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Abstrakt

Bunééné linie predstavuji vyznamny modelovy systém v bunécné biologii rostlin.
Dovoluji jednoduché provedeni cytologickych analyz po nejrtiznéjSich experimentéalnich
oSetfenich v¢. ovlivnéni exprese studovanych genil. Bunécnd linii tabaku BY-2 je vyznamné
uptednostiiovany model pro svoji vysokou dé€livou aktivitu, schopnost efektivni
synchronizace bunécného cyklu a snadnou transformovatelnost. Diky pomérné vysoké
uniformité dovoluje linie BY-2 morfologické hodnoceni fenotypu na zékladé cytologickych
parametrd jako je mitoticky index, viabilita, denzita a dalsi.

Piedkladand prace shrnuje zavedené metody a soucasné zkuSenosti s praci s tabdkovou
linii BY-2. Jako vzorové piipady hodnoceni cytologickych parametri a fenotypovani na
bunécné urovni jsou prelozeny vybrané vysledky dvou feSenych projektl, jez byly zaméieny
na studium hybridnich prolinem bohatych proteinli a na studium vyznamu heterotrimernich
G-proteind v regulaci bunétné proliferace. V pribchu feSeni téchto projektd byly
optimalizovany postupy cytologického hodnoceni bunécné linie BY-2. Tyto postupy

zefektiviiujici vyuziti tabdkové linie BY-2 ve studiu genové funkce jsou v praci prezentovany.

Abstract

Plant cell lines represent useful models in plant cell biology. They allow simple
analysis of the effects of various factors including modulated gene expression at cellular and
subcellular level. Tobacco BY-2 cell line is a favored model due to its high proliferation rate,
capability of effective synchronization and accessibility to transformation. Relatively high
uniformity of BY-2 cultures allows morphological phenotyping and assessment of growth
parameters like mitotic index, viability or cell density.

Presented thesis summarizes established methods and up-to-date experience with
tobacco BY-2 cell lines. Selected results of two research projects focused on hybrid proline-
rich proteins and heterotrimeric G-proteins are included. These projects are treated as case
studies of cell line phenotyping and evaluation of cytological parameters. Protocols and
general experimental suggestions that were optimized during the solving of the projects are

described and discussed.
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Seznam zkratek

ANOVA
DB
FLIM
FRAP
FRET
GFP
HyPRP
MI
PCD
SBI
VIA

analyza rozptylu

délka bunék

fluorescence-lifetime imaging microscopy
fluorescence recovery after photobleaching
Forster resonance energy transfer

zeleny fluorescencni protein

hybridni prolinem bohaty protein
mitoticky index

programovana bunécéna smrt

subkultivaéni interval

viabilita



1. Uvod

Bunééné linie kultivované in-vitro maji zasadni vyznam v bunécné biologii zivocichtl i

rostlin. Prvni rostlinné linie byly izolovany napt. z tabaku (Nicotiana tabacum), s6ji (Glycine

max), topolu (Populus sp.), javoru klenu (Acer pseudoplatanus) a nékterych dalsich rostlin jiz

v 60. letech 20. stoleti (piehled viz Nagata et al. 1992, Opatrny et al. 2014). Z hlediska

biologického a biochemického vyzkumu vykazuji bunécné linie nékteré zasadni prednosti

oproti jinym modelovym systémim:

Bunky rostou izolované, poptipadé v jednoduchych shlucich, fetizcich nebo
jednobunéénych vrstvach. Davaji tak moznost detailni mikroskopické analyzy
v neposkozeném stavu v porovnani s histologickymi fezy, jejichz buiky byvaji
zasadnim zptisobem ovlivnény mechanicky a casto i fixazi.

Buniky jsou ptfimo piistupné experimentalnimu osetfeni libovolnymi latkami. Tato
vlastnost je naprosto klicova napiiklad ve farmaceutickém vyzkumu, jelikoz velké
mnozstvi latek neni do cilovych tkani ¢i pletiv propusténo, pfipadné jsou tyto latky
organismem metabolizovany. In-vitro kultivované bunécné linie nejsou bariérami
celistvého organismu chranény a reaguji na experimentalni oSetieni ptimo. Jejich reakce
navic neni maskovéna fyziologickym prostiedim celistvého organismu. Vzhledem
k témto faktim je vSak systém bunécnych linii do urcité¢ miry vzdaleny fyziologickym
podminkam (artificialni). To klade zvySené naroky na spravné formulovani pracovnich
hypotéz a adekvatni interpretaci ziskanych experimentalnich dat.

Experimentalné zavedené modelové linie vykazuji vysokou rychlost bunécného
déleni. Dostupnost velkého mnozstvi bunék v kratkém casovém tuseku umoziuje
potizovani velkych souborti experimentdlnich dat a relativné rychlé opakovani
experimentl, které jinak mize byt u mnohobunécnych organismil limitovano jejich
generacni dobou a tedy piipravou pokusnych jedinc.

Nejlépe zavedené modely jako napf. zivocisné HelLa bunky nebo tabidkové linie
VBI-0 a BY-2 mohou byt navic efektivné fyziologicky synchronizovany a to dokonce az
na urovni jednotlivych fazi bunééného cyklu. To vyznamné rozSifuje moznosti analyzy
bunécnych pochodu a genové exprese v nejriznéjSich kontextech.

Nekteré z modelovych bunéénych linii jsou snadno piistupné tranzientni piipadné

téz stabilni transformaci. Uméle navozena exprese vnesenych genti nebo naopak cilené



umlcovani internich genli (zpravidla prostfednictvim RNA interference; RNAi) ma
zasadni vyznam pro popis genové funkce, ureni bunécéné lokalizace studovanych

proteinll a miize mit rovnéz i biotechnologické vyuziti.

Neustale se zvySujici dostupnost genomickych, transkriptomickych a proteomickych
dat s sebou nese poptavku po zjisténi mechanismil regulace exprese genll a objasnéni funkce
jimi kédovanych protein. Zaroven komplexita souc¢asnych biologickych znalosti zvySuje
naroky na pfesnou kvantifikaci pozorovanych dé&ji a téz jejich ovéreni. Ackoliv stézejni
cytologické ptistupy byly znamy jiz v dobé odvozeni linii jako HeLa (1951) nebo BY-2
(1972), teprve nyni s odstupem nékolika desetileti jsou publikovany podrobné manualy, které
poskytuji ndvody, jak s diive zavedenymi modely pracovat v kontextu vysokych pozadavki
soucasné biologie. Pro plnohodnotnou interpretaci ziskanych dat je v souc¢asné dobé nezbytna
presna kvantifikace pozorovanych déji (dynamiky genové exprese, bunééné morfogeneze,
apod.), spravné stanovend frekvence pozorovanych déji (viabilita vs. mortalita, internalizace
vackl, apod.), a také statisticky ovéfena spolehlivost ziskanych vysledki.

Souhrnnym cilem prace je optimalizace technik fenotypového hodnoceni transgennich
linii odvozenych zbunétné linie tabaku BY-2 s pfihlédnutim k mife a zdrojim wvnitini
variability tohoto modelového systému. Prezentované postupy byly zavedeny a ovéfeny na
modelovém systému bunécné linie tabdku v rdmci dvou samostatnych molekularné
biologickych projekti, studia funkce hybridnich prolinem bohatych proteinti a signaliza¢ni

role heterotrimernich G-proteinii. Vybrané vysledky téchto projektl vztahujici se

k hodnoceni linii ¢i poznani jejich fyziologie jsou rovnéz prezentovany.



2. Cile

Optimalizace fenotypového hodnoceni linii odvozenych od bunééné linie tabaku
BY-2
Aplikace a ovéteni zavedenych postupt pii charakterizaci transgennich bunéénych
linii tabaku
o priprava a charakterizace linii exprimujicich geny kodujici hybridni
prolinem bohaté proteiny
o pfiprava a charakterizace linii exprimujicich geny pro regulator G-

proteinové signalizace NtRGS1 a jeho zkracené varianty



3. Literarni prehled

Nebyvalé mnozstvi genomickych, transkriptomickych a proteomickych dat, které bylo
pofizeno v neddvné dobé a stile se exponencidlnim trendem rozrlsta, mize byt védecky a
prakticky vyuzitelné pouze tehdy, je-li objasnén vztah mezi nukleotidovymi ¢i proteinovymi
sekvencemi a jejich biologickou funkci. Analyza téchto dat zalezi na spravném propojeni
s adekvatnimi fenotypovymi projevy. Velkd pozornost je proto veénovana nalézani
konkrétnich vazeb mezi genotypem a fenotypem. Pro ucely mnohorozmérného, rychlého a
objektivniho hodnoceni celych rostlin byly v posledni dobé zavedeny ucelené¢ postupy
fenotypovani (Pieruschka a Poorter 2012). Ani kvalitni popis pozorované rostliny na
organismalni urovni vSak nemusi zarucit porozuméni chovani jednotlivych bunék, které tento
organismus vytvari. Z tohoto divodu se bunécné suspenzni kultury osvédcily jako alternativni
modely celé fady studii (Orchard et al. 2005, Richard et al. 2001, Schaul et al. 1996;
ptehledy pak viz Sato 2013, Seifertova et al. 2014). Nabizeji pfedevSim moznost
neinvazivniho hodnoceni fady cytologickych parametri. Pfesto zatim nebyly v dostate¢né
mife etablovany ucelené postupy k jejich fenotypovému hodnoceni.

Rostlinné bunécné suspenzni kultury jsou znamy jiz fadu let. Schopnost ¢i
neschopnost tkanovych kultur vytvofit bunéénou suspenzni kulturu je déna mirou
rozpadavosti (tzv. friabilitou) kultivovaného pletiva nebo kalusu. Prvni bunétné suspenze
byly pfipraveny ztabadku (Nicotiana tabacum; Filner 1965, Nagata et al. 1992), topolu
(Populus sp.; Nagata et al. 1992), javoru klenu (Acer pseudoplatanus; obr. 1A; Nagata et al.
1992, Opatrny et al. 2014), s6ji (Glycine max; Gamborg 1970) a nékterych dalSich rostlin.
Problémem hodnoceni vétSiny dostupnych bunéénych suspenznich linii je vysoka
morfologickd variabilita jejich bun¢k a predevSim pak tvorba trojrozmérnych bunécnych
agregati. Ty nejen Ze znemoziuji mikroskopicky vhled do bunck situovanych uvniti
agregatl, ale chovaji se jako urcity ,,minimalni organismus“ se sob¢ vlastni latkovou
vyménou a vlastnim zpiisobem bunécné morfogeneze, kdy bunky uvniti agregati se déli a
smeérem ven vakuolizuji, pfipadné odumiraji. U takovych suspenzi pievazuje jejich arteficialni
povaha nad pozitivnimi vlastnostmi, které 1ze vyuZit v bunééné biologii rostlin (Opatrny et.
al. 2014).

Prvni linie, které svoji bunéénou morfologii a zplsobem rustu spliovaly pozadavky

pro vyznamnéj$i experimentalni aplikaci, byly ziskany z rostlin tabaku. V roce 1967 byla ze



stonkové diené kultivaru Nicotiana tabacum cv. ,Virginia Bright Italia‘ izolovana linie VBI-0
(Opatrny a Opatrnd 1976, Opatrny et al. 2014). Vzhledem k vy$§im pozadavkiim na
standardizaci kultivace a obtizné transformovatelnosti byla tato linie v béZné praxi nahrazena
semenact N. tabacum cv. ,Bright Yellow 2¢ ptfed vice nez 40 lety v Japonsku. Pivodné
zamyslené biotechnologické vyuziti nebylo uspésné, naproti tomu se vSak bunécna linie BY-2
postupné stala jednim ze zakladnich modeli rostlinné biologie. Buiiky téchto linii netvofi
bunécné agregaty, ale fetizky, které vykazuji mimotfadnou spontanni rozpadavost, diky cemuz
vytvaii relativné morfologicky homogenni populaci bun¢k dovolujici pfimé mikroskopické
pozorovani (Nagata et al. 1992, Opatrny et al. 2014). Ob¢ linie BY-2 1 VBI-0 jsou nezavislé
na dodanych cytokininech avSak plné zéavislé na zdroji auxinu, pficemz nejvhodnéjsi
nahrazkou pro tyto kultury je 2,4-D (Nagata et al. 1992, Orchard et al. 2005). Primérna
denzita kultury BY-2 se pohybuje mezi 10’ a 10° bungk na 1 ml kultivaéniho média. Diky
vysoké delivé aktivit¢ miize byt bunécny cyklus jednotlivych bunék kultury efektivné
synchronizovan docasnym pfiddnim nékterych antireplikacnich nebo cytoskeletalnich drog.
Podil synchronizovanych bunck muze dosdhnout 60-90%. (Nagata a Kumagai 1999,
Kumagai-Sano et al. 2004, Kuthanova et al. 2008), coz dovoluje i analyzu zmén genové
exprese v prubéhu bunééného cyklu (Schaul ef al. 1996, Sorrel ef al. 1999, Sorrel et al. 2001,
Matsuoka et al. 2004).

Jednou z alternativ k bunéénym liniim tabdku jsou linie odvozené z Arabidopsis
thaliana. Tyto modely mohou byt upfednostiiovany nékterymi pracovnimi tymy diky tomu,
ze prave A. thaliana je jednoznacné nejpouzivangjSim modelem zékladniho vyzkumu rostlin.
Genetické, molekularni a cytologické analyzy provadéné na rostlinach tohoto druhu mohou
byt uptesniovany a prohlubovany na suspenznich kulturdch stejného druhu. Ztejmou vyhodou
je tedy interpretace provedenych experimentll na maximalné podobném genetickém pozadi.
Bunécné linie A. thaliana vykazuji mensi délivou aktivitu v porovnani s bunéénymi liniemi
tabaku. PiestoZze se tento parametr zda byt klicovy pro efektivitu synchronizace bunééného
cyklu u kutury BY-2 (Nagata a Kumagai 1999), bylo u bunécnych suspenzi A. thaliana
dosazeno aplikaci aphidicolinu pfiblizn¢ 90% synchronizace, tj. vysledkt pln¢ srovnatelnych
s linii BY-2 (Menges a Murray 2002). Dalsi vyhodou mutze byt pfitomnost zelenych
chloroplastii, diky cemuZ je aspoii Castecné zachovan autotrofni metabolismus spojeny
s fotosyntézou. Na druhou stranu pravé hojna piitomnost dobfe vyvinutych chloroplasti
komplikuje pouziti pokroc€ilych fluorescencnich technik mikroskopie (Seidel et al. 2004).

Z hlediska pokrocilého fenotypového hodnoceni vSak suspenzni kultury bunék A. thaliana



vykazuji 1 dals$i nevyhody. Jednd se predevs§im o tvorbu trojrozmérnych bunéénych agregata,
jejichZ buiiky jsou navic zna¢né morfologicky variabilni (obr. 1B). To celkové komplikuje

jejich mikroskopické a biometrické hodnoceni.

Obr. 1: Fenotyp bunéénych suspenzi. A) Acer pseudoplatanus, pievzato z Opatrny et al. (2014). B) Arabidopsis

thaliana, ptevzato z Salmon a Bayaer (2012). C) Bunéc¢na linie tabaku BY-2. Métitko 100 pm.

Buné¢na linie tabdku BY-2 proto dnes patii mezi pfedni modely bunécné biologie pro
studium nejriznéjSich aspektli fyziologie rostlinnych bunék a jeji vyznam stile nariista
(Seifertova et al. 2014). Ve form¢ suspenzni kultury jsou bunky snadno pfistupné oSetfeni
nejriznéjSimi chemickymi latkami a nasledné jsou linearni bunécéné fetizky mimotadné
vhodné pro okamzitou mikroskopickou a cytologickou analyzu (obr. 1C). Tyto vlastnosti
pomohly k ziskani fady zdsadnich poznatkl v oblasti studia rostlinného cytoskeletu (napf.
Kutsuma a Hasezawa 2002, Schwarzerova et al. 2003, Maisch et al. 2009, Hohenberger et
al. 2011, Schneider et al. 2015), bunécného cyklu (Jovanovi¢ et al. 2010) nebo vzajemného
vztahu formovani cytoskeletu a fizeni bunécné proliferace (Klotz a Nick 2012, Masoud et al.
2013). Bunécna linie BY-2 formujici vicebunééné fetizky rovnéz slouZila pro studium
komunikace mezi buiikami a synchromizace bunécného rustu (napi. La Porte et al. 2003,
Maisch a Nick 2007). Umoznila rovnéz vyzkum nejriznéjsich faktord ovliviiyjicich rostliny
jako jsou fytohormony (Campanoni ef al. 2003, Laiikkova et al. 2010), toxické kovy jako je
kadmium (Kuthanova et al. 2008, Ma et al. 2010, Kutik et al. 2014) nebo hlinik (Pejchar et
al. 2010, Krtkova et al. 2012). Protoplasty ziskané z buné€k linie BY-2 byly rovnéz vyuzity
pro studium polarity bunééného rastu (Zaban et al. 2013). Linie BY-2 rovnéz nachazi
uplatnéni v recentnim farmaceutickém vyzkumu a biotechnologickych aplikacich (Kaldis et

al. 2013). Vzhledem k ,nezelené* povaze je linie BY-2 mnohem Iépe pouzitelnd pro
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pokrocilé fluorescencni techniky mikroskopie jako je FRET, FLIM nebo FRAP a mlze byt
vtomto ohledu alternativou ke kofenovym vlaskim A. thaliana nebo izolovanym
protoplastim. Pouziti téchto technik mlze byt pouze komplikovano nezanedbatelnou
oranzovou autofluorescenci ptitomnych proplastidii pozorovatelnou po osviceni ultrafialovym
az modrym svétlem (Nagata et al. 1992). Tato autofluorescence muze komplikovat
kvantifikaci fluorescence Zlutych a ¢ervenych fluorescencnich proteinti. Tento efekt je vSak
méné vyznamny nez u bunék linii 4. thaliana.

Modelova linie BY-2 se stala rovnéz dilezitym nastrojem pro funkéni genomiku na
bunécné Urovni. Studium ucinkd zvysSeni popf. snizeni hladiny urcitého proteinu je vSak
podobn¢ jako u celistvych transgennich rostlin komplikovano rozdily a variabilitou v genové
expresi nezavisle transformovanych fetizkli a z nich odvozenych linii. Tato variabilita je dana
rozdilnym mistem zaclenéni T-DNA do genomu, rozdilnym poctem zaclenénych kopii a
nasledné téz pomérné¢ dynamickym procesem samovolného umlceni vnesenych transgent
(Nocarova a Fischer 2009). Tento zdroj variability navic interferuje s vnitini variabilitou
urCité miry maskuje samotny vliv experimentdlné¢ modulované exprese nékterych gent
(Dvotékova et al. 2012). Experimentalni uspotfadani spolehlivé odkryvajici vztah mezi
genotypem a zménami v bunééném fenotypu proto neni vzdy zcela ptimocarg.

Vliv modulované genové exprese mize byt u suspenznich bun¢k BY-2 posuzovan
v fad¢ parametril: viabilita bunck, deliva aktivita, tvar a rozméry bunék, polarita riistu, déleni
bun¢k a ptipadné téZ analyza transkripce markerti programované bunécné smrti nebo jinych
genil souvisejicich s pfedmétem zajmu. Pro maximalni vyuziti tohoto potencialu je vSak tfeba
mit k dispozici soubor jednoduchych, rychlych a pfitom nanejvys spolehlivych postupt
méteni sledovanych parametrii. Richard et al. (2001) publikovali ptikladnou praci prezentujici
zevrubné hodnoceni bunééné suspenze Arabidopsis thaliana véetné¢ souhrnu adekvatnich
biometrickych a matematickych postupti. Pfekvapiveé stézejni metodické prehledy vénované
linii BY-2 (Nagata 2004; Nagata ef al. 2006) vénuji metodice fenotypové analyzy jen malou
pozornost.

Predmétem predkladané prace je optimalizace zavedenych cytologickych postupi pro
fenotypovou analyzu transgennich nebo jinak experimentalné ovlivnénych linii odvozenych
od bunécné linie tabaku BY-2. Celkové metodické postupy, od mikroskopické analyzy az po
statistické zpracovani dat, musi byt dostate¢né efektivni, aby dokazaly odlisit relevantni
zmény zpusobené experimentalnim oSetfenim (popf. transgenozi). Vzhledem k tomu Zze

fenotyp transgennich linii vykazuje zna¢nou variabilitu danou piekryvem vnitini variability
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modelové linie a variability dané geneticky (misto zaclenéni a pocet kopii T-DNA) a
epigeneticky (samovolné umlcovani exprese), existuje zde znacny tlak na to, aby metody
hodnoceni byly maximalné jednoduché a rychlé. Jen tak je mozné v pfiméfeném CcCase
s nasazenim dostupného vybaveni a lidské prace zhodnotit dostate¢né mnozstvi individalnich
linii popft. klont, aby bylo mozné spolehlivé odlisit projev experimentalniho oSetfeni popf.

transgenni fenotyp od variability vzniklé vySe uvedenymi mechanismy.
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4. Vysledky a diskuse

4.1. Metody fenotypové charakterizace bunéénych linii tabaku

4.1.1 Stanoveni zakladnich cytologickych parametru

Vzhledem k jednobunétné az ,,nékolikabunécné* povaze tabakové linie BY-2 lze
fenotyp individui, tj. bunék nebo jednoduchych bunécnych fetizkli popisovat zavedenymi
cytologickymi metodami (Nagata et al. 1992, Richard et al 2001). V porovnani se
suspenzemi kvasinek nebo krevnich bun¢k je vSak tieba nékteré techniky do urcité miry
adaptovat, aby bylo mozné dosahnout pozadované ptfesnosti mefeni a srovnatelné efektivity
zpracovani vzorkl jako u bunéénych typt, pro které byly metody ptivodné optimalizovany
(Seifertova et al. 2014).

Mezi primarni parametry, kterymi lze fenotyp bunécnych linii odvozenych od linie
BY-2 popisovat patfi:viabilita, mitoticky index, rozméry bunck (tj. délka a Sitka), denzita
bunécné suspenze (tj. mnozstvi bunek v jednotce objemu kultivacniho média).

Stanoveni viability a mitotického indexu lze u bunck linie BY-2 provadét zcela
standardnimi metodami, které byly shrnuty napt. v pracech Nagata et al. (1992), Seifertova et

al. (2014), Srba et al. (v tisku)

4.1.2. Stanoveni denzity suspenzni kultury

Stanoveni denzity, tj. poctu bunék v jednotce kultivaéniho média je v pfipadé linie
BY-2 komplikovano ptredev§im rozméry bun¢k a jejich fetizkli. Standardni pocitaci komurky
uzivané¢ v mikrobiologii a hematologii jsou dimenzovany pro stanoveni pfiblizné
isodiametrickych castic, které jsou v optimdlnim ptipadé mensi, nez je polovina vysky
pocitaci komurky (Kouri et al. 2003), coz je u nejcastéji uzivanych modeli 100 um (Biirker,
Neubauer, Thoma) nebo 200 pm (Fuchs Rosenthal). Buiky tabdkové linie BY-2 vsak
napiiklad ve stacionarni fazi dosahuji délky pfiblizné 80 pum a byvaji spojené do
vicebunéénych fetizk, jejichz délka dosahuje stovek um a mize presdhnout i jeden milimetr.
Existuji sice specialni typy pocitacich komiirek s vétsi hloubkou (napft. 0,5 mm; typ Nageotte)
avSak pro hodnoceni vzork kultury BY-2 nejsou vhodné vzhledem k problematickému
proostieni tak hluboké vrstvy a tim padem nemoznému pofizeni kvalitnich obrazovych dat

pro obrazovou analyzu (Srba et al. v tisku).
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Optimalizovany postup stanoveni denzity bunék linie BY-2 je zalozen na
modifikovaném pouziti pocitaci komurky Fuchs Rosenthal o hloubce 200 pum, kterd
v porovnani s méné hlubokymi komirkami poskytuje vice vyrovnand data, viz obr. 2A.
Klasicky protokol vyuziti pocitaci komirky predpoklada aplikaci vzorku v nadbytku, ktery je
nasledn¢ odveden odtokovymi kandlky. Takovy postup u linie BY-2 neni pouzitelny, jelikoz
se suspenze bunék této linie nechova jako idealni kapalina. Pfi pfiliSném pohybu v komirce
tvoti fetizky bunck Casto velké shluky, které se nahromadi bud'to v prostoru miizky a nebo
naopak v odtokovych kandlcich, takze ve s€¢itaném poli ziistane témeft Cisté médium. Proto je
tteba analyzovanou suspenzi do pocitaci komuirky aplikovat v podobé malé kapky o velikosti
cca. 3 mm (objem 15 — 20 ul), kterd po ptiklopeni kryciho sklicka zaujme ptfesné prostor pod
sklickem a zbyte¢né se nepohybuje (Seifertova osobni sdéleni, Srba ef al. v tisku). Hust&jsi
suspenze bunék, typicky od 3. az 4. dne SBI je tfeba ptfed stanovenim denzity nafedit tak, aby
se v prostoru mfizky nachazelo ptiblizn¢ 150 — 1500 bun¢k. Takové ziedéni zaroven dovoluje
reprodukovatelné pipetovani bunécné suspenze ustiizenou Spickou.

Poslednim krokem stanoveni denzity bunééné suspenze je adaptace protokolu na
poloautomatické pocitatové vyhodnoceni. Analyzované vzorky lze z mikroskopu snimat
kamerovym systémem a pofizené obrazky nasledné analyzovat softwarem obrazové analyzy.
Pro potieby efektivni pocitaCové analyzy je tieba dbat na vysokou kvalitu pofizovanych dat,
aby nasledné obrazové analyza mohla byt maximalné automaticka. Pozadavky na obrazova
data jsou nasledujici:

1) jadra hodnocenych bunék musi byt dostatecné kontrastni (barveni Hoechst 33258,

DAPI, ...)

2) velikost jader na pofizenych snimcich musi byt minimalné 5 pixel, aby byla

softwarové odlisitelnd i u nahloucenych bun¢k

3) mikroskopické zvétSeni by vSak nemélo byt piilis velké, aby dovolovalo kvalitni

zaostteni celé hloubky pocitaci komurky (nezaostiena jadra nejsou na snimcich
dostate¢n¢ kontrastni)

4) snimky by mély zabirat vétsi plochu pocitaci komirky, tak aby byly maximalné

reprezentativni. Body 2, 3, 4 jsou zpravidla splnény pfi pouziti objektivu 4x nebo

10x s ptihlédnutim k rozliSeni snimaci kamery.
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Casové odlozené pofizeni numerickych dat experimentalnimu pracovnikovi umozni
zpracovani vétsitho mnozstvi vzorkil (variant ¢i opakovéani) v dostupném case. Jsou-li soubory
s obrazovymi daty pojmenovany adekvatnim zpisobem v Ciselnych tadach, umoziuji
pokrocilejsi systémy obrazové analyzy pln¢ automatické vyhodnoceni celych slozek obrazk,
v¢. zakladniho statistického zpracovani potizenych numerickych dat.

Nesourodou vnitini strukturu bunééné suspenze BY-2, ktera komplikuje stanoveni
bunééné denzity pomoci pocitacich komurek lze feSit histologickou metodikou macerace
(Johansen 1940, Brown & Rickless 1949). Tyto postupy zajistuji rozvolnéni stfedni lamely a
zaroven vyrazné zmékceni bunééné stény (Johansen 1940, Némec 1962). V ptipad¢ bunécné
linte BY-2 poskytla nejlepsi vysledky tzv. kyseld macerace spouzitim kyseliny
chlorovodikové a déale macerace s pouzitim kyseliny chromové, resp. roztoku oxidu
chromového. Macerované suspenze bylo mozné aplikovat ve znaéném rozpéti hustoty, aniz
by byly vysledné hodnoty stanovené denzity ovlivnény, viz obr. 2B. Nevyhodou je vétsi
pracnost pfipravy vzorkl a v ptipadé pouziti HCrO4 téz jeji vysoka toxicita (Dayan a Paine
2001). Dalsi nevyhodou je destruktivni povaha maceracnich technik, kterd znemoziuje

hodnoceni dalSich cytologickych parametri na jednom vzorku (snimku).
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Obr. 2. Stanoveni denzity bunétné kultury. A) Krabicové diagramy ciselnych soubort denzity ziskané
v pocitacich komurkach: Fuchs — Rosenthal (doporuceno), Biirker, Neubauer and Thoma. B) Krabicové
diagramy ciselnych souborti denzity ziskané s pouzitim komirky Fuchs - Rosenthal chamber po ¢tyfech riznych
ptipravach vzorkt: Hoe. dil., kultura zfedéna podle doporuceni + barveni Hoechst, Hoe. dens. nefedéna kultura
(5x hustsi vzorek) + barveni Hoechst, HCrO, dil., zfedénd suspenze + macerace HCrO,4, HCrO,4 dens., nefedéna

suspenze (5x hustsi vzorek) + macerace HCrO4.
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4.1.3. Méreni délky a Sirky bunék

Délka bun¢k je jednim ze zdkladnich znakt, kterym Ize charakterizovat morfologii
bunék BY-2. Jedna se o velmi variabilni parametr, ktery se cyklicky méni b&hem
subkultivaéniho intervalu a na néjz plsobi dva protichiidné procesy. Déleni bun¢k a jejich
elongace. Pfipadné namétené zmény v délce bun¢k mezi experimentalnimi variantami proto
mohou byt odrazem ovlivnéni jak délivé aktivity bunck, tak zménami v dynamice bunécéné
elongace. Vzhledem k tomu, ze déleni bunék v pocatecnich fazich SBI je vyrazné ovlivnéno
stavem vychozi kultury a velikosti inokula (Nagata a Kumagai 1999), musi byt tyto parametry
pti zakladani pokust s cilem hodnotit bunéénou morfologii nanejvys striktné normalizovéany.
V ptipadé, Ze neni pfedem zndm projev experimentalniho oSetfeni nebo povaha fenotypu
hodnocenych transgennich linii, Ize doporucit hodnoceni bunééné délky ve stacionarni fazi
SBI. Zde jiz nedochazi k interferenci déleni bun¢k a bunécného dlouzeni. Rovnéz bylo
zjisténo, Ze variacni koeficient metrickych dat je u stacionarnich bunék nizsi, a potfizend data
jsou proto spolehlivéjsi, resp. pro ziskani reprodukovatelnych vysledk staci pofizovat mensi
datové soubory (Srba et al. v tisku).

Biometricka data charakterizujici délku bun¢k linie BY-2 vyzaduji v urcitych ohledech
specifické zpracovani. Prvnim diivodem je urcitd mira vnitini zavislosti naméfenych dat. Bylo
zjisténo, ze bunky vramci bunécného fetizku jsou si oproti celé bunééné populaci vice
podobné. To miize byt zptisobeno jejich spoleénym piivodem z jediné bunky, existuji vSak téz
prace, které ukazuji 1 dal§i mozné ptiCiny této uniformity jako jsou symplastické propojeni a
naslednd fyziologickd synchronizovanost bunck uvnitt ftetizku (Laporte et al. 2003,
Campanoni et al. 2003, Maisch a Nick 2007). Z pohledu statistického hodnoceni by proto
bylo nejucinngj$i pofizovat metrickd data se zaznamy o piislusnosti jednotlivych bunék
k uréitym fetizkim a faktor fetizku zanést do modelu vypoctu analyzy rozptylu jako tzv.
nahodny efekt (,,random effect®). Z praktického hlediska je vSak tento zplisob pofizovani dat
mimofadné pracny, u méné¢ piehlednych mikroskopickych preparati téméf nemozny.
Srovnani zakladniho modelu analyzy rozptylu a modelu doplnéného o faktor fetizki sice
ukazalo, ze pfi zaneseni tohoto faktoru lze stejné vypovédni hodnoty statistického modelu
dosahnout pfti pfiblizné tfetinovém mnozstvi potizenych dat. Z praktického hlediska je vSak
vyrazné rychlejsi a jednodussi pofidit pifiblizné trojnadsobné velky soubor dat bez udaji o
prislusnosti k jednotlivym fetizkiim a tyto pak srovnavat zakladnim modelem analyzy

rozptylu nebo parové neparametrickym Kruskal-Walisovym testem (Srba et al. v tisku)
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Dalsim specifikem dat popisujicich délku bunék linie BY-2 je Sikmost histogramu. Ta
je dana skutecnosti, Ze buiiky této linie jsou jen velmi vzacné kratSi nez 30um, zatimco na
druhé strané¢ histogramu mohou dosahovat az velmi vysokych hodnot ve stovkadch pm.
Vzhledem ke snadné dostupnosti velkych datovych souborti (n > 100) vSak mize byt tato
odchylka od normalniho rozlozeni dat zanedbéna, jelikoz analyza rozptylu je u takto velkych
soubortl vii¢i tomuto problému robustni (Milliken a Johnson 1984). Pro parové srovnani délek
bunck u jednotlivych linii je vSak vhodné vyuZivat neparametrickych testii jako napt. Tukey —
Krameriv test (Hoaglin et al. 2011, Srba et al. v tisku).

Obdobné¢ jako délku bunék lze metodami obrazové analyzy méfit i jejich Sitku. Tento
parametr je vSak v porovnani s délkou bunc¢k zpravidla velmi konstantni, zejména pak u
kultur, které prosly klonovanim, viz kapitola 4.2. Sitku bunék je vhodné stanovovat
v definovaném useku, vhodnym standardem je napiiklad kolmice na osu buiky v misté
ulozeni bunééného jadra. V tomto misté dosahuji typickou $itku téz zaspicatélé bunky na
koncich fetizkii. Numericka data §itky vykazuji normalni rozlozeni, lze je tedy bez problému

srovnavat analyzou rozptylu (ANOVA), poptipad€ parové parametrickym t-testem.
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Ctyfi varianty ligici se vychozim fedénim pfi inokulaci. A) Mitoticky index a délka bun&k. B) Denzita bunééné

suspenze. C) Vypoctena biomasa (vypocet na zaklad¢ znamé velikosti bunck a jejich denzity).
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4.1.4. Vypocet druhotnych popisnych veli€in

Druhotnou popisnou veli¢inou mizeme rozumét parametr charakterizujici studovanou
bunécnou linii, ktery byl ziskdn vypoltem z parametrii primarnich. Piikladem mulize byt
stanoveni ristové kiivky, vypocet doby bunééného cyklu nebo téz stanoveni Cerstvé biomasy,
kterou Ize u obvyklych rostlinnych vzorkti snadno stanovit vadzenim, ale v piipad¢ linie BY-2
je takovy pristup metodicky komplikovany a spolehlivéjsSich vysledki bylo dosazeno

matematickym vypoctem tohoto parametru.

4.1.5. Kalkulace biomasy

Stanoveni Cerstvé biomasy bunck linie BY-2 je znacné komplikovano obtiznou
standardizaci separace vlastni biomasy bun€k od kultivaéniho média. Sedimentace bun¢k
nebo zékladni filtrace zanechava ve vzorcich nedefinované reziduum média, naopak vakuova
filtrace odsaje z ¢asti bunék i jejich vnitini obsah, diky ¢emuz neni nasledné¢ mozné stanovit
hmotnost biomasy studovaného vzorku.

Jako alternativni pfistup se proto jevi mozZnost spocitat objem buné€k v suspenzi ze
znalosti jejich rozmért a denzity. Takto kalkulované kiivky piedstavuje obrazek 3C. Je zde
patrny dramaticky nartist vypocétené biomasy cca uprostied subkultiva¢niho intervalu, ktery je
dany synergickym efektem vysoké mitotické aktivity méfené kultury a pocinajici fazi
elongace bunck. Tuto dramatickou zménu lze pozorovat i makroskopicky, kdy kultura téméf
béhem jediného dne zméni svoji konzistenci z fidké, prisvitné suspenze na hustou kaSovitou
hmotu. Lze proto usuzovat, Ze vypocteny prabéh realné odrazi ristovou dynamiku suspenze
bun¢k BY-2 a nejednd se o efekt nasobeni technické chyby pii méfeni dvou vychozich
veli¢in. Navic lze uvazovat o mozném vztahu s dynamikou metabolizace cukri v médiu, kdy
mezi 3. a 5. dnem ma kultura k dispozici nejvétsi mnozstvi dostupnych hexo6z viz obr. 4, které

jsou buiikami linie BY-2 pfednostné matabolizovany (Hartig a Beck 2006).
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Obr. 4: Koncentrace sacharidu v kultiva¢nim médiu standardné kultivované linie BY-2 béhem subkultiva¢niho

intervalu (Srba a Lipavska nepublikované vysledky).

4.1.6. Stanoveni rastové krivky — matematicky odhad

Primarni data stanoveni denzity bunéénych suspenzi s pomoci pocitacich komirek
vykazuji pomérné vysokou variabilitu. I s pouzitim optimalizovaného postupu viz kap. 4.1.2.
je primérny variacni koeficient téchto dat 23 % (Srba et al. v tisku). Rekonstrukce ristové
kiivky plnym pokrytim primarnimi daty denzity suspenzi je proto mimoifadné pracné.
Jednotlivé udaje o denzit¢ suspenzi navic zpravidla nejsou cilem experimentalniho
srovnavani. VéEtsi vypovédni hodnotu pro popis ristové dynamiky suspenzi ma celkovy
prabéh ristové kiivky, poptipad¢ sklon jeji exponenciadlni faze a zné odvozena doba
rustového cyklu. Nabizi se proto moznost redukovat vzorkovani rastové kiivky v prabehu
SBI a celou riistovou kifivku matematicky odhadnout prolozenim logistické kiivky (tzv. data
fitting).

Prolozeni logistické kiivky pofizenymi daty ma nékteré kritické body. Prvnim z nich
je pocatecni faze rlstu, resp. ,,zakofenéni kiivky“. To je dédno kratkou dobou lag-faze zdravé
rostoucich kultur, kterd je pii typickém vzorkovéni 1 den popséna nedostate¢nym mnozstvim
dat. Tento problém lze odstranit hustéj$im vzorkovanim pocatecni faze rlstu (napi. po 8 nebo
12 hodinach), pokud je tato dynamika pfedmétem experimentalniho zajmu. Alternativou je
nastaveni mantinelll (hrani¢nich hodnot) pro odhad prabéhu kiivky v bodu 0. Jako velmi
efektivni a z biologického hlediska téZ korektni se ukazalo pouziti intervalu spolehlivosti

primarnich dat popisujicich denzitu v bod¢ 0 (Srba et al. v tisku).
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Obrazek 3B srovnava pribéh ristovych kiivek rozdilné fedénych variant bunécné
linie BY-2. Pro srovndni jsou téz zafazeny logistické kiivky odhadnuté dle postupu
publikovaného v praci Srba et al. (v tisku). Vzhledem ktomu, ze cilem prokladani
namétfenych dat logistickou kfivkou je redukce manudlni experimentdlni prace, byla téz
kombinatoricky testovdna vyznamnost jednotlivych méfeni pro spravnost matematického
odhadu pribchu kiivky. Pro vypocet byla tedy postupné¢ vynechavéna jednotlivd méfeni a
nasledné byla stanovena odchylka vypoctené kiivky od kiivky redlné¢ naméfené a to metodou
sumy druhych mocnin odchylek (sum of squares). Tuto relativni dilezitost méfeni
v jednotlivych dnech zndzoriiuje obr. 5. Je zde partné, ze méteni napt. v 6. dni mé pro podobu
odhadnuté kiivky minimalni vyznam. Naopak méteni ve dnech 4 a 5, kdy kultura zpravidla
opousti fazi exponencialniho rlstu a piechdzi do faze stacionérni, se zdaji byt pro adekvatni

odhad tvaru kiivky kli¢ova.
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Obr. 5: Relativni dilezitost méfeni denzity bunééné suspenze v jednotlivych dnech SBI. Ctyii varianty
standardné kultivované linie BY-2 lisici se pocate¢nim fedénim pii inokulaci. Sloupecky vyjadifuji narist sumy
druhych mocnin odchylky (v kazdém dnu) mezi kiivkou sestavenou ze vSech dat a mezi vypoctenou kiivkou

s vynechanim daného dne.
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4.1.7 Stanoveni doby bunééného cyklu a trvani mitézy

Exponenzialni faze rdstu bunétné linie se projevuje pii logaritmickém vyneseni
rustové kiivky jako linearni usek, ve kterém se prakticky kazdd bumnka pravidelné déli
v uréitém Gasovém intervalu. Cas (t) zdvojeni poétu bunék Ize stanovit podle Richarda et al.
(2001) jako t = (t, — t;) / logx(denzitay, / denzita,;). Hodnoty mezi 18,6 a 20,2 vypoctené na
zakladé nami publikovanych dat (Srba et al. v tisku) dobie koresponduji s praci Nagaty et al.
(1992).

Ze znamé doby bunécného cyklu lze rovnéz odhadnout dobu mitoézy jako ndsobek
doby trvani bunécného cyklu * mitoticky index. Doba vypoctend na zaklad¢ naSich dat
odpovida pfiblizné¢ dvéma hodindm, coz je opét v souladu s dfive publikovanymi daty

(Granger a Cyr 2000).
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4.2. Studium vlivu overexprese HyPRP genu jako modelova situace analyzy

fenotypové variability.

Vzorova situace fenotypové analyzy byla feSena v ramci projektu zamétfeného na
odhaleni funkce hybridnich prolinem bohatych proteinii bunééné stény. Jednim z cilli daného
projektu byla pfiprava transgennich linii tabdku exprimujicich modifikovany gen NtHyPRPI,
zn&jz byla deletovana sekvence kodujici prolinem bohatou doménu. Piedpokladalo se, ze
spravné lokalizovany protein bude kompetovat s nativnim proteinem o domn¢lé ligandy a
vzhledem k absenci jedné z domén tak v buiikdch narusi pfirozenou funkci proteinu.

Bunécéna linie tabadku BY-2 vykazuje v porovndni se srovnatelnymi modely nejvyssi
fyziologickou i morfologickou homogenitu. Pfesto vSak zbyvajici variabilita bunék neni
nulova a mize maskovat zmény navozené experimentdlnim oSetifenim nebo transgenozi.
Z tohoto diivodu se ukazalo jako kliCové stanoveni vnitini variability systému (kontrolnich
linii, ktera byla dale srovnavana s variabilitou testovanych linit).

Prvnim krokem, ktery zvySuje morfologickou variabilitu bun¢k transgennich linii BY-
2 jsou ptechody z kalusové kultury do podoby bunééné suspenze a naopak. Tento krok je
nedilnou soucasti piipravy transgennich linii. Za ucelem kontrolniho stanoveni tohoto typu
variability byla bunécné suspenze vychozi linie BY-2 pfevedena rozlivem na tuhé¢ médium do
podoby kalusové kultury a takto po dobu dvou mésict kultivovana. Nasledné byly tii kalusy
velikostné a stafim odpovidajici kalusiim transgennich linii pfevedeny zpét do suspenzni
kultury. Prekvapivé se ukdzalo, Ze jedna z téchto suspenzi se v délce bunék lisi o 15 % od
dvou zbyvajicich a tento rozdil byl statisticky vyznamny. Biologické pozadi takového posunu
je obtizné interpretovat. Mlze souviset sreorganizaci cytoskeletu (Fischer a Cyr 1998,
Paredez et al. 2006) popiipadé€ rozdilnym obsahem zasobnich latek vychozi kalusové kultury.
Vysledky této kategorie kontrol vSak jednoznacné ukazaly, Ze s vlivem pievodu kalus <>
suspenzni kultura je tfeba pocitat.

V ptipad¢é hodnoceni transgennich linii je navic nutné zatadit kontrolu efektu vlastni
transgenoze. Tou mize byt série linii transformovanych ,,prazdnym® binarnim vektorem popi-.
vektorem s reportérovym genem, jenz by mél byt podle dostupnych informaci vici fenotypu
neutralni (napf. genem pro cytoplasmaticky lokalizované GFP; Seth ef al. 1998, Stewart
2001).

Pii srovnani fenotypu suspenzi vychozi linie BY-2, linii exprimujicich GFP a linii
exprimujicich modifikovany gen NtHyPRPI bylo prokdzdno mnoho statisticky vyznamnych

rozdilti v ramci kontrolni skupiny i v rdmeci testované skupiny exprimujicich studovany gen.

23



Podstatné vSak bylo zjiSténi, ze populace HyPRP transformanti méla rozptyl hodnot
primérné délky bunék oproti kontroldm statisticky vyznamné posunuty (Dvotdkova et al.
2012). Analyza hladiny exprese vnesené¢ho modifikovaného genu NtHPRPI piekvapiveé
ukazala, ze pozorovany fenotypovy projev neodpovidal stanovené mife exprese. Vyrazné
vyss$i korelace vSak byla pozorovana mezi fenotypem a souctem exprese vnesen¢ho genu a
exprese genu interniho. Linie, které ziejmé& druhotné snizily expresi interni nemodifikované
verze genu, se tak fenotypové blizily liniim kontrolnim. Dané pozorovani proto muze byt
ptikladem kompenzacnich mechanismt, jez je tfeba brat pfi hodnoceni transgennich linii
v uvahu.

Druhym ptikladem hodnoceni fenotypovych rozdili mize byt hodnoceni Sitky bunék,
které bylo vramci stejného projektu rovnéz provedeno, a to stejnym zpisobem jako
hodnoceni §itky bun¢k popsané vyse. I zde byly zaznamendny statisticky vyznamné rozdily
mezi jednotlivymi liniemi. Dané rozdily vznikly ziejmé ,klonovacim efektem*
transformacniho procesu, kdy se zplvodni bunécné populace vystépily klony s riznou
bunécénou Sitkou, kterou si naddle pomérné uniformné zachovavaly. Tento fenomén je
pomérné biologicky zajimavy, jelikoz miize souviset s tvarovou paméti bunék danou vztahem
kortikalniho mikrotubulového cytoskeletu a mikrofibril priméarni bunécné stény (Paredez et al.
2006) a rovnéz byt zajimavym modelem pro studium orientace bunécného ristu (Pefa a
Heinlein 2013, Ambrose a Wasteneys 2014). Vzhledem k tomu, Ze se rozptyl primérnych
hodnot bunééné Sitky statisticky vyznamné neliSil mezi kontrolni a testovanou HyPRP
skupinou, 1ze pozorované rozdily hodnotit z hlediska funkce proteinti rodiny HyPRP jako

irelevantni.
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4.3. Studium heterotrimernich G-proteint

Vedle dobfe znamé moznosti synchronizace bun€k v urCité fazi bunécného cyklu
(Nagata et al. 1992) muze byt linie BY-2 uzitecnym modelem 1 pii studiu fyziologie a
metabolismu bunck. B&hem SBI kultura prochazi fazi exponencialniho bunécného déleni,
které mize simulovat situaci v aktivnim meristému. Nasledn¢ pfechdzi do faze stacionarni,
kdy se bunky prodluzuji a mohou tak ptfipominat buiiky dlouzivé zoény kotfene popt. stonku.
Pokud neni kultura po 7 dnech pasdzovana, za¢inaji bunky vykazovat znamky senescence a
pozdéji odumiraji (prostiednictvim programované bunécné smrti). Takto fyziologicky
synchronni systém je vhodny pro charakterizaci metabolismu rostlinnych bun¢k v urcité fazi
vyvoje, vC. analyzy exprese fady genid. Z téchto divodi byla bunécna linie tabaku nasim
tymem vyuzita pro studium ulohy heterotrimernich G-proteinti v regulaci déleni rostlinnych
bun¢k.

Prvotnim ukolem bylo charakterizovat vyznam jednotlivych domén proteinu RGS1
pro nativni buné¢nou lokalizaci proteinu a dale pro endocytozu v reakci na piitomnost cukri.
Protein RGS1 je nejpravdépodobnéjsim kandidatem na funkci receptoru vdzaného na G-
proteiny (tzv. GPCR) u rostlin. Cast z tdchto vysledkt jiz byla publikovana (Phan et al. 2014).

Pii analyzach linii transformovanych konstruktem RGSI:GFP byly pozorovany
cyklické zmény v lokalizaci fluorescen¢niho signalu. Zatimco u exponencialné se dé¢licich
bunék byla pozorovana ocekavana lokalizace v plazmatické membrané, ve fazi stacionarni
tento signal z membrany mizi a masivné se objevuje ve vakuole (obr. 6). Vakuolarni
lokalizace GFP velmi pravdépodobné souvisi s autofagickou degradaci fuzniho proteinu
RGS1:GFP a miZe byt interpretovana jako nespecifické reakce na stres (Toyooka et al. 2006).
V ptipadé stacionarnich bun¢k linie BY-2 Ize ptedpokladat stres zptisobeny vycerpanim
nekterych zivin. Pro leps§i pochopeni fyziologie a metabolismu linie BY-2 a optimalni
nastaveni provadénych experimenti bylo vhodné identifikovat podminky, které jsou za
pozorované zmény zodpovédné. Byly proto vytipovany potenciondlné limitujici Ziviny, které
byly stacionarnim, hladovéjicim buitkkdm externé¢ dodany do vycerpaného média ve form¢e a
mnozstvi v jakém jsou dostupné ve standardnim kultivaénim médiu. Témito Zivinami byl
dusik (dodan jako NH4NOs), cukry (testovdna jak sachardza, tak glukoza) a fosfor (dodan
jako K,HPOy), u néjz je literarné publikovéano, ze je pfi standardni kultivaci limitujicim
faktorem rtstu bunck linie BY-2 (Nagata et al. 1992). Stacionarni kultura exprimujici
RGSI1:GFP byla filtrovana, vycCerpané médium bylo obohaceno vzdy jednou z uvedenych

zivin a do upravené¢ho média byly nasazeny (vraceny) vzorky bunék odpovidajici pfiblizné 10
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% denzity staciondrni suspenze resp. denzité 2. az 3. dne SBI s cilem umoznit obnoveni délivé
aktivity bun&k. NejmarkantnéjSi reakce spojena snéavratem signdlu RGSI1:GFP do
plasmatické membrany a obnovenim délivé aktivity byla pozorovana u aplikace cukrii a
fosforu. Aplikace dusiku naopak tuto obnovu inhibovala. Prekvapivym zjisténim bylo, ze
k ¢astecné relokalizaci signdlu do membrany a naznakiim mitotické aktivity (MI < 2%) doslo
téz u kontroly, kde dolo pouze k nafedéni stacionarnich bunék ve vy&erpaném médiu (Sonka
a Srba nepublikované vysledky). Z toho lze vyvozovat, Ze stacionarni, plné narostla kultura
bunécné linie BY-2 neni stresovédna jen absenci n¢kterych Zivin (napf. cukry nebo fosfor), ale
také nedostatkem kysliku (hypoxie). Cyklickd relokalizace, pravdépodobné spojend s
degradaci RGS1:GFP, by mohla ukazovat na moznost, ze systém heterotrimernich G-proteinti
publikace (Heo et al. 2012). Za pravdépodobnéjsi vysvétleni piresunu fluorescencniho signalu
RGS1:GFP do vakuoly vsak lze povazovat nespecifickou reakci na stres spojenou s autofagii
(Toyooka et al. 2006).

Zjisténi, Ze je mozné i u cukerné¢ hladovéjicich bunék obnovit nativni lokalizaci
RGS1:GFP v plazmatické membrané pouhym zfedénim a dodanim K,HPO, bylo klicové pro
dalsi experimentalni praci pfi studiu tlohy RGS1 v cukerné signalizaci. Podminky, kdy se
cukern¢ vyhladovélé bunky nachdzeji v prosttedi zcela bez cukrti a zdroven vykazuji nativni
lokalizaci fluorescenén& znadeného RGS1 (Sonka a Srba nepublikované vysledky), umoziiuji
sledovat reakci bunék (zmény lokalizace RGS1) po definované aplikaci vybranych cukra.

Prvotni charakterizace linii exprimujicich Ga podjednotku heterotrimerniho G-
proteinového komplexu naznacila mozné zmény v rastové dynamice téchto linii a dale pak
zmény v piijmu cukrii. Aby bylo mozné dat pozorované zmény v ristu do kontextu s piijmem
cukrl, byla provedena nejdiive analyza prubéhu metabolizace 3% sacharézy standardni
netransformovanou linii BY-2. Vysledky ukézaly, ze sacharéza je v médiu nejdiive
rozStépena na glukézu a fruktdozu, nacez je prednostné spotiebovana glukédza, nésledné
fruktoza az se hladina sacharidii v médiu ke konci SBI pfiblizi uplné nule, viz obr. 4 (Srba a
Lipavska nepublikované vysledky, Hartig a Beck 2006). Tento systém, ve kterém se kazdym
dnem méni koncentrace a proporce tii sacharidii, je pro experimentalni praci ptili§ slozity.
Takto komplexni situaci Ize jen nejasné ovliviiovat a piedevSim interpretace ziskanych
vysledkll by byla velmi obtiznd (Hartig a Beck 2006). Proto bylo pfistoupeno k pilotnimu
zjednoduseni tohoto modelu a linie BY-2 (jak kontrolni, tak transgenni) byly experimentalné
nasazeny do média s 1,5% gluk6zou namisto 3% sachardzy (zachovani osmolarity prostiedi).

Reakce kultur byly piekvapivé velmi pifiznivé — rast linii byl téméf normalni. Byla
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pozorovana pouze mirné niz§i denzita na konci SBI. Népadnéjsi odchylky od standardné
kultivovanych bunécénych linii byly pozorovany az v pozdé¢jSich fazich senescence - od 10.
dne od nasazeni, napf. nestandardni lokalizace jader v rimci bun&nych fetizkti (Sonka a Srba
nepublikované vysledky). Takto zjednoduseny systém jiz bude mozné 1épe vyuzit pro métfeni
piijmu cukrG bunkami, v¢. nasledného méfeni obsahu rozpustnych cukri nebo
akumulovaného Skrobu uvniti bunck. Naméfené hodnoty bude mozné davat do kontextu
s fenotypovymi projevy transgennich linii se zvySenou expresi geni pro slozky

heterotrimerniho G-proteinového komplexu, ptfedevs§im pak RGSI a GPAI (=Ga).

Obr. 6: Bunécna linie tabaku exprimujici RGSI/:GFP. A) Exponencialni kultura s proteinem lokalizovanym

v plazmetické membrané. B) Stacionarni kultura s fluorescencnim signalem ve vakuole. Méfitko 100 pm.

4.4. Obecna doporuéeni pro hodnoceni fenotypu transgennich linii odvozenych
od linie BY-2

Celkové metodické piistupy optimalizujici hodnoceni fenotypu bunéénych linii tabdku
byly shrnuty v publikaci Srba et al. (v tisku).

Mezi hlavni diskutované ptistupy lze zatfadit nutnost maximalniho mozného fedéni
suspenznich kultur pfi subkultivaci. Tento faktor bez dalSich detailli zminuje jiz Nagata a

Kumagai (1999) jako klicovy pro dostatecnou efektivitu synchronizace bunécného déleni
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aplikaci aphidicolinu. Vysledky prezentované v praci Srba et al. (v tisku) ukdzaly 1 dalsi
pozitivni efekty vysokého fedéni bunék. Dlouhy ¢asovy usek exponencialniho déleni pomaha
presnéjsi kalkulaci parametrii, jako je doba bunécného cyklu. Jak bylo popsano v kapitole
4.1.3., elongace a d¢leni bunc¢k jsou dva déje, které protichidné piisobi na bunécnou
morfologii. Kultura, ktera je maximalnim zptisobem zfedéna setrvava ve fazi exponencialniho
déleni az Ctyfi dny ze sedmi dnit SBI. Béhem této doby dosdhne naprostd vétSina bunck
minimdlni fyziologické délky, ktera je u vychozi bunééné linie BY-2 piiblizné 30 pm. Po
vycerpani limitujicich zivin v médiu se takto morfologicky unifikované buiky zacnou
prodluzovat, ¢imz se zvysi morfologickd uniformita i ve stacionarni fazi. SniZzena variabilita
parametri bun¢k dovoluje pofizovani menSich datovych souborG pii zachovani jejich
vypovédni hodnoty a statistické vyznamnosti provadénych testi.

S ohledem na planovani pokust Ize doporu€it maximalni zefektivnéni postupti
potizovani primarnich popisnych parametrii. Cas a pracovni nasazeni uietfené pii hodnoceni
vzorkll je mozné vyuzit pro zafazeni vétSiho mnozstvi individualnich transgennich linii nebo
jinych variant ¢i opakovani do experimentdlniho uspotadani. To lze povazovat za kli¢ové pro
divéryhodné odliSeni relevantnich fenotypovych projevll od vnitini, rozmanité generované
variability tohoto modelového systému, jez byla diskutovana vyse.

V tomto sméru lze velmi doporucit ¢asové odlozené provadéni cytologické analyzy,
které pocita s piipravou vzorkl a jejich fotodokumentaci v prvnim kroku. Odecitani ¢iselnych
hodnot muize byt pak provadéno s vétSim casovym odstupem z obrazovych dat, casto
automaticky nebo poloautomaticky pouzitim softwaru obrazové analyzy. V urcitych
piipadech lze rovnéZz potizovat viceucelové snimky, na nichz lze hodnotit vice parametrt,
napt. rozméry bunck, mitoticky index a zaroven stanovit denzitu analyzované suspenze.
Casové oddéleni fotodokumentace a cytologického hodnoceni umoziuje zpracovéani vétiiho
mnozstvi vzorkli v dostupném cCasovém useku. Zaroven redukuje €as mezi zpracovanim
jednotlivych vzorka, které mohou mimo kultivacni zazemi podléhat nezddoucim zménam,

které by mohly ovlivnit findlni vystupy.

28



5. Zavery

Fenotypové projevy bunécné linie BY-2 a z ni odvozenych transgennich linii 1ze
popisovat fadou cytologickych znakl. Mezi zdkladni parametry patii viabilita,
mitoticky index nebo rozméry bunék. Pfimé stanoveni biomasy a jejiho nartstu je
problematické. Bylo vSak ukéazano, Ze tento zakladni parametr lze vérohodné
spocitat ze znalosti rozmérti bunék a aktualni denzity bunééné suspenze. U dobie
synchronnich linii 1ze vypoctem stanovit nékteré dal$i sekundarni parametry jako
je doba trvani bunécného cyklu ¢i mitozy.

Pro charakterizaci fenotypu transgennich linii je kliCcové pfesné stanoveni
variability kontrolnich linii. Kontrolami je doporu¢eno simulovat i piechod
z kalusové podoby do suspenzni kultury. Do experimentdlniho uspofadani je
nezbytné zaradit transgenni linie transformované prazdnym vektorem nebo
reportérovym genem (napi. GFP; Seth et al. 1998) s neutrdlnim fenotypovym
projevem pro srovnani vlivu samotné transformace na fenotypovou variabilitu
studovanych linii. Metody fenotypového hodnoceni bunécénych linii je vhodné
maximalné zefektivnit, aby bylo mozné do experimentdlnich modelt zatadit co
nejvice nezavisle transformovanych linii. Je to zdkladni ptfedpoklad spolehlivého
odliseni relevantnich fenotypovych projevii od nahodnych a tézko
interpretovatelnych zmeén.

Morfologickou i1 fyziologickou variabilitu bun¢k testovanych linii lze snizovat
maximalnim fedénim bunéénych suspenzi pii subkultivaci. Tento efekt byl jiz
diive publikovan (Nagata a Kumagai 1999), v aktudlni praci je vSak blize
charakterizovan vliv vysokého fedéni na fyziologickou synchronizaci bunék.
Rovnéz je dokladovan pozitivni vyznam maximalné uniformnich a fyziologicky
synchronnich linii pro stanovovani nékterych parametr (napt. délka bunécného
cyklu).

Pfi studiu fenotypovych projevii zvySené exprese genu pro hybridni prolinem
bohaty protein NtHyPRP1 byla prokdzadna nadmérna elongace transgennich linii
v porovnani s kontrolami. Modelova situace rovnéz ukazala na moznost maskovani
projevii modulované exprese genu zpétnovazebnym snizenim exprese internich

genu téZe rodiny.
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Pti charakterizaci transgennich linii exprimujicich geny pro proteiny RGS1 a jeho
zkracené varianty fuzované s GFP byl potvrzen vyznam C-terminalni domény
tohoto proteinu projeho schopnost vytvaret vacky vreakci na zvySeni
extracelularni koncentrace glukoézy. Pro dalsi studium vyznamu hetrotrimernich G-
proteinit v cukerné signalizaci a regulaci buné¢né proliferace byl modifikovan
kultiva¢ni postup linii BY-2 - sachar6za byla nahrazena glukézou, ¢imz bylo
zjednoduSeno heterogenni ,,cukerné prostfedi spojené s pozvolnym Stépenim
sachar6zy a naslednou nerovnomérnou utilizaci hexdéz. Suspenzni kultury se tak
staly efektivnim, fyziologicky synchronnim modelem pro studium vlivu
jednotlivych  komponent heterotrimerniho  G-proteinového  systému na

metabolismus cukrt a regulaci bunééného déleni.
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e Background and Aims Hybrid proline-rich proteins (HyPRPs) represent a large family of putative cell-wall
proteins characterized by the presence of a variable N-terminal domain and a conserved C-terminal domain
that is related to non-specific lipid transfer proteins. The function of HyPRPs remains unclear, but their wide-
spread occurrence and abundant expression patterns indicate that they may be involved in a basic cellular process.
e Methods To elucidate the cellular function of HyPRPs, we modulated the expression of three HyPRP genes in
tobacco (Nicotiana tabacum) BY-2 cell lines and in potato (Solanum tuberosum) plants.

e Key Results In BY-2 lines, over-expression of the three HyPRP genes with different types of N-terminal
domains resulted in similar phenotypic changes, namely increased cell elongation, both in suspension culture
and on solid media where the over-expression resulted in enhanced calli size. The over-expressing cells
showed increased plasmolysis in a hypertonic mannitol solution and accelerated rate of protoplast release,
suggesting loosening of the cell walls. In contrast to BY-2 lines, no phenotypic changes were observed in
potato plants over-expressing the same or analogous HyPRP genes, presumably due to more complex compen-

satory mechanisms in planta.

e Conclusions Based on the results from BY-2 lines, we propose that HyPRPs, more specifically their C-terminal
domains, represent a novel group of proteins involved in cell expansion.

Key words: Cell extension, cell wall loosening, cell wall protein, hybrid proline-rich proteins, HyPRP, lipid
transfer proteins, LTP, potato, Solanum tuberosum, tobacco, Nicotiana tabacum, BY-2 cell line.

INTRODUCTION

Hybrid proline-rich proteins (HyPRPs) represent a group of
putative cell-wall proteins characterized by an unusual
domain structure, which was deduced only from the primary
amino acid sequence, as no HyPRP has been characterized dir-
ectly on the protein level. The N-terminal domains resemble
typical structural cell-wall proteins, especially a group of
proline-rich proteins (PRPs) in which the domains are often
repetitive and usually rich in proline. However, HyPRPs
do not contain amino acid motifs that are typically found
in PRPs (Jose-Estanyol et al, 2004). The N-terminal
domains of HyPRPs are highly variable in size and amino
acid composition — in some proteins glycine even predomi-
nates over proline (Jose-Estanyol er al., 2004; Dvorakova
et al., 2007). The primary amino acid sequence of some
proline-rich domains indicates possible glycosylation with ara-
binogalactan polysaccharides (Showalter et al., 2010), but it is
not a common feature of the whole family. The C-terminal
domain is atypical for structural cell-wall proteins. It is
rather hydrophobic and consists of several putative a-helices,
which could be transmembrane. However, the presence of
eight cysteine residues arranged in a specific pattern indicates
that HyPRPs belong to the large superfamily of eight-cysteine
motif (8CM) proteins, together with well characterized lipid-
transfer proteins (LTPs) and several other groups of extracellu-
lar proteins (Jose-Estanyol et al., 2004). The 8CM residues of

these proteins are not integrated within the membrane. The
8CM domains usually consist of 90—100 amino acids, where
the eight cysteine residues are believed to be essential for
the formation of a three-dimensional structure. The tertiary
structure of the 8CM domain, which has been determined
for LTPs and some other members of the 8CM family, consists
of four a-helices held in a compact fold by four disulfide
bridges that form a hydrophobic cavity/tunnel inside (Gincel
et al., 1994). The cavity of LTPs was shown to bind a
variety of lipids and other hydrophobic ligands (Yeats and
Rose, 2008). As well as the above-mentioned members of
the 8CM superfamily, there are other proteins containing
domains with eight conserved cysteines residues, e.g. lectins
with cystein-rich hevein domains (Van Damme et al., 2004)
or wheat germ agglutinin, characterized by so called
toxin-agglutinin fold kept by four cystein bridges (Drenth
et al., 1980). However, the cystein pattern, cystein bridging,
the hydrophobicity profile and the size of these domains
differ significantly from 8CM domains.

HyPRPs form large gene families with up to 52 members in
maize (Dvorakova et al., 2007). Expression of HyPRP genes
was detected in various stages of plant ontogeny and in
various tissues of many seed plant species. The expression
was also affected by numerous endogenous and environmental
factors (José-Estanyol and Puigdomenech, 2000). A compre-
hensive analysis of 14 potato HyPRP genes showed highly
variable, partially overlapping and/or complementary

© The Author 2011. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions @oup.com

GTOZ ‘82 3UNf U0 N elnye) e)aepanopolilid e /610'seunolpioxo-qoe//:dny wouj pepeojumod


mailto:lukasf@natur.cuni.cz
mailto:lukasf@natur.cuni.cz
mailto:lukasf@natur.cuni.cz
http://aob.oxfordjournals.org/

454 Dvordkova et al. — Hybrid proline-rich proteins and cell elongation

[1 Signal peptide
& N-terminal domain
[l C-terminal 8CM domain

Nt1 (St1)

MNt1 (MSt1) |:| ..................................

St7

V2R 2R 2 v

Fic. 1. Schematic illustration of the HyPRP genes used in the study. The curve above the C-terminal domain shows helix propensity of the sequence
(ProtScale—Chou and Fasman algorithm; www.expasy.org; Gaisteiger ez al., 2005). Arrows indicate positions of eight conserved cysteine residues. The
dotted line indicates the deleted sequence of the N-terminal domain in MNtI and MSt1 genes.

expression patterns in different organs. In arabidopsis, the
expression patterns were partially conserved between closely
related paralogous genes (Dvorakova et al., 2007), whereas
almost identical orthologous HyPRP genes TPRP-FI and
StPRP from tomato and potato exhibited almost completely
different expression patterns (Fischer et al., 2002).

The role of HyPRPs as well as their precise localization in the
cell wall remains unclear, in contrast to the relatively better
characterized families of other structural cell-wall proteins.
The function of HyPRPs has been inferred primarily from
their expression profiles, so the spectrum of proposed functions
reflects the variation of their expression. For example, the
HyPRPs DC2-15 (Daucus carota), FaHyPRP (Fragaria ana-
nassa) and CELPs (Nicotiana tabacum) have been suggested
to play roles in plant ontogeny and morphogenesis of different
organs (Wu et al., 1993; Holk et al., 2002; Blanco-Portales
et al., 2004); BnPRP (Brassica napus), CcHyPRP (Cajanus
cajan), EARLI1 (Arabidopsis thaliana) and MsPRP2
(Medicago sativa) to play roles in plant responses to multiple
stress factors like cold, frost, drought, salinity and heat (e.g.
Deutch and Winicov, 1995; Goodwin et al., 1996; Zhang and
Schléppi, 2007; Priyanka et al., 2010); and SbPRP (Glycine
max), ZmHyPRP (Zea mays ) and MtPPRD1 (Medicago trunca-
tula) to be involved in plant defenses against viral or fungal
pathogens (Jose-Estanyol ef al., 1992; He et al., 2002; Bouton
et al., 2005).

Although many roles have been suggested for HyPRPs in
planta, the mechanistic insight into their function in the cell
wall has been lacking. According to Blanco-Portales et al.
(2004) a C-terminal domain of strawberry FaHyPRP may
reside in plasma membrane and the N-terminal part may
anchor cell-wall polymeric polyphenols. The function of
HyPRPs in the interconnections between the plasma mem-
brane (by the hydrophobic C-terminal domain) and the cell
wall (by the N-terminal domain) was also suggested by other
authors (Deutch and Winicov, 1995; Goodwin et al., 1996;
Holk et al., 2002; Zhang and Schléppi, 2007). The structural
reinforcement mediated by such interconnections might
protect cells against plasmolysis in various stress reactions
(Goodwin et al., 1996). However, as already mentioned, the
a-helices of the C-terminal domain are unlikely to be trans-
membrane. Therefore, we presumed that the domain either
interacts with the plasma membrane through some specific
binding site or with some molecules within the cell wall.
Alternatively, because the N-terminal proline-rich domains

are expected to interact with different cell-wall components,
HyPRPs might participate in cell wall cross-linking.

To test the hypothesis that HyPRPs act as linkers between
the cell wall and plasma membrane or interconnect some com-
ponents of the cell wall, we prepared a modified gene encoding
an HyPRP with a completely deleted N-terminal domain
(Fig. 1). The truncated gene encoded just the C-terminal
domain, which would functionally compete with the native
full-length protein for its hypothetical interactor and thus inter-
fere with the potential linker function of HyPRP. However,
over-expression of the truncated HyPRP gene in tobacco
BY-2 lines unexpectedly caused increased cell elongation,
and therefore we tested an alternative hypothesis that the
C-terminal domain of HyPRPs may function in cell expansion
as previously described for a member of the related LTP
family (Nieuwland er al., 2005). In subsequent experiments,
we analysed the mechanism of HyPRP action and the role of
N-terminal domains, whose length and amino acid compos-
ition was previously found to be a phylogenetically significant
feature (Dvorakova et al., 2007). In addition to the functional
analysis of HyPRPs in cell cultures, we also studied their role
in planta through analysis of the effects of HyPRP over-
expression on potato plant phenotype and morphogenesis.

MATERIALS AND METHODS
Preparation of constructs for modulation of HyPRP expression

Gene constructs were prepared for the over-expression of St7
and Nt/ genes and modified St/ (MStI) and NtI (MNtI) genes
with deleted sequences coding for N-terminal proline-rich
domains. All sequences were amplified using PCR (for
primer sequences, see Supplementary Data Table S1, available
online) from genomic DNA, isolated according to the procedure
of Shure et al. (1983). Alternatively, we used RT-PCR with
oligo-dT,; primer and RevertAidTM M-MuLV reverse tran-
scriptase (Fermentas, Burlington, Canada) according to the
manufacturer’s instructions, with total RNA according to
Stickema et al. (1988). The modified St/ (MStl) and Ntl
(MNtI) genes with deleted sequences coding for N-terminal
proline-rich domains consist only of signal sequences and
sequences of C-terminal domains. The two separately amplified
parts were connected using PCR with specific primers with
short sequence extensions. PCR products were cloned into the
pDrive cloning vector (Qiagen PCR Cloning kit; Qiagen,
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Hilden, Germany) using TA cloning, or into the vector
pBluescriptll KS+ (Fermentas). The final gene constructs/
genes were inserted into the binary vector pCP60 (provided
by Dr P. Ratet, ISV-CNRS, France; Bolte er al., 2004)
between the 35S promoter and nopalin synthase terminator.
All constructs were sequenced to verify accuracy.

Cultivation and transformation of plant material

Potato plants (Solanum tuberosum) ‘Désirée’ were cultured
in vitro on LS medium (Linsmayer and Skoog, 1965) with
3 % (w/v) sucrose. Plants were cultivated in 16 h/8 h light/
dark regime at 120 W m™ 2, propagated through apical or
nodal cuttings, and subcultured every 4—5 weeks. Leaves of
4-week-old potato plants were transformed according to
Dietze et al. (1995) using Agrobacterium tumefaciens (strain
C58C1 with plasmid pGV2260; Deblaere et al., 1985) carrying
the binary vector pCP60 with kanamycin resistance and a spe-
cified HyPRP gene insert.

Tobacco BY-2 cell culture (Nicotiana tabacum ‘Bright
Yellow’; Nagata et al., 1992) was grown in modified MS
medium (Murashige and Skoog, 1962) supplemented with 3 %
(w/v) sucrose. Cell lines were cultured either in a suspension
culture in liquid MS medium with continuous shaking, or in
the form of calli on MS media solidified with 0-8 % (w/v)
agar in the dark at 26 °C. Suspension cultures were subcultured
every 7 d by transferring 1-5 mL of the suspension culture into
30 mL of the fresh MS medium; calli were sub-cultured every
3—4 weeks. Transformation of tobacco BY-2 cells as well as
potato plants was performed using the same strain of
Agrobacterium tumefaciens carrying the binary vector pCP60
harbouring different HyPRP genes. Exponential cell suspen-
sion (3—4 d after subculturing) was filtered and the cells
were resuspended in 30 mL of fresh MS medium. Fifteen
microlitres of 40 mm acetosyringone were added to the suspen-
sion and thoroughly mixed using a 10 mL pipette with the tip
cut off. Three millilitres of Agrobacterium suspension were
then added to the cell suspension and co-cultivated for 3 d
in the dark at 26°C. The cells were then washed with
300 mL of 3 % (w/v) sucrose and 100 mL of MS medium sup-
plemented with 100 mg L™" cefotaxime. Finally, the cells
were resuspended in 2—3 mL of liquid MS medium containing
cefotaxime and evenly spread onto a Petri dish with solid MS
medium containing cefotaxime plus 50 mg L™' kanamycin.
Transformed cells were cultivated for 3—4 weeks in the dark
at 26 °C, and the calli which grew were transferred onto
fresh MS medium with the same antibiotics. Antibiotics
were used only during the first 4—5 weeks after transformation.
Suspension cultures used for the phenotype assessment were
cultured in the absence of antibiotics.

Evaluation of the phenotype of transgenic tobacco BY-2 cell lines

Images documenting the phenotype of transformed cell
lines were obtained using a fluorescent microscope (Olympus
Provis AX70 or Olympus BX51), grabbed with a digital TV
camera (Sony DXC-950P; Sony Corp., Tokyo, Japan) and
digitized with Lucia image analysis software (version 5,
Laboratory Imaging, Prague, Czech Republic). The length of
the cells analysed was measured using Lucia software.

Evaluated lines were analysed without knowing their identity.
For each cell line, three to five randomly selected frames with
a total of 150-250 cells were obtained. The length of all cells
in the frames was determined as the maximum dimension in
the longitudinal axis of the cell. The mean value of cell
length of the wild-type tobacco BY-2 cell control was calcu-
lated from the dataset obtained from three individual control
lines (C1, C2, C3) to account for internal variability of the
cell cultures. Differences between cell lines transformed with
each HyPRP gene were tested for significance using statistical
software NCSS version 2000 and GLM ANOVA. A variant
(BY-2, GFP, St7, Ntl, MNtl) was used as a fixed factor in
the model and a single evaluated line as nested factor. The
significance level for testing of zero hypothesis was selected
at 5 % (a = 0-05). Length differences of individual transgenic
lines in the experiment in Fig. 2A were tested by the Mann—
Whitney U test (a = 0-05). Cell lines were considered as
longer or shorter when significantly different from all three
wild-type control lines C1-C3.

For protoplasts preparation, 3- to 5-d-old cells in exponen-
tial phase of growth were treated with 1 % (w/v) cellulase
‘Onozuka’ R-10 (Yakult Honsha Co., Tokyo, Japan) and
0-1% (w/v) pectolyase Y-23 (Kyowa Chemical Products
Co., Osaka, Japan) in 0-45 M mannitol and incubated at
24 °C for 3—4 h. The proportion of round-shaped protoplasts
and the total cell number were determined at 30-min intervals
(a total of 400-700 cells in each interval).

For plasmolysis experiments, cells in exponential phase
were incubated in 0-45 M or 0-6 M mannitol for 10 min. To
evaluate shrinkage of the protoplast, the cells were stained
with fluorescein diacetate (FDA) and calcofluor white to
identify the protoplast and the cell wall, respectively
(Supplementary Data Fig. S1), and their projected areas were
obtained by fluorescence microscopy at x 200 magnification.
The projected areas were detected as an intensity level thresh-
old in the blue channel for the whole cell (calcofluor-labelled
cell wall) and the green channel for the protoplast (FDA
label), both manually adjusted to accurately cover the observed
area (software Lucia version 5-0).

Evaluation of expression patterns of HyPRP genes

Expression of HyPRP genes was evaluated by semi-
quantitative RT-PCR using total RNA isolated from the
upper leaves and roots of potato plants ‘Désirée’ (4-week-old
plants grown in vitro) and from tobacco BY-2 cell suspensions
in exponential phase (3 d after subculturing) using RNeasy
Plant Mini Kit (Qiagen) according to the manufacturer’s
instructions. Reverse transcription with oligo-T,3 primer and
RevertAidTM M-MuLV reverse transcriptase (Fermentas)
was performed starting with equal amounts of RNA (1 pg)
pretreated with DNase I according to the manufacturer’s
instructions. For primers used in PCR, see Supplementary
Data Table S1 or Dvorakova et al. (2007). PCR products
were separated on agarose gels in the presence of ethidium
bromide or GelRed™ nucleic acid stain (Biotium, Hayward,
CA, US). Gel images were taken in transmitted UV light
using an Olympus C-4040 digital camera.

Nucleotide sequence data can be found in Solanaceae
Genomics Network under accession numbers SGN-U268850
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F1G. 2. Cell elongation in transgenic tobacco BY-2 lines harbouring the MNzI gene. (A) Average cell lengths in randomly selected lines transformed with the

MNtI and GFP genes are compared with the mean value of 86 wm in wild-type BY-2 cells. Cell lengths on the 7th day of the sub-cultivation interval are com-

pared (3 weeks after the transfer to liquid media). C1-C3, Wild-type BY-2 control lines; G1-G10, lines transformed with the GFP gene; M1-M21, lines trans-

formed with the MNtI gene. Transgenic lines are considered as longer (indicated with +) or shorter (—) than controls when significantly different from the

average cell lengths of all three wild-type lines C1-C3 by Mann—Whitney U test (a = 0-05). (B) Average cell lengths (+ s.e.) of selected lines during 7-d

sub-cultivation interval and prolonged stationary phase up to the 12th day. Abbreviations: C, wild-type BY-2 control line; GFP, cell line transformed with
the GFP gene; M20 and M6, representative cell lines transformed with the MNt/ gene.

(St1), SGN-U272247 (St7) and in GenBank under accession
number JF803736 (Nt1).

RESULTS
Gene selection and preparation of HyPRP constructs

Full-length HyPRP genes were isolated from potato (St/ and
St7) and from tobacco genomic DNA (NtI; Fig 1; for protein
sequence see Supplementary Data Table S2). St/ and Nt/
genes encode highly similar orthologues belonging to the sub-
group of conserved C-type HyPRPs that are characterized by a
long, partially hydrophobic N-terminal domain and a broad ex-
pression pattern. The C-type subgroup of HyPRPs is represented
by two members in potato (Dvorakova et al., 2007). By contrast,
St7 is arepresentative of HyPRPs with short N-terminal domains
(about 14 members in potato; Dvorakova et al., 2007) and its
expression is restricted to roots. To study the HyPRP function,
we prepared modified genes MStI and MNtI encoding the
C-type HyPRPs with a completely deleted N-terminal domain
(Fig. 1 and Supplementary Data Table S2). Cell lines over-
expressing the respective HyPRP genes are referred to in the
text as NtI, MNt1, Stl, MStl, St7 lines.

Over-expression of the modified Nt1 gene (MNtl)
in tobacco BY-2 cells

The modified MNt1 protein lacking the N-terminal domain
was expected to compete with the endogenous wild-type Ntl
for a hypothetical interactor. The phenotype of BY-2 cells
transformed with MNtI driven by the CaMV 35S promoter
was compared with those transformed with the GFP gene to
evaluate potential effects of the transformation procedure
and the initial cultivation on kanamycin selective media. In
addition, non-transformed wild-type cell lines derived from
calli were used to assess the internal variability of tobacco
BY-2 suspensions and the effect of callus-to-suspension
transition.

In total, 18 randomly selected MNtI lines were compared
microscopically with nine GFP control lines and three lines
of the wild-type controls. The only phenotypic alteration
observed in the MNtI lines was an increase in cell length,
which was significant in 11 out of the 18 lines (Fig. 2A).
The average cell length was increased by up to 60 % compared
with the mean length of 86 pm in wild-type controls. The dif-
ference in the cell length was obvious during the whole 7-d
sub-cultivation interval as well as during the prolonged station-
ary phase up to the 12th day (Fig. 2B). The cell width and
other morphological parameters of the MNt/ cells did not
significantly differ in the majority of the lines (Fig. 3).

To evaluate potential correlation between cell elongation and
MNt1 expression, we performed semi-quantitative RT-PCR in
two sets of lines; characterized with the most-elongated cells
(M6, M7, M11, M12 and M20) and the least-elongated cells,
comparable with wild-type BY-2 cells (M2, M4, M13, M17
and M18). Surprisingly, MNtI transcript levels were relatively
high in practically all lines and did not correlate with the cell
length (Supplementary Data Fig. S2). Interestingly, the two con-
trasting sets of MNtI lines differed in the expression of their resi-
dent native Nt/ gene, so that the lines with relatively short cells
seemed to have down-regulated expression of the Nt/ gene,
whereas in four out of five cases the lines with long cells kept
the Ntl transcript at higher level. Thus, the cell elongation
appears to correlate with Nt/ expression or theoretically the
sum of both genes, indicating that the effects of the truncated
and native gene were additive rather than MNtI competitively
inhibiting the function of NtI.

Over-expression of HyPRP genes with short and long
proline-rich domains in tobacco BY-2 cells

Considering that the truncated MNt! yields a single 8CM motif,
we analysed more broadly the impact of HyPRPs and their
N-terminal domains on cell elongation. Constructs with two
other HyPRP genes were prepared and introduced into tobacco
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A Control BY-2

Fi1G. 3. Morphology of wild-type tobacco BY-2 cells and cells harbouring the MNt1 gene (M20). (A) Suspensions of BY-2 and (B) MNt! cultures on the 6th day
of the sub-cultivation interval at two different magnifications. Bright field. Scale bars = 100 pm.
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Cell length relative to wild-type control (%)

F1G. 4. Average cell length of transgenic and control tobacco BY-2 lines. Cell
length in the stationary phase of growth was measured in two independent
experiments as indicated by black and white columns. Control, the means of
four wild-type tobacco BY-2 lines; GFP, the means of six independent lines
transformed with the GFP gene; St7, MNtl and Ntl, the means of five to
ten independent lines transformed with genes encoding HyPRPs with different
N-terminal domains (St7, short; Nt/, long; MNtI, deleted). Cell lengths are
expressed as a percentage of the average cell length in wild-type BY-2 lines
(= 100 %). Data columns indicated by different letters are significantly differ-
ent at « = 0-05 within the repetition; columns that share the same letter do not
differ significantly.

BY-2 cell lines: wild-type tobacco NtI gene encoding 262
amino acids in the N-terminal domain, and potato S¢7 gene encod-
ing a short, 28 amino acids N-terminal domain (Fig. 1;
Supplementary Data Table S2). For cell length measurements,
ten newly transformed MN¢1 lines, four wild-type BY-2 cell sub-
lines and six newly generated GFP lines were used as controls.

The average cell lengths of ten randomly selected Nt lines,
five St7 lines and ten MNt! lines were significantly larger than
the cell lengths of GFP and wild-type control lines in at least
one of two independent measurements (Fig. 4). No statistically
significant differences were found when comparing the lines
transformed with the three different HyPRP genes, indicating
that the effects of all three tested genes were comparable.
The enhanced elongation of cells transformed with the
HyPRP genes seen in the suspension culture during the station-
ary phase of growth was consistently accompanied by reduced
fluidity, which was evident when shaking or pipetting the cul-
tures. However, there was no significant difference in the dry
weights of the control and HyPRP lines (data not shown).
The calli over-expressing HyPRP genes grew larger than
those transformed with the GFP gene. This was observed,
both directly after transformation and after cloning individual
cells from four lines over-expressing any of the three HyPRP
genes (see examples in Fig. 5). The average calli areas of
four tested lines were significantly larger than the mean
callus area of the GFP transformed line (GFP = 100 %; Ntl,
198 %, MNt1, 218 %; St7-1, 280 %; St7-2, 144 %; n = 219-
325). The differences in callus size seemed to be primarily
related to cell size. The average cell length of twelve
10-d-old calli obtained by cloning was significantly higher in
St7-over-expressing cells compared with the GFP ones. The
average cell lengths were 112-3 pwm and 75-0 pm for S¢7 and
GFP, respectively, which corresponds well with the values
determined in suspension cultures.

To test for potential changes in the structure and integrity of
the cell wall in the HyPRP-over-expressing cell lines,
St7-over-expressing and control cell suspensions in exponen-
tial phase of growth were treated with the cell wall-degrading
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Control GFP MNt1 GFP St7

Transformation

Cloning

Fic. 5. Growth of transgenic tobacco BY-2 calli after transformation and cloning. (A) Transformation: representative Petri dishes (two per each variant) with

calli of BY-2 cells transformed with GFP and MNt! genes grown on selective media for 4 weeks after transformation (co-cultivation with Agrobacterium).

(B) Cloning: calli (4 weeks old) forming from individual cells of selected GFP and St7 lines growing on a feeder layer of untransformed BY-2 cells
(cloning was performed according to Nocarova and Fischer, 2009).
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Fic. 6. Protoplast shrinkage of transgenic and control tobacco BY-2 cells after 10-min exposure to 0-45 M and 0-6 M mannitol. Two lines over-expressing the

HyPRP gene St7 are compared with wild-type BY-2 control: (A,B) S/, (B) S2. Protoplast shrinkage was determined by staining the cells with fluorescein diacetate

and calcofluor white (Supplementary Data Fig. S1, available online), and using image analysis of the projected areas of the protoplast and the whole cell (details

in Materials and Methods). The three graphs represent independent replicates. Data columns indicated by different letters are significantly different at & = 0-05
within the replicate; columns that share the same letter do not differ significantly.

enzymes cellulase and pectolyase. In five out of 12 repetitions
with three different St7 lines, the protoplast release from St7
cells was faster by up to 30 % compared with the wild-type
controls (see example in Supplementary Data Fig. S3). In
the remaining cases, the rate of protoplast formation appeared
to be similar to that in the wild-type control, but it was never
slower. Despite repeated attempts, the factor responsible for
variation amongst repetitions and only occasional observation
of a difference in protoplast formation was not identified.

To understand better the mechanism of HyPRP-induced cell
expansion, we also tested whether cells over-expressing St7
gene were more or less sensitive to plasmolysis when
exposed to a hypertonic solution of 0-6 M mannitol or a near-
isotonic solution of 0-45 M mannitol. If HyPRPs (St7) reduce
the rigidity of the cell wall, increased elongation would be ac-
companied with decreased osmotic potential within the cells.
If, in contrast, HyPRPs act as linkers between cell wall and

plasma membrane, we would expect enhanced resistance to
plasmolysis in over-expressing cells. The extent of plasmolysis
in individual cells was determined after staining the proto-
plasts with FDA and the cell walls with calcofluor white
(Supplementary Data Fig. S1). The extent of protoplast shrink-
age was determined using image analysis software (for details,
see Materials and methods). In 0-45 M mannitol, the average
frequency of plasmolysed cells in two tested St7 lines was
approx. 1-37 times higher than in the wild-type BY-2 line;
the ratios between the frequency of plasmolysed cells in St7
and control lines in the three replicate experiments were 52 :
36 %; 32 : 21 % and 34 : 30 %. The extent of protoplast shrink-
age measured under both mannitol concentrations was higher
in the St7 lines, although the difference was not statistically
significant in all repetitions (Fig. 6). As expected, the proto-
plast shrinkage in both cell lines was higher in the hypertonic
solution of 0-6 M mannitol (Fig. 6).
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To test the effect of altered medium osmolarity on cell
extension further, we cultured a selected HyPRP line (MNtI
line M20) and wild-type tobacco BY-2 line in media supple-
mented with 7 % sucrose. During the exponential phase of
growth, the high sucrose concentration substantially reduced
the cell length in both lines when compared with the normal
conditions with 3 % sucrose. At the end of the 7-d sub-
cultivation interval, MNtI cells cultured on 7 % sucrose
remained significantly shorter by >20% compared with
those on normal media (Mann—Whitney U test; P = 0-00),
whereas only a small insignificant difference (P = 0-43) was
observed between the length of untransformed cells on
media with 7% and 3 % sucrose. After 9 d of cultivation,
about 10 % of MNtI cells exhibited an anomalous triangular
shape on the media with 7 % sucrose, whereas no such
cells were observed in the untransformed BY-2 line
(Supplementary Data Fig. S4).

Over-expression of HyPRP genes in potato plants

By analogy with the tobacco BY-2 cell lines, potato
plants were transformed with the following HyPRP genes:
St1 gene with a long N-terminal domain, normally expressed
in most organs except mature leaves; modified St/ gene
(MSt1) with a deleted proline-rich domain; and S¢7 gene
with a short N-terminal domain expressed preferentially in
roots (Dvorakova et al., 2007; Fig. 1). From 10 to 50 trans-
genic potato lines were obtained after each transformation.
Expression of the introduced genes was confirmed in at
least ten lines for each transformation by northern hybridiza-
tion in the case of St/ and by semi-quantitative RT-PCR for
MStl and St7 genes (Supplementary Data Fig. S5).
Nevertheless, detailed morphological analysis, including the
height of plants, leaf size and shape, and root architecture,
of the transgenic plants did not reveal any visible changes
in response to the ectopic over-expression of any of the
three genes under the control of the constitutive 358
CaMV promoter.

Since the over-expression of HyPRP genes promoted cell
elongation in the BY-2 lines, we measured the length of well-
defined root cells in the elongation zone 1 cm away from
the root tip of in-vitro-grown potato plants transformed with
the MStl gene. However, the length of cells in transgenic
and control plants did not show significant differences
(Supplementary Data Fig. S6).

When no change in the morphological characteristics was
detected, there remained the possibility that the expression of
introduced genes was compensated for by changes in the
expression levels of other genes involved in cell extension,
namely, endogenous HyPRP genes, in a way similar to the
situation observed in some transgenic tobacco BY-2 lines
(Supplementary Data Fig. S2). Therefore we analysed the
expression of 14 potato HyPRP genes in roots and young
leaves of five selected lines with high expression of the intro-
duced genes (Supplementary Data Fig. S7). However, the
expression profiles of the HyPRP genes in the transgenic
lines and two parallel control plants did not reveal any consist-
ent differences in the transcript levels that would exceed the
natural variability of HyPRP gene expression.

DISCUSSION

Over-expression of HyPRP genes is likely to promote
elongation of tobacco BY-2 cells

The majority of BY-2 lines transformed with the MNtI, NtI or
St7 genes exhibited enhanced cell elongation when compared
with wild-type BY-2 (Figs 2A, 3 and 4). No such changes were
observed in BY-2 lines transformed with an analogous T-DNA
carrying the GFP gene, which is regarded not to affect the
phenotype of transformed plant materials (Seth and Vierstra,
1998). This indicates that the observed phenotypic changes
resulted from HyPRP over-expression and were not related to
the transformation and selection procedure per se.

In contrast to our results, Holk and colleagues described
enhanced cell expansion in carrot cell cultures with the down-
regulated HyPRP gene DC 2-15 and suggested that the protein
may be suppressing cell extension (Holk et al., 2002). Since
our experiments with over-expression of three different
HyPRP genes in BY-2 cells consistently promoted cell elong-
ation, we presume that DC 2-15 either had another specific
function or the described phenotypic changes were not directly
related to the down-regulated expression of this gene.

Enhanced cell elongation is likely to be the result
of cell-wall loosening

The growth of plant cells is generally related to loosening of
the cell wall, which allows cell expansion driven by osmotic
water uptake (reviewed in Cosgrove, 2005). The enhanced
elongation of BY-2 cells over-expressing the HyPRP gene
MNtl was partially compensated for in a medium with
increased osmotic potential (7 % sucrose; Supplementary
Data Fig. S4), which reduced the osmotic gradient between
the medium and the cell and, hence, the driving force required
for cell extension. Although the high sucrose treatment most
likely had pleiotropic effects, the short-time exposure of
BY-2 cells to mannitol provided a more reliable comparison
of the cell osmotic potentials. Increased elongation of cells
over-expressing HyPRP gene St7 was accompanied by
enhanced plasmolysis, indicating a possible reduction in the
cell osmotic potential. Furthermore, faster release of proto-
plasts upon enzymatic digestion in some replications suggested
that the cell wall of St7-over-expressing cells may be, at least
transiently, thinner or more plastic compared with untrans-
formed BY-2 cells. Based on these results, we propose that
the over-expression of HyPRP genes increased the plasticity
of the cell wall, thus lowering its ability to resist turgor pres-
sure. Consequently, increased water uptake would increase
cell volume and simultaneously reduce the cell osmotic
potential.

Loosening of the rigid cell-wall network relies principally
on the breaking of hydrogen bonds between cellulose microfi-
brils and other cell-wall components such as xyloglucans.
During acid growth, this loosening is mediated by specialized
pH-sensitive non-enzymatic proteins called expansins
(reviewed in Cosgrove, 2005). In addition, Nieuwland e? al.
(2005) demonstrated astonishing participation of non-specific
LTPs in pH-independent cell-wall loosening. In contrast to
the effect of expansins, expansion of hypocotyls induced by
tobacco TobLTP2 remained logarithmic in time, indicating
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that LTPs do not initiate new pathways for cell-wall extension
but rather facilitate the ongoing extension process (Nieuwland
et al., 2005). The presence of an LTP-like 8CM domain in
HyPRPs suggests that the mode of HyPRP action is likely to
be similar to that observed in LTPs.

The presence of a hydrophobic 8CM-containing domain and
a hydrophilic proline-rich domain within a single molecule of
a typical HyPRP inspired researchers to suggest that HyPRPs
may participate in interconnections between the hydrophobic
plasma membrane and the hydrophilic cell wall in a manner
similar to glycosylphosphatidylinositol-anchored arabinoga-
lactan proteins (Seifert and Roberts, 2007) or signal-
transducing wall-asociated kinases that are involved in many
morphogenetic processes including cell expansion (Decreux
and Messiaen, 2005). Hypothetical reinforcement of the wall-
membrane interconnections by HyPRPs was suggested to
protect cells against plasmolysis under environmental stresses
(Deutch and Winicov, 1995; Goodwin et al., 1996). In contrast
to this hypothesis, we observed a higher tendency for plas-
molysis in cells over-expressing the HyPRP gene St7. Thus
the protection against environmental stresses mediated by
HyPRPs may have a different mode of action, e.g. scavenging
of ROS by cysteine residues as suggested by Zhang and
Schlédppi (2007). Although we cannot exclude the possibility
that HyPRPs do indeed interact with both the cell wall and
the plasma membrane, the interaction is unlikely to have a
significant mechanical function in keeping the two structures
in near proximity.

Cell expansion is likely to be mediated by the C-terminal
8CM domain of HyPRP

Over-expression of all three HyPRP genes in tobacco BY-2
cells resulted in enhanced cell elongation, with non-significant
differences among the genes with different N-terminal
domains (Fig. 4). Therefore the facilitation of cell elongation
was probably connected with the C-terminal 8CM domains.
The mechanism of HyPRP action might be similar to that
described for LTPs. The hydrophobic pocket localized inside
the 8CM domain of LTPs was suggested to interact with
unknown hydrophobic molecule(s) in the cell wall; the
charged complex might interrupt hydrogen bonds between
celluloses and hemicelluloses, leading to non-hydrolytic
loosening of these cross-links (Nieuwland ez al., 2005).

HyPRPs, similarly to expansins, consist of two dissimilar
domains, although there is no sequence homology between
the two protein families. The functional (putative catalytic)
domain of expansins mediates disruption of hydrogen bonds
in the cell wall, whereas the binding domain allows interac-
tions with cellulose microfibrils. Since the N-terminal
domains of HyPRPs are unlikely to be involved in cell-wall
loosening, theoretically they may play a role similar to that
of the binding domains of expansins, which prevent diffusion
of the protein to the walls of neighbouring cells (Cosgrove,
2000). The N-terminal proline-rich domains of HyPRPs may
interact with other components of the cell wall in various
ways that were already hypothesized in Dvorakova et al.
(2007), but experimental data are missing. The N-terminal
domains of Ntl and Stl contain AP, SP and TP dipeptides.
These motives are typically associated with arabinogalactan

proteins and are glycosylated with arabinogalactan polysac-
charides (Showalter et al., 2010) that could mediate multiple
interactions with other cell-wall components. Lys-Pro motifs
of some HyPRPs may interact with acid cell-wall polymers
such as pectins (Kieliszewski and Lamport, 1994). Serine-
and threo9-rich sequences may allow the formation of hydro-
gen bonds between hydroxyl groups of these amino acids.
N-terminal domains with high content of hydrophobic and
aliphatic amino acids may participate in the formation of
hydrophobic interactions as already hypothesized in
Dvorakova et al. (2007). Some HyPRP may be also covalently
cross-linked with other proline- or hydroxyproline-rich pro-
teins through amino acid motifs Val-Tyr-Pro-Lys or Val-Pro-
Tyr-Lys (present in Stl and Ntl proteins), which are closed
to the Pro-Val-Tyr-Lys motif present in some extensins
where such motifs are supposed to participate in intermolecu-
lar cross-linking (De Loose et al., 1991; Kieliszewski and
Lamport, 1994). The type of N-terminal domain interaction
is likely to be based mainly on its amino acids composition
and motifs (see detailed overview of the whole HyPRP
family in Dvorakova et al., 2007). Through different types
of interaction, the N-terminal domains may theoretically also
participate in fine-tuning of the cell-wall extension processes
under different conditions or in different cell types.

Cell elongation induced by HyPRP over-expression
may be compensated in planta

In contrast to BY-2 cell lines, no phenotypic changes were
observed in potato plants over-expressing any of the three
HyPRP genes MStl, Stl or St7. The lack of phenotypic
changes may simply indicate that HyPRP levels are not the
limiting factor in cell elongation in planta. Alternatively,
enhanced HyPRP levels could induce compensatory or feed-
back regulation, which is generally believed to play an import-
ant role in cell-wall function (Humphrey et al., 2007). The
complexity of the plant body is much higher compared with
the artificial system of individually growing tobacco BY-2
cells or cell files. In line with our observation, there is no
report documenting changes in the cell length in intact
plants over-expressing LTP genes; enhanced elongation was
only observed in some cell clusters of the spruce embryogenic
culture over-expressing the LTP gene Pal8 (Sabala et al.,
2000). Stronger compensatory mechanisms may have lead to
effective suppression of undesirable cell expansion in the
complex plant body. Such control of cell expansion probably
involved players other than HyPRP family members because
no direct compensation was observed at the expression levels
of any of the 14 HyPRP genes analysed.

CONCLUSIONS

Detailed analysis of tobacco BY-2 cells over-expressing
HyPRP genes with different types of N-terminal domains
suggests that C-terminal domains of HyPRPs are involved in
cell-wall loosening, thus allowing cell expansion/elongation.
The absence of visible phenotypic alterations in HyPRP-over-
expressing potato plants indicates the presence of compensa-
tory mechanisms ensuring proper cell expansion in planta.
The mechanism of how HyPRPs act as well as the precise
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localization of HyPRPs in the cell wall needs further
investigation.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Fig. S1: representa-
tive images of plasmolysed wild-type BY-2 and S¢7 cell files
stained with FDA and calcofluor white to quantify the proto-
plast shrinkage. Fig. S2: level of accumulation of transcripts
of the resident (Nt/) and introduced (MNtI) genes. Fig. S3:
representative plots of the rate of protoplast release from
experiments with a pronounced difference between the
untransformed control and HyPRP over-expressing line (St7).
Fig. S4: cell morphology of wild-type BY-2 cells and cells
over-expressing the MNtI gene cultivated in standard condi-
tions (3 % sucrose) and in a medium with 7 % sucrose (7 %).
Fig. S5: level of accumulation of transcripts of the introduced
HyPRP genes in selected potato lines. Fig. S6: length of cells
in the root elongation zone of potato plants grown in vitro.
Fig. S7: expression of HyPRP genes in apical leaves and
roots of selected potato plants grown in vitro transformed
with the St7 and MStI genes. Table S1: primers used for
PCR. Table S2: amino acid sequences of the proteins studied.

ACKNOWLEDGEMENTS

We thank Dr Jan Marc for language corrections and two
anonymous reviewers for suggesting several smart improve-
ments of the manuscript. Funding was provided by the
Ministry of Education, Youth and Sports of the Czech
Republic (LC06004, LC06034, and MSM0021620858) and
the Grant Agency of Charles University in Prague (136510).

LITERATURE CITED

Blanco-Portales R, Lopez-Raéz JA, Bellido ML, et al. 2004. A strawberry
fruit-specific and ripening-related gene codes for a HyPRP protein
involved in polyphenol anchoring. Plant Molecular Biology 55:
763-780.

Bolte S, Brown S, Satiat-Jeunemaitre B. 2004. The N-myristoylated
Rab-GTPase m-Rab(mc) is involved in post-Golgi trafficking events to
the lytic vacuole in plant cells. Journal of Cell Science 117: 943-954.

Bouton S, Viau L, Leliévre E, Limami AM. 2005. A gene encoding a protein
with a proline-rich domain (MtPPRD1), revealed by suppressive subtract-
ive hybridization (SSH), is specifically expressed in the Medicago trunca-
tula embryo axis during germination. Journal of Experimental Botany 56:
825-832.

Cosgrove DJ. 2000. Loosening of plant cell wall by expansins. Nature 407:
321-326.

Cosgrove DJ. 2005. Growth of the plant cell wall. Nature Reviews 6:
850-861.

Deblaere R, Bytebier B, Degreve H, et al. 1985. Efficient octopine Ti
plasmid-derived vectors for Agrobacterium-mediated gene-transfer to
plants. Nucleic Acids Research 13: 4777—-4788.

Decreux A, Messiaen J. 2005. Wall-associated kinase WAKI1 interacts with
cell wall pectins in a calcium-induced conformation. Plant and Cell
Physiology 46: 268-278.

De Loose M, Gheysen G, Tire C, et al. 1991. The extensin signal peptide
allows secretion of a heterologous protein from protoplasts. Gene 99:
95-100.

Deutch Ch, Winicov I. 1995. Post-transcriptional regulation of a salt-
inducible alfalfa gene encoding a putative chimeric proline-rich cell
wall protein. Plant Molecular Biology 27: 411-418.

Dietze J, Blau A, Willmitzer L. 1995. Agrobacterium-mediated transform-
ation of potato (Solanum tuberosum). In: Potrykus I, Spangenberg G.
eds. Gene transfer to plants. Berlin: Springer-Verlag, 24—29.

Drenth J, Low BW, Richardson JS, Wright CS. 1980. The toxin-agglutinin
fold: a new group of small protein structures organized around a four-
disulfide core. Journal of Biological Chemistry 255: 2652—-2655.

Dvorakova L, Cvrckova F, Fischer L. 2007. Analysis of the hybrid
proline-rich protein families from seven plant species suggests rapid
diversification of their sequences and expression patterns. BMC
Genomics 8: 412. http:/dx.doi.org/10.1186/1471-2164-8-412.

Fischer L, Lovas A, Opatrny Z, Banfalvi Z. 2002. Structure and expression
of a hybrid proline-rich protein gene in the Solanaceous species, Solanum
brevidens, Solanum tuberosum and Lycopersicum esculentum. Journal of
Plant Physiology 159: 1271-1275.

Gaisteiger E, Hoogland C, Gattiker A, ef al. 2005. In: Walker JM. ed.
Protein identification and analysis tools on the ExPASy server: the pro-
teomics protocols handbook. New York, NY: Humana Press, 571-607.

Gincel E, Simorre JP, Caille A, Marion D, Ptak M, Vovelle F. 1994.
Three-dimensional structure in solution of a wheat lipid-transfer protein
from multidimensional 1H-NMR data: a new folding for lipid carriers.
European Journal of Biochemistry 226: 413-422.

Goodwin W, Pallas JA, Jenkins GI. 1996. Transcripts of a gene encoding a
putative cell wall-plasma membrane linker protein are specifically
cold-induced in Brassica napus. Plant Molecular Biology 31: 771-781.

He C-Y, Zhang J-S, Chen S-Y. 2002. A soybean gene encoding a proline-rich
protein is regulated by salicylic acid, an endogenous circadian rhythm and
by various stresses. Theoretical and Applied Genetics 104: 1125-1131.

Holk A, Klumpp L, Scherer GFE. 2002. A cell wall protein down-regulated
by auxin suppressed cell expansion in Daucus carota (L.). Plant
Molecular Biology 50: 295-305.

Humphrey TV, Bonetta DT, Goring DR. 2007. Sentinels at the wall: cell
wall receptors and sensors. New Phytologist 176: 7-21.

Jose-Estanyol M, Puigdomenech P. 2000. Plant cell wall glycoproteins and
their genes. Plant Physiology and Biochemistry 38: 97—108.

Jose-Estanyol M, Ruiz-Avila L, Puigdomenech P. 1992. A maize
embryo-specific gene encodes a proline-rich and hydrophobic protein.
The Plant Cell 4: 413-423.

Jose-Estanyol M, Gomis-Riith FX, Puigdomenech P. 2004. The eight-
cysteine motif, a versatile structure in plant proteins. Plant Physiology
Biochemistry 42: 355-365.

Kieliszewski MJ, Lamport DTA. 1994. Extensin: repetitive motifs, function-
al sites, post-translation codes and phylogeny. The Plant Journal S:
157-172.

Linsmayer EM, Skoog F. 1965. Organic growth factor requirements of
tobacco tissue cultures. Physiologia Plantarum 18: 100—127.

Murashige T, Skoog F. 1962. A revised medium for rapid growth and bio
assays with tobacco tissue cultures. Physiologia Plantarum 15: 473—-497.

Nagata T, Nemoto Y, Hasezawa S. 1992. Tobacco BY-2 cell line as the
“HeLa” cell in the cell biology of higher plants. International Review
of Cytology 132: 1-30.

Nieuwland J, Feron R, Huisman BAH, et al. 2005. Lipid transfer proteins
enhance cell wall extension in tobacco. The Plant Cell 17: 2009-2019.

Nocarova E, Fischer L. 2009. Cloning of transgenic tobacco BY-2 cells: an
efficient method to analyze and reduce high natural heterogeneity of
transgene expression. BMC Plant Biology 9: 44. http:/dx.doi.org/10.
1186/1471-2229-9-44.

Priyanka B, Sekhart K, Reddy VD, Rao KV. 2010. Expression of pigeonpea
hybrid-proline-rich protein encoding gene (CcHyPRP) in yeast and
Arabidopsis  affords multiple abiotic stress tolerance. Plant
Biotechnology Journal 8, 76—87.

Sabala I, Elfstrand M, Farbos I, Clapham D, von Arnold S. 2000.
Tissue-specific expression of Pal8, a putative lipid transfer protein
gene, during embryo development in Norway spruce (Picea abies).
Plant Molecular Biology 42: 461-478.

Showalter AM, Keppler B, Lichtenberg J, Gu D, Welch LR. 2010. A bio-
informatics approach to the identification, classification, and analysis of
hydroxyproline-rich glycoproteins. Plant Physiology 153: 485-513.

Seifert GJ, Roberts K. 2007. The biology of arabinogalactan proteins. Annual
Review of Plant Biology 58: 137-161.

Seth JD, Vierstra RD. 1998. Soluble, highly fluorescent variants of green
fluorescent protein (GFP) for use in higher plants. Plant Molecular
Biology 36: 521-528.

GTOZ ‘82 3UNf U0 N elnye) e)aepanopolilid e /610'seunolpioxo-qoe//:dny wouj pepeojumod


http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcr278/-/DC1
http://dx.doi.org/10.1186/1471-2164-8-412
http://dx.doi.org/10.1186/1471-2164-8-412
http://dx.doi.org/10.1186/1471-2164-8-412
http://dx.doi.org/10.1186/1471-2164-8-412
http://dx.doi.org/10.1186/1471-2164-8-412
http://dx.doi.org/10.1186/1471-2164-8-412
http://dx.doi.org/10.1186/1471-2229-9-44
http://dx.doi.org/10.1186/1471-2229-9-44
http://dx.doi.org/10.1186/1471-2229-9-44
http://dx.doi.org/10.1186/1471-2229-9-44
http://dx.doi.org/10.1186/1471-2229-9-44
http://dx.doi.org/10.1186/1471-2229-9-44
http://dx.doi.org/10.1186/1471-2229-9-44
http://aob.oxfordjournals.org/

462 Dvordkova et al. — Hybrid proline-rich proteins and cell elongation

Shure M, Wessler S, Fedoroff N. 1983. Molecular-identification and isolation
of the waxy locus in maize. Cell 35: 225-233.

Stiekema W], Heidekamp F, Dirkse WG, et al. 1988. Molecular-cloning and
analysis of 4 potato-tuber messenger-RNAs. Plant Molecular Biology 11:
255-269.

Van Damme EJ, Barre A, Rougé P, Peumans WJ. 2004. Potato lectin: an
updated model of a unique chimeric plant protein. The Plant Journal
37:34-45.

Wu H-M, Zou J, May B, Gu Q, Cheung AY. 1993. A tobacco gene family for
flower cell wall proteins with a proline-rich and cysteine-rich domain.
Proceedings of the National Academy of Sciences of the USA 90: 6829—-6833.

Yeats TH, Rose JKC. 2008. The biochemistry and biology of extracellular
plant lipid-transfer proteins (LTPs). Protein Science 17: 191-198.

Zhang 1, Schlippi M. 2007. Cold responsive EARLII type HyPRPs improve
freezing survival of yeast cells and form higher order complexes in plants.
Planta 227: 233-243.

GTOZ ‘82 3UNf U0 N elnye) e)aepanopolilid e /610'seunolpioxo-qoe//:dny wouj pepeojumod


http://aob.oxfordjournals.org/

Downloaded by [Univerzita Karlova V Praze] at 06:25 26 June 2015

SHORT COMMUNICATION

Plant Signaling & Behavior 8:2, e22814; February 2013; © 2013 Landes Bioscience

Sugar-induced endocytosis of plant 7TM-RGS
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Plant cells use sugars mainly as a source or store of energy and carbon skeletons for anabolic reactions and for osmotic
regulation. The perception of sugars and their responses are rather complex including the heterotrimeric G protein
pathway and a seven-transmembrane RGS molecule. Previously, we found that endocytosis of the 7TM-RGS leads
to sustained activation of the G protein pathway in the genetic model Arabidopsis. Here we show that other plants
possess similar endocytosis systems of the 7TM-RGS proteins. A phosphorylation site essential for the endocytosis is
well conserved in land plant 7TM-RGS proteins. In addition, conifer and tobacco 7TM-RGS proteins are internalized in
response to sugar. These results indicate a universal mechanism to activate G signaling by endocytosis in plant cells that

have 7TM-RGS proteins.

Sugars are an essential energy source for cells of most organisms.
The recognition and signaling processes of sugars are crucial sys-
tems that allow plants to know their energy level and decide their
developmental strategies. Heterotrimeric G proteins are involved
in sugar perception and responses in Arabidopsis." Sugars affect
the G protein pathways by aftecting AtRGS1 (Arabidopsis thali-
ana regulator of G signaling 1). RGS proteins promote the deac-
tivation step of G protein by accelerating GTP hydrolysis of Ga
subunits.*” The mammalian RGS molecules are soluble proteins
that act on Ga subunits to turn G signaling off. AtRGS1 has an
atypical domain architecture, comprised of a 7TM receptor—like
domain and a C-terminal RGS domain."*#

Recently, we showed that sugar activates the Ga subunir,
causing the subsequent release of Gy subunits to recruit a
WNK [with no lysine (K)] kinase to phosphorylate AtRGSI.
Phosphorylation causes AtRGS1 to internalize (Fig. 1A;
arrows).* Single-molecule imaging at the plasma membrane of
sugar-treated AtRGS1-YFP seedlings revealed AtRGS1 endo-
somes forming at the plasma membrane periphery (Fig. 1A).
Endocytic internalization motifs have been shown to be involved
with clathrin-dependent internalization from the plasma mem-
brane.™ It is likely that these endocytic compartments are clath-
rin-dependent."""? Here we provide evidence that sugar activation
of G signaling by 7TM-RGS occurs widely in the plant kingdom.

Among vascular plants, one or two 7TM-RGS genes are
found in current sequenced genomes except in the cereals and

*Correspondence to: Nguyen Phan; Email: complexities@gmail.com
Submitted: 11/06/12; Accepted: 11/06/12
http://dx.doi.org/10.4161/psb.22814

lower-plants.® Plant RGS proteins have a tyrosine-based Yxx®
endocytic motif (in which x is any residue and @ is a bulky,
hydrophobic residue) and multiple serine phosphorylation sites
preserved among the plant species (Fig. 1B and 2A). The tyrosine
endocytic motif is known to bind to the p.2 subunit of the AP2
clathrin adaptor protein,'? and structural studies have shown that
the spacing between the Y and @ residues is crucial "> The plant
RGS protein tyrosine motif is YxxF (Fig. 1B). Phosphorylation
at the C-terminal is conserved as well. The Brassica species
have conserved phosphorylation sites in the C-terminal rail at
Ser428, Ser435 and Ser436* (Fig. 2A). The aligned 7TM-RGS
sequences show that the Ser435 is the sole phosphorylation site
conserved among all plant species suggesting that Ser435 is the
critical phosphorylation site for glucose-induced responses and
internalization.

To test if other plant 7TM-RGSs internalize with glucose
treatment, and if Ser435 is sufficient to initiate 7T M-RGS endo-
cytosis, we cloned 7TM-RGS genes from a conifer and a tobacco
and tested sugar-induced internalization (Fig. 2B and C). Pinus
taeda (Pt) RGSI was tagged with YFP and transiently expressed in
Arabidopsis seedlings prior to sugar treatment. Like Arabidopsis
AtRGS1, PtRGSI was localized on the plasma membrane and
was internalized by D-glucose treatment (Fig. 2B). Figure 2C
shows that in Tobacco BY2 cells, which are maintained in a
media with high sugar content (initially 3% sucrose), the sta-
bly expressed GFP-tagged Nicotiana tabacum (Nt) RGS1 can be
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Figure 1. Formation of RGS-containing endosomes. (A) Super resolution image of AtRGS1 endosomes Arabidopsis hypocotyl epidermal cells forming
at the plasma membrane periphery. Seedling expressing AtRG51-YFP was treated with 6% glucose followed by 4% paraformaldehyde fixation prior

to imaging by Super-resolution Structured lllumination Microscopy (SR-SIM; Zeiss). Arrows show endosomal structure near the plasma membrane in
punctae (top) or punctae and clusters (bottom). Scale bar = 5 p.m. (B) Sequences for RGS proteins were obtained from a previous research® and Phyto-
zome 8.0 (http://www.phytozome.net/). The sequences were aligned with ClustalW implemented in MEGA 5.0.” The N-terminal sequence 93-130 of
Arabidopsis thaliana RGS1 is compared with other species. The tyrosine Yxx® endocytic motif is highlighted.

seen at the cell plate/border between two adjacent cells (arrows)
and in the vacuole targeted for degradation (left). It is assumed
that constant internalization caused by the high sugar content
eventually leads to accumulation of the GFP-tagged proteins into
the vacuole (Fig. 2C,; left). To support the assumption, NtRGS1
expressing in BY2 cells was restored to the plasma membrane
after 2 d starvation in media without sucrose (Fig. 2C, right).
These analyses support the conservation of 7TM-RGS internal-
ization by glucose.

The 7TM-RGS in Arabidopsis internalizes as a response to
sugar and its internalization to activate G signaling. Here we
showed that this mode of G protein activation is conserved
widely in the plant kingdom.
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Figure 2. Endocytosis of eudicot and gymnosperm 7TM-RGS proteins. (A) Sequences for RGS proteins were aligned with ClustalW. The carboxyl-terminal
sequences (416-459 of A. thaliana RGS1) are shown with phylogenetic relationship of species. Highlighted are Tyr, Ser and Thr residues. (B) YFP-tagged
proteins for Arabidopsis thaliana AtRGS1 (full length, 1-459 aa), and Pinus taeda PtRGS1 were transiently expressed in Arabidopsis seedlings followed by
30 min of treatment with 6% D-glucose prior to imaging. Scale bar is 10 pm. (€) Tobacco BY2 cells expressing GFP-tagged Nicotiana tabacum RGS (two
sets- top and bottom rows) grown on 3% sucrose (left) and starved of glucose (right). Arrow shows areas of strong expression. Scale bar =20 pm.
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Abstract:

Plant cell lines represent useful models in plant cell biology. They allow simple analysis of the effects
of various factors including modulated gene expression at cellular and subcellular level. Tobacco BY-2 cell line
is a favored model due to its high proliferation rate, capability of effective synchronization and accessibility to
transformation. Relatively high uniformity of BY-2 cultures allows morphological phenotyping and assessment
of growth parameters like mitotic index, viability or cell density. Here we review already published and newly
introduced optimized guidelines to carry out reliable, reproducible and efficient characterization of BY-2
cultures; from suggestions of appropriate methods to acquire primary data, to proper statistical treatment and
biological interpretation. The presented experimental data demonstrate the extent of natural variability and the
effect of initial cell density on various cell culture features. Supportive equations allow to estimate some derived
phenotypic parameters like cell cycle duration or fresh biomass of the culture and to determine the size of data
sets for reliable documentation of certain phenotypic change. The optimized protocols and accompanying
discussion of weak points of different approaches should serve as a practical guide for both beginners and

experienced researchers working on BY-2 cells.
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Introduction

Effective exploitation of the extensive volume of plant genomic data depends on its
proper assessment with appropriate phenotypic markers. Therefore huge effort has been put to
uncover the relationship between genotype and phenotype. Various large-scale procedures of
plant phenotyping have been developed recently to be used for multifactorial, rapid and
objective evaluation of complete plant organisms (Pieruschka and Poorter 2012).
Unfortunately, even the best documentation of the “whole plant body” responses may not be
sufficient to mechanistic interpretation that often requires understanding the behavior of
individual cells forming plant tissues and organs. For this reason plant cell lines are used as
alternative experimental models in various studies (Orchard et al. 2005, Richard et al. 2001,
Schaul et al. 1996; reviewed in Sato 2013, Seifertova et al. 2014). Cell lines offer the
possibility of non-invasive characterization and evaluation of various cellular parameters;
however, the approaches to their phenotyping have not been well established.

Phenotyping of the majority of plant cell lines is often complicated or practically
impossible due to their high cell variability and formation of cell aggregates. One of the first
more widely used cell lines with suitable morphological features was started in 1967 from the
pith explants of Nicotiana tabacum cv. ‘Virginia Bright Italia’ and called VBI-0 (Opatrny and
Opatrné 1976, Opatrny et al. 2014). However, the strong need for a precise cultivation regime
complicated the routine use of the VBI-0 cell line. Later on, it was replaced by the more
plastic and phenotypically similar tobacco cell line BY-2 (Nagata et al. 1992), which was
originated more than 40 years ago from seedlings of Nicotiana tabacum cv. ,Bright Yellow 2°
and gradually became one of the basic plant cell models. It exhibits extreme spontaneous
friability of cell files and absence of cell aggregates, consequently allowing direct observation
of individual relatively homogenous cells (Nagata et al. 1992, Opatrny et al. 2014).

BY-2 cells, as well as VBI-0 cells, are cytokinin-autonomous and auxin-dependent,
requiring media supplemented with 2,4-D as the favoured auxin (Nagata ef al. 1992, Orchard
et al. 2005). The average cell density of the standard BY-2 suspension culture ranges between
10° and 10° cells per ml of the culture medium. Due to the enormous multiplication rate,
reaching up to 100-fold biomass multiplication per one-week subculture interval, the cell
divisions can be synchronized by transient application of various antireplicants or cytoskeletal
drugs. The mitotic index in synchronized culture can reach up to 60 - 90 % (Nagata and

Kumagai 1999, Kumagai-Sano et al. 2004, Kuthanova et al. 2008) that allows analysis of
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gene expression during the cell cycle (Schaul et al. 1996, Sorrel et al. 1999, Sorrel et al. 2001,
Matsuoka et al. 2004).

BY-2 cells represent one of the favored cellular models to study various aspects of
plant cell physiology (Nagata 2004). In suspension, the cells are easily accessible to various
chemical treatments and individual cells or linear cell files are suitable for fluorescent
immunocytochemical analyses. These features enabled reproducible results to be obtained, for
instance in cytoskeleton analyses (Kutsuma and Hasezawa 2002; Schwarzerova et al. 2003,
Maisch et al. 2009). The cell line also allowed us to study the effects of various factors
including plant hormones (Hoffmannova et al. 2008) and the toxic metals, such as cadmium
(Kuthanova et al. 2008) and aluminum (Krtkova et al. 2012). BY-2 lines also became an
important tool for the functional analysis of various genes at the cellular level although
assessment of the effects of gene up or down-regulation is complicated due to high
differences and variability in transgene expression in independently transformed lines
(Nocarova and Fischer 2009). Therefore, the identification of the phenotypic changes and
distinguishing between induced changes and natural variability of the line may not be
straightforward (David and Perrot-Rechenmann 2001, Dvorakova et al. 2012).

The assessment of the effects of various factors including modulated gene expression
on BY-2 cells can be done at various levels; determining changes in cell viability, mitotic
activity, cell shape and size, polarity of both cell growth and division and also analyzing
various markers of cell differentiation and growth. To utilize this potential, a simple, routine
and reliable way for detection and measurement of these phenotypic features is needed. Such
an exemplary study was performed on Arabidopsis thaliana cell line by Richard et al. (2001)
demonstrating also reliable biometric approaches. Surprisingly, the reviews devoted to BY-2
cell line (Nagata 2004; Nagata et al. 2006) paid only little attention to phenotype assessment.

In order to carry out reliable, reproducible and efficient characterization of phenotypic
changes in either transgenic or treated BY-2 cell cultures, it is necessary to use appropriate
methods to acquire primary data, to treat them with suitable statistical methods and to
interpret the results in a proper manner. Here we summarize basic cytological methods and
mathematic procedures suitable for cell line evaluation and accompany them with potential
weak points of individual approaches and special suggestions optimized for BY-2 line. The
instructions for measurement and evaluation of physiological and morphological parameters
are based on our long-term experience with diverse transgenic BY-2 lines and lines treated
with various compounds. We provide suitable methodological approaches for assessment of

the key phenotypic parameters and guidelines to estimate minimal necessary size of data sets
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for reliable comparisons. Optimization of the experimental design allows evaluation of a

sufficient number of variants and repetitions for improved scientific output.
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Material and Methods

Cultivation
The cell line BY-2 (Nagata ef al. 1992) was cultivated in darkness, temperature 27 °C in MS
medium (Murashige and Skoog 1962) supplemented by 100mg/l K,HPO4 and 1 pM 2.,4-D.
Pyridoxine and nicotinic acid was omitted compared to the original Murashige and Skoog’s
protocol. The pH value was adjusted to 5.8. The cells were cultured either in liquid medium
as a suspension culture or in the form of plated suspension or inoculated pieces of the cell
biomass (“callus cultures”) on the agar medium. The suspension cultures were subcultured by
inoculating 1 ml of previous stationary suspension culture to 30 ml of fresh medium. Cell

suspension was aerated by shaking on a horizontal shaker (160 RPM).

Cytology

Viability test was performed by fluorescein diacetate staining (FDA). One pl of staining
solution (2 mg of FDA per 1 ml acetone) was added to 2 ml of cell suspension. Labeling of
nuclei allowing automatic counting of cells was done using water solution of Hoechst 33342.
Staining solution (Hoechst 33342 - 0.05 mg/ml supplemented with Triton X100 - 100 mg/ml
to penetrate cell membranes) was added as 10 pl per 1 ml of sample. Density was measured
by scanning of Fuschs-Rosenthal counting chamber (see details in Results and discussion).
Microscopic images were captured by Olympus BX 51 equipped with camera Apogee Alta U
4000 (resolution 2048 x 2048 px, 16 bit color depth).

Data analysis and statistical treatment

Image analysis was performed by NIS Elements AR v. 3.1. (Laboratory Imaging,
Prague, Czech Republic). Statistical analysis was performed using NCSS 2000 (NCSS, LLC;
Kaysville, Utah USA) or R 2.13.2 (Bell Laboratories, Murray Hill, New Jersey, USA).
Specific statistical models of data processing are described in chapters of Results and

discussion describing evaluation of each parameter.

Evaluation of dilution effect on growth parameters - experimental design

Experimental suspensions were prepared to a final volume of 36 ml in four initial
dilutions (60x = 4.9%10* cells/ml, 30x = 1.0*¥10° cells/ml, 15x = 1.9*10° cells/ml, 7.5x =
4.1*%10° cells/ml). Each dilution variant was represented with six flasks. Samples of 1.5 ml

were collected on each day. The initial volume was set to maximally imitate standard
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cultivation volume of 30 ml despite repeated sampling that reduced the volume from 34.5 ml
(after sampling on day 0) to 24 ml on day 7.

Morphological data were based on the measurement of a total number of 75 000 cells,
approx. 250 — 600 for each sample. Density data were based on scanning and counting of 6
fields per every replicated flask and day of sampling, covering 8.3*10° cells in total.

Morphology measurement was repeated once with 4 replicate flasks for each dilution

with comparable results.

Flow-cytometry

Flow-cytometry analysis was performed by Partec CyFlow ML cytometer. Stationary
culture of tobacco BY-2 cells were compared to nuclei isolated from well developed leaves of
two months old plants of Nicotiana tabacum cv. ‘Samsun’. Samples were standardized to

nuclei of Solanum pseudocapsicum leaf isolates.
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Results and Discussion

To receive reliable and reproducible data characterizing the phenotype of a particular
plant cell line, one needs to understand the conditions and the character of its growth (Sato
2013). During the standard subculture interval (SBI), BY-2 cells are exposed to continually
changing conditions — stationary cells are inoculated to a “raw” well-aerated medium full of
nutrients. As the cell density increases, the medium is modified by the cells and the amount of
nutrients and oxygen decreases. After short initial lag phase the cells start to divide. Cell
divisions are accompanied by longitudinal growth that continues even after cessation of the
mitotic activity towards the end of the SBI. The final stationary stage results from the
depletion of resources and directs the cells towards senescence (during prolonged SBI). The
cell size is maximal in the stationary phase when the cell files spontaneously disintegrate
(Seifertova et al. 2014). The behavior of cells during the SBI is strongly affected by the initial
cell density (see also bellow), which should not decrease below a critical level, where growth
of the culture is partially or completely inhibited.

The following text provides a fusion of both results and discussion and is divided into
three sections. Section Al introduces measurements of primary parameters e.g. viability, cell
length, mitotic index and cell density (reviewed in table 1). Section A2 provides calculations
of secondary parameters such as duration of cell cycle or mitosis that are based on the primary
data. Differences in evaluated parameters are demonstrated within the subculture interval on
an illustrative experimental data obtained with a set of four wild type BY-2 suspensions
differing in the initial cell density. Four different inoculum variants induced groups differing
in growth dynamics. Such design imitates hypothetical experimental design on phenotyping
of treated or transgenic cell lines with altered growth parameters. Our model also
demonstrates relation among mitotic activity, cell length and other parameters that are
dependent on each other. All parameters were evaluated by procedures described in chapters
of Al and A2 sections. Section B provides recommendations on general experimental design.
In addition, special attention is paid to initial cell density, characterization of transgenic BY-2

lines and characterization of BY-2 calli.
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Al: Assessment of the primary parameters of the cell culture

Viability

Viability of the untreated WT BY-2 cell population exceeds 90 % during the whole
standard SBI. The determination of the proportion of dead or viable cells is the routine
procedure (Seifertova et al. 2014). Viability of cells can be estimated by several cytological
approaches with differing degrees of reliability. Dead or viable cells are commonly detected
by cytological staining with trypan blue or fluorescein diacetate (FDA). Due to limited
reliability of these methods, some authors discussed alternative visual evaluation with DIC
microscopy (Widholm 1972). As this approach strongly depends on personal experience and
is time consuming, FDA staining (Fig. 1d) can be recommended as reproducible and simple
technique for BY-2 cells (Widholm 1972, Nagata et al. 1992). Under standard conditions,
FDA staining is sufficient approach, but under specific conditions it is advisable first to
compare the results obtained from FDA and from other techniques and then to use their
combination if the results differ.

Pairwise statistical comparison of viability in two samples can be performed by
proportion test (Wang and Chow 2007). A sufficient sample size can be calculated according
to equation la, derived after Wang and Chow (2007). For example samples of 300 cells are
sufficient to demonstrate 5 % difference in viability compared to untreated control with 100

% viability at a = 0.05.

Mitotic Index

The mitotic index is counted as a proportion of cells undergoing any phase of mitosis
(Fig. 1b). The chromatin can be visualized by fluorescent dyes such as Hoechst 33342 or
DAPI. The value of MI can be systematically shifted by subjective evaluation of the initial
period of prophase that is not very prominent and also late telophase that is hard to distinguish
from early cytokinesis (Fig. 1b4). Therefore, comparisons should be done with samples
evaluated by the same person. In a non-synchronized culture the MI reaches its peak of 10-12
% in exponential phase usually between the second and the fourth day of cultivation and
usually fades out on day 5, as also described by Nagata et al. (1992).

Differences in mitotic activity can be tested in same way as viability, i.e. by proportion
test. Orchard et al. (2005) used 3 x 200 cells sampling for demonstrating differences in
proportions of each mitotic phase. Sample size for basic comparison of the mitotic activity of

two samples can be also estimated using equation la. According to this, a sample covering
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300 cells is sufficient to demonstrate the difference of 5 %, 600 cells per 3 % difference or

3000 cells per 1 % difference at the level of significance a = 0.05.

Cell length

The length of BY-2 cells is a basic morphological parameter that often changes in
response to experimental treatment, or as a result of modulated expression of certain gene in
transgenic lines. The cell length is not constant, but gradually changes during the subculture
interval due to simultaneous opposing processes - cell elongation and cell division. The
difference in cell length can result from both varying cell proliferation dynamics and altered
cell expansion. In the wild-type BY-2 line under standard cultivation conditions, the minimal
cell length well correlates with the peak of mitotic activity (Fig. 2a). As both MI and cell
length depend on the initial cell density (Fig. 2a), this parameter should be rigorously
normalized. Alternatively, evaluation in the stationary phase can be recommended because of
minimal cell length fluctuations in this period (see changes of measurement reliability in Fig.
3). Moreover, the overall variability of cell lengths in the stationary culture is slightly lower
than in the exponential cells. Variation coefficient of cell length in the exponential phase is
between 30 % and 55 % (mean 40 %), whereas it reaches 28 % to 40 % (mean 35 %) in the
stationary culture. In stationary cells, the differences between variants reflect mostly changes
in the cell expansion and are not affected by cell divisions that can otherwise mask or magnify
the effect of an experimental treatments or a transgenic phenotype.

The average length of stationary cells reaches 69 - 80 pwm under our cultivation
conditions. The values of cell length do not exhibit normal symmetrical distribution, but the
histogram is right-skewed (Fig. S1). This reflects the natural limit of BY-2 cells that are rarely
shorter than a certain value (30 um for stationary cells), while the upper limit of cell sizes can
reach surprisingly high values, especially in the case of stationary cultures (up to 350 pum).
The cell length data could be transformed into a normal distribution using the Box-Cox power
transformation. However, given that the number of data sets from metric measurements is
high (> 100 observations), the overall analysis can be performed using ANOVA, which is
robust to non-normal distribution of data in such numerous data files (Milliken and Johnson

1984). Paired comparisons can be correctly performed by Tukey test (Hoaglin et al. 2011).
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Effect of cell affiliation to cell files

Sizes of cells measured in captured pictures are not independent, but show dependence
on the affiliation to individual cell files. The cell length heterogeneity is usually lower within
each cell file compared to heterogeneity of the whole cell population (Fig. S2). The
morphological similarity of cells within a file is likely related to their common ancestor and
symplastic interconnections (Laporte et al. 2003), which were demonstrated to mediate
mutual physiological synchronization of cells within a file (Campanoni et al 2003, Maisch
and Nick 2007).

Data sets of cell length can be analyzed by basic linear modeling of the mentioned
tests. One of the assumptions of such model is independence of the measurements. However,
the values of cell length are not fully independent. Hence, the most correct model for the data
is a random effect model, with the cell-file affiliation as the random effect. Comparison of the
two approaches (simple linear and random effect models) can be done via Akaike Information
Criterion. It was found that the random effect models is for the data much better (e.g. AIC =
10116 for simple linear model and AIC = 9606 for random effect model).

However from practical point of view, the registration of cell file affiliations is
problematic when cell files overlap, and increases the time required for sample preparation
(see second column of Table 1) and image analysis (3rd column of Table 1). The upcoming
question is, how large should be the sample of cells, so that we can obtain reasonable results,
while neglecting the cell file affiliation. Since we will compare two independent samples, we
will use the equation 1b rising from the two-sample t-test (Chow et al. 2003). This equation
expects that we work with independent data. When the data are structured into cell-files, we
can expect that the observed variability is lower than those in independent data. Hence, if we
evaluate this equation with greater variability (term SD in the equation 1b), we will obtain the
necessary sample size for our situation. The other parameters of the equation remain the same
nevertheless the data are dependent or not. The remaining question is how much we should
increase the variability. When comparing the two linear models, with and without the random
effect of cell affiliation, we can check, how much changes the explained variability. The
simple linear model explains 12 % of the variability, whereas the model with random effect
for cell affiliation explains 77 %. Hence, the observed variability can be reduced up to by
65 % (77 % - 12 %) comparing to the situation if the data were independent. The right sample
size can be obtained when using observed standard deviation multiplied by 100/35 (=

100/(100-65)) on place of SD.
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Cell density measurement

The measurement of BY-2 cell density using conventional counting chambers (e.g.
Burker’s, Thoma’s) is complicated by relatively large size of BY-2 cell files. Average
thickness of BY-2 cell is around 30 pm, the length of stationary cells is about 80 um (Kouri et
al. 2003, Sorrel et al. 1999), that makes the cell file dimension reaching hundreds of
micrometers or can exceed even one millimeter. Suspension of such “bodies” is prone to form
dense clumps of cell files inside the counting grid or aside of it, both heavily affecting the
accuracy of a single measurement. Irregular spread of measured particles can be expected
especially when counting chambers with 100 um depth are used. To assess the effect of
chamber depth, we compared the results obtained by using four counting chamber types;
Fuchs-Rosenthal’s (200 pum depth), Burker’s (100 um), Neubauer’s improved (100 pm) and
Thoma’s (100 um). The differences between cell density estimated in these chambers were
not significant (a = 0.05) when counting 30 images containing approx. 12 000 — 22 000 cells
in total, but the data sets greatly differed in variation (Fig. S3a) that was lowest in case of
Fuchs-Rosenthal’s chamber. Thus, in this chamber cell density can be estimated from smaller
number of images. According to equation 1b we can estimate that approximately 6-times
more images are required when using 100 pm-deep chambers to obtain cell density estimation
in accuracy comparable to Fuchs-Rosenthal’s chamber.

Fuchs-Rosenthal’s chamber is deep enough to enable almost accurate movement of an
applied sample of BY-2 cell suspension and it is also shallow enough to be acceptably
focused with an objective with 4-fold or 10-fold magnification. Such a low magnification
enables scanning of a large field of the counting chamber by microscope camera. We
recommend collecting images of cells with fluorescent labeled nuclei (Hoechst 33342 or
DAPI), which can be subsequently quantified by (semi)automatic image analysis software
(Fig. 1c). Resolution of the images must be high enough to cover any nucleus with at least 5
pixels to enable the software to reliably detect nuclei in contrast to the background and also to
separate close nuclei from each other. It is not necessary to quantify the cells according to the
counting grid of the chamber. The counting chamber can be used just as an instrument
providing proper Z dimension (depth) and XY dimensions of the analyzed volume are defined
by screen area of the camera. Cell density can be calculated according to the total volume of
screened area. The most appropriate data are obtained when the whole grid of the Fuchs-

Rosenthal chamber is covered by 150 - 1500 cells. Application of more dense suspension into
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the counting chamber leads to formation of clumps of cell files that increase variation /
inaccuracy of single measurement. It can be seen from the comparison of the variation of
properly dense (diluted) sample and 5-times denser (undiluted) sample (Fig. S3b). Therefore
dense suspensions (usually since the 3rd day of SBI) should be diluted to the recommended
value between 150 and 1500 cells within the counting grid.

Suspensions of isodiametric individual cells are usually applied in excess and the
redundant liquid flows out to marginal drains of the chamber. This procedure cannot be
adopted in the case of BY-2 cells because their movement within the counting chamber is
irregular, highly affecting the numeric data obtained. The sample of BY-2 cells should
optimally be applied as a single drop of appropriate size (approx. 3 mm in diameter, i.e. 15 to
20 pl) using a wide-cut tip. The sample should not overflow the counting area of the chamber.

An alternative approach to overcome the obstacles discussed above is adoption of
some maceration technique. These techniques are frequently used for separation of cells from
a tissue (Johansen 1940, Brown & Rickless 1949). Maceration is generally based on
modification of cell wall solidity and especially loosening of the middle lamella (Johansen
1940, Némec 1962). Acidic maceration (e.g. 15 % HCI + 15 % ethanol; Johansen 1940) or
HCrO4 treatment (5 % aqueous solution) described by Brown and Rickless (1949) can be
applied on BY-2 cell suspension leading to softening and partial splitting of long cell files
(Sorrel et al. 1999). We confirmed that maceration with HCrO4 made even very dense BY-2
suspension suitable for reproducible pipetting. It resulted in decreased variation of data
obtained from the counting chamber. However, in case of diluted samples, the maceration did
not decrease variation compared to the results obtained with our optimized procedure
described above (Fig. S3b). Moreover, maceration needed extra treatment of samples and in
case of HCrO4 handling with extremely toxic and carcinogenic compound (Dayan and Paine
2001). Other maceration techniques using less harmful agents (e.g. HCI + ethanol) require
additional staining of cells (e. g. Orcein) for subsequent image analysis (HCrO4 causes
shrinkage of protoplasts into dark brown particles that can be easily counted).

Taking together these results, we recommend our optimized procedure based just on a
counting chamber of 200 um depth (e. g. Fuchs-Rosenthal; Sorrel ez al. 1999), proper dilution
and pipetting of investigated samples stained by Hoechst or DAPI. Such procedure provided
reliable data and was less time consuming compared to the maceration. Gentle processing of
cells also enabled evaluation of morphological parameters and mitotic index from the same

images.
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Qualitative parameters of cell density data

The variation of obtained density data is very high. The coefficient of variation
calculated for 194 available data files was within the range of 7 % - 50 %, the average value
of this data parameter was 23 %. Based on this value, we can estimate the required size of
data set (number of scanned fields) for the statistical comparison (e.g. t-test) of two samples.
Modified equation 1c can be used for such estimation. The size of data set for the significant
detection of 10 % difference in density between two samples was calculated to be 177. It is
practically impossible to investigate cell density by such extensive sampling. However, when
such number of scanned fields is used to cover the whole subculture interval, we can obtain
highly representative growth curve describing the growth features of investigated lines. Such

an approach is described and discussed bellow in the section A2.

The time required for evaluation of basic growth and physiological parameters of one sample
is summarized in Table 1.
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Parameter | Sample Subsequent | Postponed Special comment
processing | analysis processing
viability |5—10min |5—15min |yes — from saved | Simple. Exact and well reproducible
image data results.

mitotic 5—10min |5-15min |yes— from image | Simple. Exact and well reproducible

index results.

cell 5—10min |20-40 min |yes— from image | Exact and highly reproducible results.

length Moderately laborious.

cell width | 5— 10 min |20 —40 min |yes — from image | Exact and highly reproducible results.
Moderately laborious

density 10 — 15 min |30 — 60 min |yes — from image | Cell files are too large to behave
normally in the counting chamber.
Application of a small culture volume
reduce variability, good scanning
equipment and software for image
analysis helps to accelerate density
evaluation.

fresh < 5 min < 5 min no Non-reproducible separation of intact

weight cells from the medium. We
recommend estimating FW as density
multiplied with average cell volume.

dried < 5 min < 5 min yes — from frozen | Simple. Exact and well reproducible

weight (+ hours of samples results.

waiting)

Table 1. List of growth and physiological parameters of BY-2 lines and time required for evaluation of a sample.
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A2: Calculation of derived parameters

Growth curve calculation — data fitting

Due to the high internal variability of the primary density data the representative
growth curve can be obtained either from high numbers of scanned fields (see above) or by
fitting the primary data (e.g. by the method of least squares) to a modified logistic curve
according to equation 2. Keeping an acceptable degree of inaccuracy, this approach enables to
reduce the number of required primary data and to smooth the curve. The main features such
as the slope and duration of the exponential phase are maintained by this approach (Fig. 2b).

The fitting of data to the logistic curve has several critical points, which are described
in detail. The first of them is “rooting”, i.e. fitting the curve to the initial point. Since the lag-
phase is usually very short in BY-2 cells, the lower asymptote of the curve has too low
amount of numeric data to be fitted properly (the density values are missing before the
starting point). Therefore we suggest to calculate the confidence interval (0=0.05) for the
density value at time O and to set this interval as a restriction for the initial value of the
calculated curve. The confidence interval can be easily calculated from primary density data
using equation 3.

Data presented in Fig. 2 show the growth characteristics of WT BY-2 cells in one-day
sampling. The pattern of sampling can be adjusted. Periods of special interest (e.g. lag-phase)
can be sampled more frequently (e.g. every 8 or 12 hours). On the other hand, some days can
be omitted from the sampling schema to optimize the use of human resources. An analysis of
importance of each sampling day within the 7-day SBI was performed on our dataset. It
showed that the values of day 1 and 2 are of low importance if the curve is “rooted” into the
confidence interval of the day 0. However, we do not recommend omitting the measurement
on day 1 because this value can indicate altered dynamics of the initial growth, if affected (not
documented in our illustrative dataset). Day 2 can be skipped when the initial period of
growth is not a subject of interest. Also day 6 is of low importance for data fitting. In contrast
to this, it is very important to correctly measure the day when the culture abandons
exponential growth and slows its metabolic activity, usually the 4™ or 5™ day (Fig. 2b).
Omitting the value from this “turning point” cause the most significant distortion of the fitted

curve shape (Fig. 4).
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Cell cycle and mitosis duration

The period of constant exponential growth is apparent as a linear part of growth curves
when cell density is displayed in logarithmic scale. Provided that practically all cells undergo
cell divisions within this period, the doubling time of the cell density should equate to the
duration of cell cycle (see equation 4; Richard et al. 2001). The calculated values between
18.6 and 20.2 hours well correlate with the values documented in literature (Nagata et
al.1992). Cell cycle duration is obviously a basic parameter that can be changed under various
experimental treatments or by genetic modifications.
The duration of the mitotic phase of the cell cycle can be estimated from the proportion of
cells in mitosis (= MI) during this period of exponential growth (i.e. cell cycle duration * MI;

equation 5). The calculated value of about 2 hours is again in agreement with literature

(Granger and Cyr 2000).

Biomass and the rate of cell file elongation

Measurement of fresh weight of BY-2 culture is complicated due to the inefficient and
non-reproducible separation of the cultivation medium from intact cells using either
sedimentation or filtration procedures (using either vacuum or capillarity-based filtration).
The fresh biomass can be estimated indirectly by using the biometric and cell density data, as
cumulative cell volume i.e. the average cell size multiplied with cell number (density;
equation 6). The curve of calculated biomass (Fig. 2¢) clearly shows rapid increase, which is
also visually apparent between the 4™ and 5™ day and is caused by synergic effect of high

mitotic activity and highest rate of cell elongation in this period.
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B: Guidelines for designing commonsensible experiments

Image data storage and subsequent analysis

Direct evaluation of growth parameters during the experiment limits the number of
samples that can be processed and brings high demands on work performance, since the
quality of the samples changes over time. Therefore it is highly advisable to separate the
sample processing, scanning and storing images from subsequent evaluation and numerical
data processing. This approach allows reliable capturing of the rapidly changing parameters
such as viability or mitotic index and inclusion of a larger number of parallel samples or
replicates.

Capturing of universally applicable images can also reduce the time required for
sample analysis. In this respect density, mitotic index and cell sizes can be evaluated from the
same fluorescent-labeled image captured in the Fuchs-Rosenthal counting chamber (for
density assessment). For MI determination, images must have sufficient resolution to allow
evaluation of the mitotic activity, at least 1 px = 1um.

Images of FDA labeled cells for viability assessment must be captured separately, but
their number need not be high, because approx. 300 cells is sufficient to demonstrate 5 %

decrease in viability at a = 0.05 (see chapter Al).

Estimation of the minimal sample size

Appropriate calculation of numeric sample size is essential step in building of
experimental design. It is advisable to state/estimate in advance the minimal difference
between the variants that we would like to demonstrate. This statement or estimation is
researcher’s choice: “How large difference is relevant for testing of my scientific hypothesis?
Am I going to demonstrate the difference of 15% or 0,01% in cell length?”. Processing of too
large sample size may lead to highly significant approval of negligible differences, that are as
tiny as they are practically/biologically irrelevant (Fay and Gerow 2013). On the other hand,
the data sets have to be large enough to identify and demonstrate a certain difference between
the compared samples. Underestimation of sample size may lead to weak or completely
unsuccesful statistic approval of experimental results. However, appropriate reduction of the
number of analyzed cells saves time and thus allows analysis of a larger number of

experimental variants, that is higly advisable.
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The required sample size can be thereafter predicted by equations la,b,c. For
transgenic/treated variants, whose morphological variability is not dramatically different from
the control, the estimation can be done on the basis of the chart in Fig. 5, which is based on

Equation 1b (Chow et al. 2003).

Initial cell density — dilution of the culture

Nagata described the ability of the BY-2 line to increase its biomass 100-times during
one-week subculture interval and therefore recommended the week subculture with 100-fold
dilution. According to Nagata, the growth of BY-2 line below this multiplication ratio is
suboptimal and the culture conditions need to be optimized (Nagata 2004, Nagata and
Kumagai 1999). In most laboratories, however, the BY-2 lines grow in lower volumes and
using a different mode of aeration; shaking instead of rolling used in Nagata’s work. Under
such conditions, the cultures are diluted only 20x to 30x per a week (Koukalova et al. 1997,
Schwarzerova et al. 2003, Seifertova et al. 2014). As clearly visible from Fig. 2b, lower
dilutions result in a shorter lag phase, but longer time of “stagnation” in the stationary,
physiologically less active state. Maximally diluted suspensions show practically constant
multiplication rate for 4 days, while this period decreases in less diluted suspension (see the
duration of the phase of exponential multiplication, i.e. the linear part of the curve in Fig. 2b).
Nagata and others stated that decreased growth activity of the lines causes amongst others
significant decrease of efficiency in cell cycle synchronization (Nagata and Kumagai 1999,
Samuels et al. 1998). Our results also show that increased dilution (up to 60x) has a positive
effect on morphological uniformity of cells (see error bars in the Fig. 2a). Consequently the
overall reproducibility of the results of morphological analysis can be significantly improved.
Moreover, Kovarik et al. (2012) demonstrated dramatic alterations of karyotype (variation
between 39-47 chromosomes) in BY-2 cell line grown long time under low dilution rate (the
culture was diluted 10x by week subculture). As the nuclear DNA content changes can affect
the morphological uniformity of cells, we performed cursory flow-cytometry analysis in our
BY-2 cells compared to leaf cells of Nicotiana tabacum cv. ‘Samsun’. Although this approach
did not allow precise karyotype assessment, the results did not indicate dramatic karyotype
alterations and any ploidy shift in our cultures standardly diluted 50x by week subculture (Fig.

S4).
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Analysis of phenotypic variability of transgenic lines

The BY-2 line is a valuable tool for functional genomics, especially in cases when the
phenotypic change resulting from modulated expression of a certain gene is masked by
compensatory mechanisms in planta (Dvorakova et al. 2012). Differences between the
phenotype of transgenic and wild type lines have to be demonstrated carefully due to natural
variability of both wild type and transgenic BY-2 cell lines that can either reduce or escalate
the real phenotypic change in suboptimal experimental design. This variability has several
sources.

The first source of variation arises from the cultivation of transgenic BY-2 in the form
of calli resulting from the transformation procedure. We observed that BY-2 cell lines
transferred from suspension to solid media and reverted again several weeks later to
suspension can be slightly altered in morphologic features (Fig. 6). Although these shifts are
minor, they can be statistically significant, when the data matrix is large.

The second cause of variation is related to the transformation event itself. The T-DNA
can be inserted into various chromosomal locations, where it can interfere with flanking DNA
resulting in varying expression patterns (Nocarova and Fischer 2009). The stress conditions
connected with the transformation procedure and subsequent antibiotic selection can also
affect the phenotype of the cells.

To avoid misinterpretations we suggest including of two types of control in the
experiment. The first, a few (e.g. three) suspensions obtained by independent resuspension of
wild type BY-2 calli, which were at least two months (= 3 subcultures) grown in a callus
form. The second control should cover several (> 3) lines transformed with an empty vector
(or a gene construct with known absence of phenotypic effect, e.g. gene encoding free
cytosolic GFP; Seth and Viersta 1998; Stewart 2001). All suspensions should be established
from calli of comparable size, rigidity and age (1 to 2 weeks after subculture).

The set of investigated transgenic lines should be relatively numerous (e.g. at least 5 to
10 lines) due to high variability within the primary transgenic population. As mentioned
above, the T-DNA can be inserted in different chromosomal contexts, in various numbers of
insertions and transgene expression can be epigenetically modified in the lines (Nocarova and
Fischer 2009) or even expression of internal genes can differ between the lines as a result of

feed-back regulation (Dvorakova et al. 2012).
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Subsequent statistical analysis of transgenic phenotype can be tested using General
Linear Model of ANOVA (GLM ANOVA). Each cell line tested within certain genotype

class should be implemented into the statistical model as a ,,random factor*.

Calli as an alternative model for phenotype characterization

Alteration in cell size or proliferation rate of the investigated (transgenic) lines can be
documented in the alteration of the biomass curve. Quantification of these parameters
provides exact data, but is relatively laborious. Bigger alterations in growth of biomass can be
also observed under cultivation of BY-2 cells in the form of calli. In case of transgenic lines,
such phenotypic change can be seen already on the selection medium a few weeks after
transformation. We repeatedly observed larger calli after transformation of BY-2 cells with
constructs, which caused enhanced cell elongation (Dvorakova et al. 2012). However,
differences in growth of calli can be masked or extended by the effect of callus density on a
plate; growth of calli is inhibited when their density is too low or too high! This can be
overcome by the cloning of transgenic suspension cells and plating them in various densities
(Nocarova and Fischer 2009). Altered growth/cell size could be demonstrated as a difference
in callus diameter as shown in Dvorakova et al. (2012). Pairwise comparison of cell size and
callus diameter (after cloning) of five selected BY-2 cell lines provided highly comparable
statistical output (Fig. S5). Also correlation between cell length and callus size was proven by

testing of linear regression model at a=0,05 (p=0,013).
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Equations:

Eqaution 1a (MI / VIA req. sample size): nj = ((Zi.q + Zl_B)z/Apz) *(2po+ap- po2 - (po + Ap)z)
Equation 1b (required sample size): nj =2 * (Z;, + Zl_B)z/((ul - uz)/SD)2 + 7% ./4

Eqaution ¢ (cell density req. sample size.): nj=2 * (Z; + ZI_B)Z/((ul - ) *0,23)* + 7% /4
Equation 2 (logistic curve): Y(t) = A + (K — A) /(1 + Q * (2,718 2" -M)I

Equation 3 (confidence interval): CI=Z7Z,,* SD/ (\n)?

Equation 4 (cell cycle duration [h]): t = (t; — t;) / loga(densityy, / densityy;)

Equation 5 (mitosis duration[h]): t = t(celi cycle durationy * MI

Equation 6 (biomass volume [ml/ml]): V=D * n * L * W?/ (4 * 10'%)

Equation legend:

A = lower asymptote (initial density level)

D = measured cell density [cells/ml]

K = upper asymptote (terminal density level)

L = measured cell length [pum]

W = measured cell width [pum)]

Q, M, v = logistic curve parameters to be computed to fit the curve to the experimental data
t;, t, = days of measurement

po = proportion of events in control sample (e.g. viability / mitosis of control sample)

Ap = proportion difference to be tested

Zi4: 1- a quantile of normal distribution (a = significance level). Theoretical value that can

be obtained e.g. by MS Excel: Z;., = NORMINV(1-0;0;1)
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Zp: 1-B quantile of normal distribution (1- § = power of the test). Theoretical value that can

be obtained e.g. by MS Excel: Z;.3 = NORMINV(1-B;0;1)

SD: expected variability (standard deviation). The value for stationary cell length of
unaffected wild type BY-2 is approx. 35 um. The variability can be estimated by preliminary

measurement.

ui - wp: difference to be demonstrated between means of the measured values of the compared

variants
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Figures

Fig. 1: Illustrative pictures showing evaluation of main phenotype features. (A) Cell length
and width; (B) mitotic index evaluation; (Bl) interphase nuclei; (B2) prophase; (B3)
metaphase; (B4) anaphase/telophase; (C) cell density determination (Hoechst staining); (D)
viability (FDA staining). Scale bar = 10 um in (A) and (B); 100 um in (C) and (D).
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Fig. 2: Changes in selected parameters during a week subculture interval on wild-type BY-2
lines differing in initial cell density. A) Mitotic index and cell length. B) Cell density. C)

Calculated biomass (estimated from cell size and cell density).
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Fig. 3: Reliability of cell length measurement during a week subculture interval in wild-type
BY-2 lines differing in initial cell density. The columns indicate average differences
(calculated from absolute values) between the cell length in the respective time and cell length

6 hours before and after.
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Fig. 4: Relative importance of density measurement in each day of SBI in wild-type BY-2
cultures differing in initial cell density. The columns indicate increases in the sum of squares
of differences (on every day) between the curve obtained from all data (see Fig. 2B) and the

curve constructed with omission of the particular day.
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Fig. 5: Estimation of the minimal sample size based on Equation 1b. X-axis indicates length
difference between control and evaluated variant (in %) to be demonstrated. Y-axis indicates
the minimal number of cells needed for evaluation. Solid line is applicable for a=0.05, dotted

line is applicable for 0=0.01
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Fig. 6: Variability of cell length in wild-type and transgenic BY-2 lines. Graph presents three
independent suspensions of untransformed BY-2 obtained by dispersion of independent calli
(0A — 0C), nine lines overexpressing GFP (G1 — G10) and 18 lines overexpressing modified
cell wall protein NtHyPRP1 (H1-H21; Dvorakova et al. 2012). Columns indicate cell length
in the 3™ and 7" day (light gray and dark gray, respectively).
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Supplementary data:

Histograms of cell length data distribution
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Fig. S1 (supplementary): Cell length data distribution. (A) Control BY-2 stationary cells; (B)
Transgenic BY-2 cells with increased elongation resulting from overexpression of NtHyPRP1

(Dvorakova et al. 2012).
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Fig. S2 (supplementary): Variation of cell length within the whole cell population (solid black
columns) and average variation of cells within individual cell files. The values are
demonstrated for wild type BY-2, a cell line overexpressing GFP and modified NtHyPRPI
according to Dvorakova et al. (2012).
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Box plots of cell density data depending on Box plots of cell density data depending on
counting chamber used dillution and sample pre-treatment used
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Fig. S3 (supplementary): Cell density measurement. (A) Box plots of density data obtained
from four types of counting chambers: Fuchs — Rosenthal (recommended), Biirker, Neubauer
and Thoma. (B) Box plots of density data obtained using Fuchs - Rosenthal chamber using
four different types of cell suspension treatment: Hoechst staining of diluted culture as
recommended, Hoechst staining of undiluted (5 times denser) sample, HCrO4 treatment of

diluted cells, HCrO4 treatment of undiluted (5 times denser) sample.

Estimation of nuclear DNA content
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Fig. S4 (supplementary): Estimation of nuclear DNA content. Flow-cytometry comparison of
DNA content in tobacco BY-2 cells (BY-2) and tobacco leaf cells Nicotiana tabacum cv.
‘Samsun’ (NT). Standardized to nuclei of Solanum pseudocapsicum (SP). Gl, G2 —

respective phases of cell cycle.
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Correlation between cell length and callus diamater
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Fig. S5 (supplementary): Correlation between cell length and callus diameter. Dotted columns
indicate average cell length (left Y-axis). Solid black columns indicate average diameter of
calli of each cell line (right Y-axis). Letters above the columns indicate statistical significance
of observed differences among cell lines. Cell line overexpressing GFP and four lines
expressing genes encoding cell-wall proteins ST7 (two lines), NtHyPRP and modified
NtHyPRP1 according to Dvorakova et al. (2012).
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