submerged into the Petri dishes with liquid Bold’s Basal
Medium (BBM; Bischoff & Bold, 1963). All needles from one tree were placed together in one
Petri dish. The samples were cultured for 120 days in room temperature (23°C) and under

daylight illumination. After the cultivation period, the biomass that developed in the medium
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was put onto a microscopic slide with the aid of a glass pipette and examined under Olympus

BX51 light microscope equiped with Olympus Z5060 camera (Olympus, Tokyo, Japan).

Table 1. List of localities, codes of sampling sites, GPS coordinates.

locality code GPS coordinates
Central Praha Kar 50° 4'30.69"S, 14°25'9.74"V
Europe Kin 50° 4'43.79"S, 14°24'11.51"V
Brno Brn2 49°12'0.08"S, 16°36'29.75"V
Brn4 49°11'58.78"S, 16°35'51.94"V
Stéchovice St1, St3 49°50'41.99"S, 14°25'15.71"V
Tisy u Chrobol Ch1, Ch2 48°57'36.43"S, 14° 3'44.44"V
Western Brest Brel 48°24'46.78"S, 4°29'26.63"Z
Europe Bre2 48°23'37.71"S, 4°28'37.06"Z
Caen Cal 49°11'11.03"S, 0°22'1.59"Z
Ca2 49°11'10.40"S, 0°21'55.88"Z
Foret de Beffou FB1, FB2 48°29'26.71"S, 3°29'10.76"Z
Crozon Crl, Cr2 48°11'22.00"S, 4°32'18.69"Z

2.3 Identification of OTUs

Identification of OTUs was based on microscopic examination of cells and filaments. In most
cases, this only allowed determination of individual OTUs into genera or suprageneric units.
Individual OTUs were often present only in small quantities and, therefore, their more precise
identification was usually only possible in very distinctive taxons, such as Chloroidium
ellipsoideum, Coelastrella, Interfilum, Klebsormidium. Majority of the algae forming the
biofilms belonged to the class Trebouxiophyceae with relatively uniform coccoid morphology
of cells. Therefore, these algae were generally determined onto the genus level or as members

of a single aggregate phylogenetic group belonging to the Watanabea clade.
2.4 Data analysis

The crossed effects of region (continental vs. oceanic) and habitat type (urban area vs. outside
of urban area) were evaluated using two-way non-parametric MANOVA and two-way
ANOSIM (Hammer 1999-2018, Clarke 1993). Both analyses tested hypothesis that the

composition of the biofilms is related to either of these factors, or to their interaction.

The analyses were conducted using two parallel datasets. First, the factors were evaluated using

the dataset involving OTUs identified into the lowest possible taxonomic level based on the
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microscopic analysis. Second, the OTUs were merged into units corresponding to their

respective phylogenetically defined class-level taxa.

Jaccard index was used in all analyses for computation of the similarity matrix among the
samples (Hammer 1999-2018). Significance testing was based on permutation tests
randomizing the assignment of the samples into different groups. The random distributions
were based on 999 repetitions. The analyses were conducted in PAST, ver. 2.15 (Hammer et al.

2001).

3. Results

All together we identified 19 OTUs, mostly reffering to distinct algal and cynobacterial genera
with the exeption of Watanabea clade. Members of 6 algal classes were included in studied

samples. Coccoid green algae dominated in most samples (Tab. 2).

Most of them belonged to the Trebouxiophyceae (Fig 1a-c, e-g, i, 2j, k). The genera, such as
Stichococcus and Coccomyxa (Fig lc, f), occuring as unicells or as unbranched filaments, were
present in all but one sample. In many samples, a number of chlorelloid cells were also
observed. However, these taxa were notoriously difficult to identify by microscopic
observation. Those chlorelloid specimens with typical features of the Watanabea clade, such
as, ellipsoidal or spherical cells with parietal chloroplast, reproducing only by
autosporogenesis, were classified into this monophyletic OTU. Members of the genera
Apatococcus (Fig.1a) with its characteristic sarcinoid colonies and Dictyochloropsis (Fig 1e)
were also very common in the samples. Conversely, Chloroidium ellipsoideum (Fig. 11) and
members of the genera Diplosphaera, Parietochloris and Asterochloris were considerably less

frequent (Fig 1b, g, j).
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Table 2. List of recorded OTUs. Localities in Central Europe - Kin, Kar, Brn2, Brn4, Chl, Ch2, Stl,
St3, localities in Western Europe - Brel, Bre2, Cal, Ca2, Crl, Cr2, FB1, FB2.

Taxon name

Kin

Kar Brn2 Brn4 Chl Ch2 Stl1 St3 Brel Bre2 Cal Ca2 Crl Cr2 FB1 FB2

Leptolyngbya sp.
Nostoc sp.

Chloroidium
ellipsoideum

Mychonastes sp.
Diplosphaera sp.
Stichococcus sp.
Coccomyxa sp.
Apatococcus sp.
Coelastrella sp.

Parietochloris sp.

Dictyochloropsis sp.

Asterochloris/
Trebouxia sp.
Watanabea clade

Interfilum sp.

Klebsormidium sp.

Trentepohlia sp.
Navicula sp.
Diatoma sp.

Cocconeis sp.

X
X
X X X X X
X X X X X X X X X
X X X X X X
X X X X X X X X X X X X X X
X X X X X X X X X X X X X X
X X X X X X X X
X X
X X X X
X X X X X X X X X
X X
X X X X X X X X X X
X X
X X X
X X X X X
X
X
X
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Fig 1. Micrographs of selected microalgae occurring in biofilms on the needles of common yew: a,

Apatococcus sp.; b, Diplosphaera sp.; ¢, Stichococcus sp.; d, Mychonastes sp.; e, Dictyochloropsis sp.;
f, Coccomyxa sp.; g, Parietochloris sp.; h, Coelastrella sp.; i, Chloroidium ellipsoideum. Scale bars

represent 5 pm.
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Fig 2. Micrographs of selected microalgae occurring in biofilms on the needles of common yew: j,

Asterochloris sp.; k, Heterochlorella sp.; 1, Trentepohlia sp.; m, Interfilum sp.; n, Cocconeis sp.; o,

Diatoma sp.; p, Klebsormidium sp.; q, Leptolyngbya sp.; r, Nostoc sp. Scale bars represent 5 um.

The class Chlorophyceae was chiefly represented by members of Mychonastes (Fig. 1d) and,
somewhat less frequently, also by specimens of the genus Coelastrella (Fig. 1h). A few
specimens of filamentous thalli belonging to the ulvophycean genus Trentepohlia (Fig. 21) were
also found. These algae were chiefly observed in the samples from oceanic climate. The
Streptophyta were represented by the related genera Interfilum and Klebsormidium (Fig. 2m,
p). At two localities, the cyanobacterial genera Leptolyngbya and Nostoc (Fig. 2q, r) were also
recorded. Diatoms were also encountered, but they were always very rare and usually occured

only as single cells among considerably more frequent members of other groups. Members of
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the genera Diatoma (Fig. 20), Navicula and Cocconeis (Fig. 2n) were observed in a single
sample from one locality in Western Europe (Tab. 2). Several OTUs, such as Leptolyngbya,
Coelastrella, Parietochloris, Klebsormidium and all the diatoms, were reported only from
localities in Western Europe. Conversely, the OTUs such as Nostoc and Interfilum were only
found in the samples from the Central Europe (Tab. 2). The NMDS diagram (Fig. 3) shows

differences in algal community compositions between the two studied regions.
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Fig 3. NMDS diagram shows differences in algal community compositions between the two studied

regions.

The two-way npMANOVA and two-way ANOSIM test showed virtually the same results. The
tests that were using the full dataset revealed significant differences in algal composition
between two studied, but no significant difference between urban and rural areas within these
regions. In addition, interaction between both terms also did not prove to be significantly
explaining the data structure (Tab. 3). The tests with reduced dataset showed significant

difference neither between regions, nor between landscape types (Tab. 4).
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Table 3. Results of two way non parametric multivariate analysis evaluating spatial factors
influencing the the community structure of epiphytic microalgae.

Region: Central and Western Europe, p <0.05; n.s., p > 0.05.

Full dataset Reduced dataset

Factor sum of Df Mean F p-value Factor sum of Df Mean F p-value
squares Squares squares Squares

Region 0.465 1 0.465 2.384 0.0093 Region 0.089 1 0.089 0.845 0.5200

Urban area/ Urban area/

rural area 0.096 1 0.096 0.492 0.8986 rural area 0.043 1 0.043 0.404 0.8037
Interaction 0.277 1 0.277 1.418 0.1859 | Interaction 0.041 1 0.041 0.388 0.8038
Residual 2343 12 0.195 Residual 1.265 12 0.105

Total 3181 15 Total 1.438 15

Table 4. Results of two way analysis of similarities. Region: Central and Western Europe,

p <0.05; n.s., p>0.05.

Full dataset Reduced dataset
Factor R p-value Factor R p-value
Region 0.263 0.0074 | Region -0.109 0.8293
Urban area/ Urban area/
rural area -0.076 0.7243 rural area -0.156 0.9730

4. Discussion

To the best of our knowldge, this study is the first one showing species richness of the
microalgal biofilms on coniferous needles. Until now, only the members of the
Trebouxiophyceae were known from these microhabitats (Sechting 1997, Neustupa &
Albrechtova 2003). However, our data demonstrated that Cyanobacteria, Chlorophyceae and
Streptophyta were also represented in the biofilms. It should be noted that diversity of the
microalgae on coniferous needles was, so far, not been studied in detail. Previous studies either
included the lists of OTUs rather as a side effect of differently focused research (Tenberge &
Peveling 1991), or they documented only a very limited number of taxa (Goransson 1988,
Peveling et al. 1992, Sechting 1997, Neustupa & Albrechtova 2003). Surely, one of the reasons
for this lack of published detailed data is that unweiling the spectrum of present subaerial algae
requires previous cultivation. Direct microscopy of natural samples usually only recovers the
dominant members of the community but those that are present in smaller quantities remain

undetected. However, it should be stressed that microscopic analysis of cultured samples also
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cannot lead to exhausting enumeration of the species diversity within the community. This is
due to morphological convergence of most these algae that have simplified their morphology
in order to be better able to cope with unfavourable living conditions (Rindi 2011). This means
that prevailing morphology of the chlorelloid microalgae in the biofilms resembles the "little
green balls" with few distinctive morphological characters available for easy identification.
However, even with this limitation, microscopy of cultured samples provides cheap and
relatively rapid method of diversity assessment yielding data comparable to molecular analyses
(Neustupa & Skaloud 2010, Neustupa & Stifterova 2013, Kulichova et al. 2014).

Two studied regions differed considerably in mean annual precipitaion amount and mean
annual temperature and therefore it has been hypothesised that the composition biofilms may
reflect these environmental differences. Marini et al. (2011) reported that more humid and
warmer regions of Italy included more trentepohlialean photobionts in corticolous lichens.
Similar results were reported by Neustupa & Stifterova (2013) who showed that
Trentepohliales, Cyanobacteria and some streptophytan taxa were more prevalent in corticolous
biofilms taken in sub-Mediterranean habitats than in comparable temperate habitats. Probably,
distribution of taxa from these groups was driven by regional climatic factors, which determined
higher diversity in warmer and more humid sub-Mediterranean conditions. Likewise, the results
of the present study corroborate these patterns. The localities with oceanic climate had higher
richness of observed OTUs, which was probably caused by less dessication stress in these
localities with considerably higher precipitation in comparison to Central European localities.
Liittge & Biidel (2010) showed that terrestrial microalgae need relatively high humidity of the
environment for active cell growth and biomass production. Thus, prolonged periods of
drought in continental temperate biofilms necessarily lead to conditions in which the microalgae
in the biofilms are only capable of active cell reproduction for limited time spans, which may
limit distribution of more sensitive taxa.

Interestingly, we did not detect any differences between biofilms sampled in rural and urban
areas. Conversely, Freystein et al. (2008) showed that urban air pollution significantly
influenced the species composition of microalgae growing on tree bark. Likewise, Marmor &
Degtjarenko (2014) showed that alkaline dust pollution leads to a significant increase of
trentepohlialean biofilms on bark of Pinus sylvestris, which is too acidic for these organisms in
non-polluted areas. The lack of any signal related to supposed air pollution gradient in our data
might have either been caused by insufficient taxonomic resolution of microscopic
identification of OTUs, or by lack od sufficiently strong environmental differences among our

sampling plots. Alternatively, it is possible that the biofilms on needles do not reflect the air
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pollution gradient in a way comparable to those growing on tree bark. This might be caused by
their generally shorter life span on needles in comparison to bark microhabitats, or more
extreme conditions, leading to generally lower diversity and communities composed of stress-
tolerant generalists that do not reflect the air pollution like the members of the corticolous

biofilms.
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