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Abstract

Plant cell walls play important roles in the life of plant cells. Cell walls consist of various types
of polysaccharides and proteins, which regulates the dynamic of the walls. Domain of unknown function
family 642 (DUF642) is an unknown function protein found abundantly in the wall of active growing cells.
The objective of this work is to characterize the function of DUF642 family and its role in the plant cell
walls in Arabidopsis. DUF642 proteins are encoded from a family of 10 genes in Arabidopsis, and
expression analysis of these genes by Promoter-GUS fusion showed different pattern of expression and
suggested a highly functional redundancy among the 10 family members. Analysis of protein-
polysaccharide binding by an ELISA based approach showed that DUF642s can bind to cellulose,
hemicelluloses and pectins, in which each of the members has different binding specificity. Analysis of
T-DNA insertion lines for simultaneously knockout up to 7 genes from in total 70 lines showed that the
insertions only responded to AICI, treatments, as a pectin inhibitor, with reduced root growth, but did
not show changes in general seedling growth or treatments with stresses. It is important to note that
there are at least 3 genes remained functioning in the mutant lines as to sustain the septuple knockouts.
Protein interaction studies by co-immunoprecipitation and yeast two hybrids showed that DUF642 interact
specifically with Expansins, which is known to control cell wall extension. The results indicate that DUF642 is likely
to function as a mediator or being involve between Expansins and polysaccharides in the cell wall. Data obtained
from this work will expand the understanding of plant cell walls, particularly the process that related to the cell and

plant growth.

Keywords: Arabidopsis; plant cell wall; domain of unknown function; plant growth; gene function
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known function and 2) PUFs laanguusnidulds@iufisunirfiannnismusdisdeysanavezdluuas
% n:ll A A v [ a t:lld = 1 v : 1 Qs ra A [ 1A v t:ll
lassasnndeuwnsanaanulysfuniinsansaunneuwnsindud s lifinmsnaaasduduindninlalu
% 6 A 1 : a v 1 1 « . » 1 1 tﬁl
NILTRAWNTD nquummumﬂ"l,@aﬂama’m cell wall-known unknown proteins” §3ungan 2 (PUF
g: [ a tﬂld K Qs 1 = Qs = tﬂl = =1 ' = =) v tﬁl
group) tutduldsduffiarauiulandaniulysdufiaeinsdne lawisawSsufsunirfinig
rauiuldsdudu 9 'la Sangutenautveanladdnidu hidden Markov model (HMM)-recognised
domain of unknown function (DUF) #3finmsdangalus@ufifianuasoadsimdidioiu lasdaaslu
Pfam databases u,azfé‘ﬂﬂaq'mﬁleiﬁmmmmiﬂLmuﬁmﬁﬂ@ﬁmzﬁﬁaLﬂu proteins of obscure feature
(POFs)
lds@unga cell wall-known unknown tungulusdufildannisviuenangejirfndifinm
A A A 6 A [ 1 [ a [ v [ 1 1 . -
Fuafinonmaoaadiine ondratngu lWsduusdildgnianguatlu kinase superfamilies, methyl
esterase, methyltransferase #3a GTP binding protein 19# ls@wnanfianarinirfiananisdanga
a9nand winmsmnunlawih Ao iuniassdanulisansanweld agslsfianudayanisviwe
2.’ (2 .:TL:; v & d; Aa 6 v d‘ a dl ] xg .
Hasduifimunnlfiduuwinelunmssanuuunsnasesiefgainiifizesllsdundnodu (Galperin
and Koonin, 2010) 18819 U0INT AR NIANEN eukaryotic translation elongation factor (EF-1Bbeta1)
FanTuninenuarTnduauniiavad translation complex lwn13as19ldsiu udldafins@nunazi
faandaiuinasfivansninfizesdulinunafiferduivaisadlasIdadiuaoaglasuazaniu
tﬁ. . = g: o A = = o lﬁld o v lﬁl v va
finaad (Hossain et al., 2012) a9tudsid lUsdudnanminunnfiinsviweninflasldanulnadanis
o o al 1 Qs [l v tﬁ. o Qs 6 dg v = =1 a 1
AUNIAaA i WA H9 NI URINANININWINITAULDaS Tidasinmsanenluseazidaasaly
Domains of unknown function (DUFs) Lﬂumjuﬂladiﬂiauﬁﬁmﬁ'@uﬂﬂ@m Pfam database lag
tﬁ. o 1 v =S Qs = dl ‘ﬂld =2 v 1 o o v
Agslimansamanuaseadanuldsduwdu 9 Adnsanviuius? warliaausammweanvawla
flagfungu DUFs lddnsdautiseanidu 1ndn 2,000 undd uazfinsdununintuwioes 9 awns
=S a a a a = Y s U ‘&, ] Y ] ‘:g( v A:ll a & a
dAnsnedlufiauazldsdleda Sauddnsdanguitazldladtioystninivesldsiu udfazdlan
Uszlardlasdafins@nsaandnasladinilsanasanudilafldiazanisawanlddnlung
ARNRAnENENNITN8% 9 16 azainuazsias1899ule (Galperin and Koonin, 2010; Punta et al.,
2011) 1499 DUF266 LTuunAfusnAds1anwmsmunin A ordesnunnaoas Ny lasdunuann
=1 v Qo 6 tﬁl v 1 . . U o 1 = =3 a ‘ﬂl &
nsAnsdIRuinanafidiunudalia rice brittle uazaInMAWMIGWRKIBUAATIINLER BCT0 T
aun%nves DUF266 lasBuiidanusdnyiieidosnunisniuguizduvadiaaglasiy arabinogalactan
proteins TIA1AININAADANUUTILTIVINIILTAR WazAuT1Y dINalrrn i lathas uazduniulse
ANA% (Zhou et al., 2009) UNTR DUF 81 § ARNTAENBIULRINLINAIT0INUNGILTAS aun DUF246
< o & A o a e & o &
Fanwuindutanlasl glycosyltransferase A d91aTeH InFusaanlsaniduasascnauvainialoag
(Hansen et al., 2012) DUF231 \Jutawlad esterase fiviniifidanyjazdaauuluanalniuoaanlsdlu
WAILTAS AT (Bischoff et al., 2010) uaz DUF579 daifluianleoal methyltransferase viwiinflldungiadia
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g Indusaalyd (Lee et al., 2012, Urbanowicz et al., 2012) uaza1§a DUF642 G3fin1sdnusifiss

q
=S

UL mvlummmmﬂmﬂmmaaIﬂsmuvL@ DUF642 {nunfiafiazdnunlueSaituazaznanielu
gaudaly lusmeilunda DUF 8u 9 'ﬂmwm’mmmmaaﬂuwmLé]jaa{ri"]ﬁaﬁnﬁﬁﬂmag g lananu
ilasannguldsdiu DUF wulifaauniaaziilufiaadnld nIedlugalusdunlimienls@uduid

nMIAnEINIAaw N lnsAnEnTNNYalUTawULNAR DUF 1fwlddandretiuazaiuin

DUF642 family
1U5auunfis DUF642 luaznnilaendaUsznaudisaundnniraa 10 62 Senaashaannin
ﬁmm 10 ! mrmmmﬁﬁuw‘IﬂsﬁuLLwﬁ‘é‘ﬁHﬂﬂﬁ@ﬁwLLuﬂmnmsﬁnmmaIﬂsaiaﬁﬂ‘*uawﬁfmfﬁaﬁ
yauuitof aRad maaumimmm dula (Bayer et al., 2006; Irshad et al., 2008) lasdigu1dn 2 fu
(At1g80240 ez At5g25460) ‘Yl&lﬂ’]il,l,ﬁmaaﬂﬂ AOURBAINUNIILAENEITLAL L- -galactono-1,4-lactone
luaziwu@aw%awuﬁ;nmwvlmauauamanmu,aaﬂauﬂ (Gao et al., 2011) LAZNITANWINUIINT
o v tﬁl = 1 v A a v = g: [ ~ 4 =
MANRUNN V98U At5g25460 FIHAIAN T AUIUIALENAI UWAZINNFY 889 lsAaINAITNIA8En
At1g80240 tiudslinuIndnadafs (Gao et al., 2012) wanannihanudndn 2 Hu Ao Atsg11420 uas
At4g32460 lainsAnenn1srnaunsnnulysdudu 9 wuiniinnsduny pectic methylesterase protein
Fefiaundgruinlysdu DUF642 fu19zvnauio1dasfuiwnéu (Zuniga-Sanchez and Gamboa de
Buen, 2012) n13dns13aandunurildsduvasfu At3g08030 wuindamant@dufy cellulose,
. . = v & ' A Ao ° o & A o
cellobiose waz hemicellulose G auaaslWiA w1 lUsduunffforarwnuesddsznaudw 9 aae
a ! a A A & ‘A = = o, A A
wanNNINNG® (Vazquez-Lobo et al., 2012) fnfuaundndn 9 sunnliiinsdnun dsudinaauhaed
v A A o v .:{' % 6 K2 & o oA n:ll 1 gd v t:l' A A
Toyauaddu DUF642 Tfimsmiilunibaioss uddoyauudsliifiniweiaztagfamiiniediinegm
vaaldsfuundadluszduluana

A5n1snaaas
v
nsRunizayaiiasanaaslus@uwunda DUF642
v umi?ﬁuﬁwﬁagmﬁ ganulassaTsvasdnuaraautuaNidwIvavalusduuwWda DUF642

1% 10 fu luazsdaanda la Ulfg’]uifa&qia Phytozome database (http:/phytozome.jgi.doe.gov)
Mutayan1IuaadaanvaIdund szaUMIUEAIaanLATALRITataldafiiianTuaaIaanITRUAK
MZUToYa microarray uazgaudanalinnzinisuaasaanvasduluerninends

ANIATIIAIAUHHINITH19 a9l sARUNAR DUF642 A285 Promoter-GUS fusion
laaugauldsluinasvesdu DUF642 9 10 8w luga3uuia 1500-2000 ¢Lus 3nwuwu by
\Baudaidaniaas pCXGUS-P (Chen et al., 2009) fidnunisdiuniidn GUS 913rauANNYNdBY
lagmydianzdaauins anuuihluelowdhdezndaands soWus col-0 iuiteslnuvafitow
lasn13v floral dipping fiatfandufl ld3udulasnisiniziosune1niy 1/2Ms @ufu 1% wazans
UTuzAaiaan hygromycin B aniwinduiidaidanundanuaziiuifiailiaiszozdnsundanfdioas
L. o X A M a A
@904 X-glucA adiftaifiafi lifiafenoianuaa

NMINAALAZAIIVFED LN adldsAnSaaniiunuyt DUF642 Taan1sdunulnaugaalse
WDINILBAS
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WJunisesrannaesamIunsniasaeudunuyilUséis DUF642 19 10 62 @2832UUNNT

uaadaanuaslusiuaaimas £. coli lault pGEX expression system @9szuvitazltlysdin GST sy
o A a a Y Aa ; g; o a tﬁl = ] o Qs =
nsvi3nanduunrildsduldnignt anduihldsd@uildldaaseunsdvedsgnuwzivinduzaan
6 A 1 a A:ll & 6 C% 6 A 1 a

lidofiadne 9 dszanm 20 siia Aduesddsznavvasniagasiis lungy ioaglas tadizaglas uas
LNN@A

wannisaaudununilysfuilaazsinlunasay competitive digestion assays nulwausaalsa
deve 4 T4 da . , v o4,
79ule iiaginls@uifuatldazaannuaansalunistonvas hydrolysis enzyme lawnialsl

. . = aa L4 . . .

NSANHINADDI gene disruption Tndwunaia DUF642 laals T-DNA insertion lines

swutardnenwdasiia insertion line ATU T-DNA unsnagluduniaeng ¢ uudu DUF642
119 10 8% 92&907131N Arabidopsis collection centre uazdiatiansowusmidulalylodmnalddnm
dald srubulaflaifianoWusiNigu T-DNA Aazasesnowus nanoanizBudiaitunlailuylas
(1 a331n DUF642 Ll uBuunfiafi faugnay v 10 81 vilidarnandulyldyeinaszd functional
redundancy lungufuil Gessnaldideduginsmnuisiduladuniafazliiianaladadus
d; v AdA a dll o v d' ¥ o & = & d‘yd v [ o {d‘d a
Wasanndafiusungndurinmiiunuld dinuluns@nsiadeiifdasaimanugniningonis
r9uasbin DUF642 wiaw o Aunaslu (multiple mutation) lasnsuandrusonusnaiof ldign
manuuazaaliandwiilulalulonzasnmnansnas 9 aruns

A o o & 3 , 1y o ea o o a & A a

Waldmaiuinanunanaauniiudy senuiildazinldiensiifaananmenufouulas
a9 g9aaih 1) maayidvle luszduandan 30 laldaafia Muteaan LazIwIATEIGK 2) ATIVFAL

. & d' o & & a o

sUTsanTasnHazainMadfsuslaluniagas 3) avasauaidiznavvadlniusaan lsdlunis

e v A A & o
Lé]jaa'ﬂvl,@Lwam'mgmmmawuﬂ asaada9ndsznavnazlaseaing

N13AIVFIUNITLDUAANVDININILT A A 8ILa W L8]

aml,ﬁoéhaﬂ'wL'ﬁpaLﬁaﬁm@anﬁqmﬁqﬁ 60 adALTaL S aFIULAY U luadunials bead
beater A19NIG28819 20 n3u lanaaananas 1EuaT 0.3 M NaOH Ui A pre-treatment 1w
1287 30 w1 819813 pre-treatment aan LAILAN sodium acetate buffer pH 4.5 ﬁwawqmau%ﬁﬁm%’u
NYLaLTINIA ﬂuﬁqmmqﬁ 50 avaLmaLd us 1wnan 8 $2lue antiwinanTazanadilennaasey
Fau3 MBTH Stasziisunadasldnmwuasgivassiiaanglas nassslaslddading 3 o1
F17 W uazuAaziaineie s iainatey 2 51 smwimnnsUaatdasrinaaduning wlnluauiana
dafiadnsudiasng dadlu

a ¢ ¢ ¥ a ' v ¢
ms'smﬁmamﬂsxnaummafmaQammfmsmsﬂaﬂwmmaa
ANANTILTARIASNITUA LU I IATIAWLARY LAIANAILLUNIUES LANTWAR LazarTlat a6
g; v n:{l a = o 1 v . . . A:ll a
NNURAUUAIN g U 60 Al TalToa wltauaunTa trifluroacetic acid Ngmnnil 100 3¢
walaaidnia 4 Talud NUUATANTAGIBNNT freezedry INMNUUAIRLAILUIILATIZARG8 Dionex
HPLC CarboPac column 3ia3zlSinadisnyvanasgiuainianaluanaiien 9 oile

¥
N13M329FB UM YLAUIASINAVENIZIATIARAZEITTUHINIININIINVBINKILTAR
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PNNAAZINTANTIRNU LD OUAINNIZRIVBLNAN AR 1/2MS ﬁlﬁm:u 1% mﬁwnasqua 1%
WRSLANRIIEINTUNAFAU @99 100 mM Nacl, 100 mM Sorbitol, AICL,, Isoxaben,laz Oryzalin 31NK U
VNSRS T8 7-10 % A92IAVUIAVAIIIN

nsRneInaasllsAnun il DUF642 an1siadguazWmwizasanaanasninends

Sugu1Bnuasunda DUF642 w3 10 Hu azsiranuaaseanuuuiininludusansasozninan
Fa TanduiilaSumsiemzianarissunavellsfiudansed yuasRamaasdusan wananiis
aondunurildsduns 10 dfindaldaziumasaulagnisurdusounanivozinsuuadsoui 4
naasamsumsanalaniu lasltit Agrobest (Wu et al., 2014) LAIATIIFOUNTHAVUIAVBITINGY
8au

msasmldsiudn 9 Arnminisaanulysawunfia DUF642 62855 immunoprecipitation
Hunsaravnldsdufirnesvinanusiuiuwiulysas DUFes2 Taslddusanazninendaninig
drolawniaeslwdnisuansoanuuudinsiudiaialisan dauonlilsdn DUF642 @283% immuno-
precipitation §18uaUALDETUNZT epitope tag UA2IATIIFALIN SDS-PAGE thamlUsdufiaaany
2ANINUNNNMITALSNGY WAL TTaUAlddsMIMIseUn TRl

Yeast two hybrids
o & o o a A& Aa o a . )

gF3dn@asanTunTuaadaanvadfuluiad laofidgiulsznevvesTvnania activation
domain Uz binding domain naesfliae pGAD uas - PGBK mﬂuumvl,ﬂmﬂawmaya@ 2 EWUD
faldandgonmifianaomssmiumIdaLden mniwindad 2 mmwuﬁmaomimaaumimmu
SnuIERINg YA mwawﬂﬂ@wmqquw 28 aseaafoadniaa 1 Au ansusinldiniziass
luansaalian Badnasyluamiinesssmiumsaaiianiaunuwuaasinlls@uninasausunsn
dunule



14

HANIINARBILATINTIE
1. Foyaiiasduasiiv DUF642 family mnasniinanda

DUF642 family 3890z aanda Usznaudoaundn 10 fu udazfundlasiairsduiiaanoin
Usznoaudisiansan 3 2% uaz Bunsan 2 §au Aunnd 1 nudsiaamniufiameillsin (coding
sequence) LBas1IUTIN DA 1,400 duwa utlasimduldsdudszunm 350-400 nyaazdlu wazdlsimein
Tuwanatlszanm 40 Aladadu (@13197 1) tonaudt 1 Wautlasimdulsduezldimuy Indsodyaio
(signal peptide) Uuadszanms 20-30 nnasl lu %aw"mﬁwﬁLﬂué'mynunmmuﬁﬂﬂiﬁmﬂmmﬂaamj
ABUBNLTRR (apoplastic space)

INNIIUTINTEYANITUEAIDaN DUF642 family 119 10 fu lasldgrudayariulsd
Arabidopsis eFP Browser U&47ayaIzaUNNILRaI8an148% DUF642 719 10 8w luadoazdns 9 woh
5 §U1TN ﬁmnmmaaﬂnﬂLf'zaLf'iaLLa:s:ﬁumsLLa@aaaﬂﬁga sz 30 5 sunBniiwde dnsuaasean
awzunailafaussiissdunisuaaseandian lagsunuiniinsugaseanves DUF642 family lunn 9
ilafauszasaananluduezniinonds muassi 2

nmsisaunsaazdluvesis 10 Isdu vudieuiion udrsaduldisTauinisdae
TUsunsy Magaé wuin snduasfiluaasiis 10 ls@udanumlaning Zaen distant Indiudamnansn
uisld 5 ngja 1efun ngufl 1 doTis@u DUF642-8, DUF642-10, DUF642-7 niwifl 2 Aalilsfin DUF642-
6, DUF642-4, DUF642-5 ngjufl 3 Aalusdn DUF642-2 ngufl 4 deluséiu DUF642-1 uaz DUF642-5
LLa:mjwﬁ 5 &a 1381 DUF642-9 anun i 2

@199 1 FoyaDUF642 family 91w2% 10 Hu

Fofu Fofu awaiindlang awalndddng fﬁmﬁfﬂimaqa
GBIL)) (nsaaziilu) (Aladad)
At1g29980 DUF642-1 1,473 407 44 .29
At1g80240 DUF642-2 1,316 370 40.22
At2g34510 DUF642-3 1,470 401 43.94
At2g41800 DUF642-4 1,290 370 40.37
At2g41810 DUF642-5 1,207 370 40.26
At3g08030 DUF642-6 1,519 365 39.06
Atdg32460 DUF642-7 1,489 365 39.81
Atbg11420 DUF642-8 1,513 366 39.64
Atbg 14150 DUF642-9 1,416 383 40.90

At5g25460

DUF642-10

1,460

369

39.97



Atl1g29980

Atl1g80240

At2g34510

Ar2g41800

Ar2g41810

At3g08030

At4g32460

At5g11420

Ar5g14150

A15g25460

15

5 = - ¥
e . . ;L n )
68...152 912...1,409 1,506...2,032
5
- -
347122 201...698 788...1,320
5 —e  — R
%—J
109...184 1,577...2,089 2,189...2,766
5 3
- i , N : )
36...129 233...730 850..1,370
5 3
550148 596..1,093 1,417)..1,937
Ry ¥—_, 3
124.7238 1,508...2,032 2,124..2,707
5 - ——‘_‘ 3
155.1227 843.1.1,340 145201978
¥ —Q {1
1097184 ‘ T ! ‘ y » ¥
943...1,440 1,919...2,445

5 —- -

336..396  491...1,000 1,163...1,743
50— 3
n - : h - .
159..237  438..935 1,267...1,787

AN 1 lassasnsduwes DUF642 family 91134 10 84 udazdudsznaudiuianwan 3 821 uay 84

NIOH 2 §I%
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£ — ATEG11420

& { At5g25460
) At4ga0480
[ AT2G08020
3 0 — AT2G41800

100 AT2G41810

At1g80240

— AT1G29980
HL AT2G24510
AT5G 14150
oz

a2 duld5Taunnisvesasaunsalsin DUF642 519 10 Td5@n Sias1ewannlusunsy Maga6
sansautsaaniilu 5 ngu ngud 1 #alUsfiu DUF642-8, DUF642-10, DUF642-7 ngufl 2 dalusdin
DUF642-6, DUF642-4, DUF642-5 ngjufl 3 Aalséin DUF642-2 nyufi 4 Aolusdiu DUF642-1 uaz
DUF642-5 uazngufi 5 da lu/sfiu DUF642-9
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2. Msuansaanvaddnunia DUF642 @283 5 Promoter-GUS fusion
Tayanniusasaanvasduiianuddydanisudananisrinnusesdn daiudidainTazeuns
uxai00nvIBuLWER DUF642 119 10 3 3Uuuunisuaateanatidls 3INN1Ia39988UTBYANTT
L§A08NUBIDU DUFE42-1- - DUF642-10 lugiudayaniuaasaanvesuluazmndaandanuii ny 10
= a tﬂl 1 Qs tﬂl a = = a ‘!’ A
Budzduuuniuaasaaniiuandanu (@13099 2) vaduiiniuaaseangs veBulinuaataanal wie
fsduvunsuaaseanianiziftaiia adilsfinnn dayadindldunanmnsawalng enaldoys
Aawaald danudsdasfinamaseuuuuiiwisiiadsdduuuniuaaiaanaibuatsazdaa
AMIATIVFDUMIUEAI88NULLINNLHRITIT Promoter::GUS fusion lasnsunldsluiaasuasfin
DUF642 114 10 §% au1a 1.5-2.0 Alallug ¥ faudauwiiniaasnusiiua 1uninin GUS (beta-
glucuronidase) uaatnslangansugasaanvasbudiganazniaands dafandufldaiuin usr3q
v aaa 6 1 g: £ a 2{ d. =} ﬂ!ldd 1 a A
aaFaUNsuaasaanalslisenvesianladdaasasan X-gluc USmiotlaNsniaiusasnddn
ULRAIDDNNALRUIT § AIUNINWA 3- LFAINANTIURAIDANDIEW DUF642 113 10 B

a13197 2 TTAUNIUEAIB8NYEY DUF642 family uduaziaewdaaingiudays eFP-browser

URAIIZAUNIULEAIBBNTEY DUF gene family 119 10 B LEAIIZAUNIUEAIBONYEY DUF LEAIIEAUNTUEAID DN
luszaznmsasgeauie gene family 1139 10 8 luszozdu 284 DUF gene family 114
13Ty 10 8w luszoziasnes
aan
e bk Dry 24h root  hypocotyl Cotyledon Rosette * "d leaf  Sepal Petal  stamen carpel
. 1 2
ufi seed Imbibed
Node Node
seed
1 DUF642-1 0 1027.63 411.0 411.05 0 205.52 411.0 0 0 0 205.52 0 411.05
2 DUF642-2 0 0 161.7 0 0 0 0 0 0 0 0 0 0
3 DUF642-3 0 0 0 0 527.48 316.49 0 0 316.4 0 0 0 210.99
4 DUF642-4 0 84.14 420.7 0 0 0 0 0 0 0 0 0 294 .49
5 DUF642-5 0 19.09 95.45 0 0 0 0 0 0 0 0 0 0

6 DUF642-6 0 1460.99 730.4 1460.99 730.49 73049 7304 438.2 146.0 438.29  438.29 146.09 876.59

7 DUF642-7 0 1115.83 0 278.95 0 11158 2789 2789 0 11158 1952.71 11158 11158
8 DUF642-8 0 1176.12 0 1008.1 672.07 1008.1 168.0 168.0 168.0 0 1680.18  336.03 0
9 DUF642-9 0 0 80.03 35.21 8.8 0 8.8 8.8 8.8 0 44.01 61.62 61.62

10 DUF642-10 0 1673.75 0 836.87 557.91 11158 5579 557.9 0 1394.7 1952.71 836.87 1394.7




MWA 3 NIURAIaNVaIEW DUF642-1 luduaznianands
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MWA 6 NIURAIaNVAIEW DUF642-5 luduaznianands
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MWA 8 NIURAIDaNVAIEW DUF642-7 luduaznianands
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MWA 9 NIURAIaNVaIEW DUF642-8 luduazninands
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MWA 11 NILRAIaanVadIbn DUF642-10 ludunaziniaawda
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3. MIATIIFaUNIII D llsfnSaanduwny DUF642 lagni1sdunulndusaailsauasnits
VRS
v
3.1 n13laawin DUF642 119 10 8 210 cDNA 218daz31iinanga
INMIPIVTINANGULUAVITU DUF642-1 - DUF642-10 angudaya NCBI ldaanuuulng
& o o A o ad A a A = A A & o A o e & = A
wasanTunslaanduaieaTANUSu ML A uanTaNGans laald cDNA N&ILATIZHARIINDSLAWLAN
= £ g a a o A A 6 1 A. a a ‘Z/g-: a dl o
ANAINARE oKz INTAaUFy IINNITNINDAITNUIIRINITOLA VLTI RE W LaN 9 10 B waztd aunld
di ' L [ 4 v ad . o ) [ . ¥ o A 3 ad a
\BandanuIniaas pGem-Teasy @383T TA cloning W1TNgLwad E. coli uirdatianlaaudqu3tlaladl
FWenT anawaaia uazdieziaduiuanudndannugndas 100% a1ugiutays
snlavsassvaslls@n DUFE42 NilsnautlyInddsqagimfiusiaos N-terminus vilsfiaanu
Wl lanadudIinanazsuniwnitndaInanduwurilUI6wln £ .coli fthnn1IaianaIaiaa1nsy
nmInfalusawluast azlisrvarduiuatszunm 50 LURTWTI9G WY ITHRREIRTUNITFILATIZA LU0
A 1 a L= Y= 6 o s o a A 6
nItRanlaauianizsiwtadduliisaanuuulnsnasansunsvngans
A &a 1 A o Y o ) o o AaA & a
Woaanuuulwswasidans 5 Naunisaunasddndasfugim usvinddanrsanwansla
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a131971 3 TayastUfisensdusznindinauduuudlusiu DUF642-HA 13 10 67 fulwdusaalsd 17 ofia nageudis ELISA assays

Cellulose groups Hemicellulose group Pectin group
Avicel Cellulose Carboxy Cellulose  tamarind 1,4-B-D- Konjac Guar Galactom Wheat PGA RG-I from Arabinoxy Galactan Pectin Pectin Amylose
Fibrous methyl XyG mannan  glucoman  Galactom annan arabinoxy Soybean lan citrus apple
cellulose nan annan lan

DUF642-1 + + + + +
DUF642-2 + + + + +
DUF642-3 + + + + +
DUF642-4 + + + + + +
DUF642-5 + + + + + +
DUF642-6 + + + + +
DUF642-7 + + + + +
DUF642-8 +

DUF642-9 + + + + + + + + + + + + + + + +

DUF642-10 +
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5. mimmaauwamaamigtytﬁwﬁhﬁ‘luﬁu DUF642 lnanaziniinanga
{Ransramaunsinfiuoslisdn DUF642 ‘luﬁ'ﬁa"ﬁéﬁ%aa:ﬁﬁ@aws’ﬁammﬁufnmmﬁ@

T-DNA insertion line madﬁy’d 10 841N www.arabidopsis.org mﬂmim’sﬁmaugmﬁagawm"]mﬂ

10 fu § 1 Bu fo DUF642-2 (At1g80240) 7ilsifimeiugnane dm 9 Buflmdefugnainadng

v > 6 dl v = o 6 v o o (‘ﬂl &) Qs A Q o 1
way 1 aowug WaldiwfanusnapaudhamasiusfiidulalalodaussSududiuni

A v adaA & A o \ , o & A
nInaepasdudin3TATeNT nwdl 17 uaadduniIvad T-DNA vadudazaunus nwi 18
uwaanadugumyldmonuifnidulalulofizuaziaunis T-DNA igndas uaznndl 19 uaadna
A [ = % dl =1 [ a %] (2 ad ] =3 s 6
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81 DUF642-10 NA@1w%1%9 T-DNA insertion NabA1g 5 UTR ﬁgmmumsmsﬁ’mmmaaﬁu
LUUANNIILEAIBAN %I knockdown

T-DNA insertion lines from ten DUF642s

DUF642-1 g : V .
DUF642-2 —s .
DUF642-3 Z . .
DUF642-4 s — VA .
DUF642-5 g . \V4 |
DUF642-6 | vj — .
DUF642-7 — A . .
DUF642-8 s AV — .

DUF642-9 i ; : .

DUF642-10 v

WA 17 AUV T-DNA 1as8uunNla DUF642 Y9 10 E
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Cell wall monosaccharide analysis
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TFA hydrolysis and analyzed by DIONEX HPAEC.
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Cell wall saccharification- reducing sugars (nmoles/hour/mg
DW)
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72 8x9-08 8x9-08 7-2x8-1x

Treatment: 0.5 M NaOH 90 C 20 min and enzymatic digestion at 50 C 8 hours using
Celluclast and Novozyme 188
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5.3 MyNARNAVaINTgLRa%RNTNIZ0sEn DUF642 31%I% 6 Az 7 MBI N3N

Wasnnisguiientnfivesdu DUF642 31uam 1 nie 2 aunusldonasinalfinu
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Seedling 7 days hypocotyl 4 days
2 25 -
. *
15 - 2
*
15
1 -
1 =
0.5 05 -
0 - 0 -
wt 55 57 58 61 62 63 65 wt 55 57 58 61 62 63 65
AICl; 25 UM Oryzalin 170 nM
25 1
2 29
*
15 - 15 1 * *
1 1 1
0.5 05 -
0 - 0 -
wt 55 57 58 61 62 63 65 wt 55 57 58 61 62 63 65
Isoxaben 5 nM NaCl 10 days
12 1 _ * 2 -
1 -
08 -
06 -
04 -
02 -
o B
wt 55 57 58 61 62 63 65 wt 55 57 58 61 62 63 65

sorbital 10 days

wt 55 57 58 61 62 63 65
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o o =

ANNLANEIDENINRBREAYA P <0.05 (n = 20)
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6. nsanwInazaslilsGnunia DUF642 Aanistasauasimiwivasansanazdnandd
SusunTnueiuniia DUF642 119 10 84 1un snolandudauaasaaniuudiaii nuan
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@139 5 NI lUsauNNTuAU U6 DUF642 dlaataadalwiwnsatwnuldsauwniia

@4 9
DUF-1 DUF-2 DUF-4 DUF-5 DUF-6 DUF-7 DUF-10
rbcL 31 36 25 31 31 35 34
GSTU19 12 14 17 15 12 25 18
XYL1 18 18 17 16 17 20 18
BGLU44 12 16 10 13 9 26 10
RBCS-1A 11 9 10 7 9 11 10
RBCS-2B 12 11 9 8 8 8 11
PAE7 12 15 13 13 12 4 16
PME18 10 9 10 8 10 20 7
CWINV1 14 15 10 12 10 18 13
MS1 14 19 12 8 9 5 11
HEXO3 12 10 9 9 7 5 7
FBA2 12 13 5 9 10 5 15
GERS3 5 6 6 6 6 6 4
LAC7 8 4 8 12 7 4 10
CRA1 4 9 6 5 8 6 6
CRC 7 4 3 10 5 9 5
PER57 4 7 4 8 7 5 8
At2g43610 5 3 2 3 3 20 2
PME17 5 6 6 7 4 7 8
SBT1 7 7 1 3 2 15 6
PER72 3 3 6 2 3 2 8
TCTP1 5 4 4 4 5 5 3
RPL6EB 4 4 3 5 3 6 4
PER12 4 6 6 4 5 1 5
GLL23 3 4 6 3 4 8 5
BXL7 2 3 1 3 18 2
GAPCA1 8 10 1 5 2 4
atpA 4 4 5 3 3 2 3
PME3 5 4 3 3 5 1 7
BGLU23 6 4 3 3 2 2 4
GDH2 2 3 3 5 6 5 2
SBTI1 4 3 5 2 2 1 4
BCA1 8 7 1 4 5 4
NITA1 5 3 2 2 4 4 4
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DUF-3 DUF-8 DUF-9 GST control
GSTU19 17 16 16 13
RBCS-2B 16 12 10 9
XYL1 15 14 15 2
RBCS-1A 15 9 8 10
PAE7 12 9 12 3
PME18 11 7 10 8
FBA2 15 9 10 4
BGLU44 11 10 9 10
MS1 14 12 8
CWINV1 11 6 9 2
GER3 5 6 7 4
HEXO3 10 11 6
CRC 11 5 7 5
LAC7 8 4 7
PERS57 7 5 5
GAPC1 11 3 2
PER72 3 2 5 1
CRA1 5 4 6
PME3 6 6 6
BCA1 6 4 1
PER12 3 3 2
GDH2 5 2 3
NIT1 4 3 3
PER27 5 4
GLP4 6 2 4
TCTP1 4 3 4
NADP-ME2 6
PME17 1 5 3
RPLGA 5 3 1
MDH1 1 7
At2g43610 4 2 3
GLL23 4 3
NSP1 1 2 3
EXL4 2 4
SBT1 5 1 1
LOS1 3 2 2




CPN60B1

PGIP1

N

TGG4

CSP41B

SCPL34

A1

PGIP2

[CS RS, BN - )|

EXPA3

AGP31

LHCB1

SBTI1

SBT4

W~ W |

MSD2

—_

NDPK3

—_

GAPA1

BGLU23

SCPL24

GLU1

GLO1

BXL7

CTIMC

W (W IN|W (N[N O,

BGAL10

—_

GLP10

—_

MDARS

RCA

w [

PRS4

—_

CMT3

MED37C

PME2

PGK1

AGT1

N (N[N

SCPL25

RPSaA

LTP2

PLAT2

GSTF5

FBA3

NN [N INDN
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7.2 N13ANBINTINIIWIINAWIENITY sARTwuTsIBaa 21835 Yeast-two hybrid

\RaBuiumsvinemsanszninalysiiu DUF642 uazlusdindu 9 fiasnuanniInasss
co-immunoprecipitation solaaubusniullsdufinsranuuasinunageunsvinnuiudus s
yeast two hybrid mnmsmaau{?uﬁuh}wmfwﬁmsn‘fﬂﬁma’wfj‘[ﬂiﬁﬂ@Laﬂ HREIShIZREY
m@mszﬁdmma:miﬁwwaoIﬂiﬁuiuwﬁoLmaﬁ@mﬂﬂﬁﬁuagjluama:ﬁl,flumt@ LANGIIN
anazlufiedsafidunarsisens Saduannsilinaseulwaasdad duiuioldnasouusn
lawuuuasllséis DUF642, Expansin waz PME3 aantii 2 #3uuasnagaun1svinauianisg a1n
nInasgauL a9dunwuin 1158 % DUF642 824 C-terminus #181301 815U Y N-terminus 984
Expansin l& ("l 30) uaziliasinlnaseuuuuszidoanuinlusawmgasmunsadnduiuwlely
anzzmoluiiaedssvesfadlenss (Mwd 31) egslsAanummesasitanalinunsdrdu
55W319 DUF642 iy PME3 anamsmesnunawniinil

AD

]
3
2
Q
<

DUF642-SP
EXP10-SP
PME3-SP
AC-DUF642
AN-DUF642
AC-EXP10

AN-EXP10

AC-PME3
AN-PME3
XTH4
XLY1
Subtilase
PAE7
PER12

BD

PER69
PGIP1
PLY8
CHI61
CRU1
EXPIA
FUCO1

LAC7
BGA10
BGL23
BXL1
BXL7
AGP31

DUF247

Quadruple dropout medium (-Leu, -Trp, -His, -Ade)

AT 30 MINATAL Yeast two hybrid WA 8148 N7 UTEWIN91U 561 DUF642 uazlds@ulu
% 6 a 6 A 6 o [
HEILTAs N1NuaadadanuanuuaInis —Leu, -Trp, -Hos Uaz —Ade AD faliniaasaniuy

Activation domain a2 BD faianiaaigniy binding domain
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(o¢]

AD

AC-DUF642

>
T

Iy

3%
0 .
3
"
5

AC-PME3 AN-PME3 empty

o
S

g/

BD

s
@ & ph,
_

AW 31 NMTNNINATAY Yeast two hybrid 32113141136 % DUF642, Expansin Las PME3 lag
NagauLun LAl N-terminus Was C-terminus (DD: double dropout, TD: triple dropout LLaz QD:
quadriuple dropout)

1 IUNANIINAA DI

nmsdanguiulasldsrdunineziiluasauaiilsiiu DUFE42 uazaisduldiiauins
sunrnudseantiu 5 nga TaguaanauliS S aun1svesuidodigonndosfuauwisovas
(Vazquez-Lobo et al., 2012) s’fi'o"l@”ﬁzmu,wamﬁwmjumam%’ﬂﬂiﬁu DUF642 Aauniinil na
@Tﬂﬁ%%’@ummsﬁg\maaﬁgmmuﬁlﬂ&ﬁmﬁ'u LLa:ﬁmi'«?ﬁ'@miuIﬂsﬁuﬁmﬁauﬁu st 3 nga
lwg 9 Afanumdautu Fafunaainda distant ﬁmﬁam‘[@mm\iaamﬂuﬂguﬁ 1 gu13n
1U5@ % DUF642-1, DUF642-3 LL&Zﬂa;NﬁI 2 fau%nlusfin DUF642-8, DUF642-10, DUF642-7,
DUF642-6, DUF642-4, DUF642-5 uanmnﬁnq‘uﬁ 3 fau13nlusdn DUF642-9 lainngnunsnda
ﬂq'u"l,@i” INTIZ AN G UT AN NAI9INFUNE AT IR A T,mUms%'@ﬂquﬁuvlﬁ?i'@ummimNacﬂ'ams
Siamzimindinsinanuaaslysiu Tassuyfgmin Weduiidaaglungudoieaiinmiinns
auinioutunialndifeai

nnmsudaldsdusaandunurials £ coli lasltiiaiaas pGEX wazdnsdagiuanayu
wa 50 wansniudasiadwddindsedyaimean wuinaanaaiisiaantuuurlusdunle
vanua Tas3aandunwwillsauwiledlsds osT a%’m%’uﬁm‘lunwaﬁ'ﬂlﬁu‘%qw%s WRmanToaia
Iﬂiﬁuu‘%zgﬁf T3 200 lulasnTudoanmisiasaisa 200 Hadans lagnuidoas (Vazquez-
Lobo et al., 2012) m3laaudn DUF642 1481 DUF642-6 s eianaan signal peptide AiTa9dn
FaAAF a9 UNBITHI InTzinasauai i DUF642 vinnsiadinnslunsiairas Tadnldsdiu
DUF642 fifidu signal peptide sz aslus DUF642 lufssunaniaas wie apoplastic space
wazludnuidovad (Vazquez-Lobo et al., 2012) lHiaataas pMAL-c2 lunsuaasaaudunud
1156% MBP-DUF642-6-V5-6xHis ladlatunldsdu MBP éh%%’mhylumsaﬁ'mwniﬁu‘ﬁgn§
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Hauwdsufisunamnaseumssuiulndusaanlsaiauuasnasmsdadsanloinse
sfunuimamsdadyyiadldifnanndu Ueginlusiu GST sazdinadanisvinnusasiney
Sunudlséin DUFe42 Taslis@iu ST Geflumaluanalng Uszuim 26 Alaiaaduanavails
WiasUNIUWNTTU TS AenTunusilysfin DUFe42 fulwausaanlsd (Jasouifisuny
93T Vazquez-Lobo et al. (2012) A l5nanTuundlyséu MBP-DUF642-6-V5-6xHis uaz
naseudfAsomsduivindusanlidnguoaglas, nduialiraglas uaz nquwadn uaz
A31988UAIY Anti-MBP uazifA3u1vasienlss akaline phosphatase wudtwafidygimaaun
winlulansaglasusuuuswdunirganiuauissdnias Fyaimnsnsiviadeawns
lis@iu MBP Huwnaluiana 42.5 fialadadu dinasuniunsrinnusesldséiu DUF642-6

I8 vad Vazquez-Lobo et al. (2012) lEnszu11n15@TI388Y colorimetric lasvinnns
NA88INIIIL IR Taanduuudliséiu MBP- DUF642-6-V5-6xHis uazngulniusanilsd das
7% dovnusan lagasla§auaIy WauAuad anti-MBP uazdjisunvastanlesl akaline
phosphatase lagl41U561% MBP- DUF642-6-V5-6xHis aatiuds 10 lulasniudefiadaas uaz
20 lulasnSudafiaffng %alﬁﬁmﬁﬂﬂmmagha Usznaudislndusaanlsd 3 ngundn v 2
71 %GN&LLﬁ@Gégftyt]Ju’]m?ﬂq@]U%LLﬁiuLLll&ILL]JTLL fayamadunedszuno wadyyiudslidesy
Forau SafodSouAvfunuisedlsldsduivsam 100 lulasniy naseudfAsunnnsdy
seningSaanduundlUsdin DUFe42-HA Aulwdusaanlsd a2e38 ELISA wuinfianulinia
Adanuaen uaadnanIsuLduAIgananuas mmsmﬁﬁay’amﬁwLﬂumwwl,ﬁ;am%ﬂuLﬁsm
32AUNMTIVTEA N U undazdlle

Aauniilauiseaas Vazquez-Lobo et al. (2012) nagaun139useningllsdiu DUF642-
6 unzlnduaanlsdngu waglas nguadioaglas uaz ngunadu Aafaldanarniaauds
a3t lds6u DUF642-6 fauaansaduivlniusaalsdnguaaglas uaz nguiadioaglaa
warliuiuwndn WelSsufisuiunanasaseulassnisitens ELISA 2831581 DUF642-6-
HA ndvliwuiganamsiuivsaglassiieliszmonn wiwoFgaimnsivlniusaanlsdsdia
Carboxy methyl cellulose G?j'aLﬂmsﬁaghaﬁﬁmnamgm%aLﬁmﬁummmmmlumm:mslffﬁ
LAY ‘W‘Uﬁw_lty’]mmiﬁuﬁumiuLaﬁL‘ﬁagIaﬁ & tamarind xyloglucan, galactoronan, arabinoxylan
WAZ NEULNNGAK l@wn PGA RG-I from soybean, pectin citrus, pectin apple

NAN1INAAEY DUF642-6-HA w9zt wldluunaniadsadusiosunowninil de
DUF642-68131370L 4131 Lsﬁagiamﬁ@ﬁa:mmfﬂﬁ (amorphous) %awu"Ld’lmsmgIaaﬁaﬁmm
Wisraduesarndaanda Vazquez-Lobo et al. (2012) uazilugmaniiavas CMC uaz DUF642-
6vl,1immm€fuﬁ'uLeﬁagiaa"nﬁﬂvlsja:mmyh (crystalline) tiiasanliaunsaduiy fibrous cellulose

1Y3d u DUF642-6-HA s1unsanung wiadizaglas laun tamarind xyloglucan,
galactomannan Wa2 arabinoxylan I@Uﬁagmﬂmmiﬁuﬁﬁauﬁ’m@%ﬁ %Gmdﬁm’m"ﬁ'wad Vazquez-
Lobo et al. (2012) iw31zl3du MBP-DUF642-6-V5-6xHis imsdunuialioaglas

lu38u DUF642-6-HA snannudduiunguinndu ldun PGA RG-I from soybean, pectin
citrus, pectin apple 4 9liasesmuiesu e Vazquez-Lobo et al. (2012) tw3121156 % MBP-
DUF642-6-V5-6xHis iz laifldyanmnisdurunguil udlusuidouss Sanchez et al. (2014)
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wu311U58 % DUF642-7 faauif sadasriutanlesl pectin methyl esterase lasatainlyséu
Atdg32460 viwinfiauiutewlssl Pectin methyl esterase a1 ldany methyl 2asinafinuas
muqmmmLLﬁaLLiwaaImm%ﬁaLWﬂﬁu I WHAITUI TG INENI0719FaNATDITUNANARDY
wiTpil Tapasaua$alusdn DUF642 w9 10 67 flanususnlunsduiulndusaanlsdngy
LNN@A

31M9 %338 V89 Sanchez et al. (2014) 37U 1UsEuund A DUF642 Tldsdulaan
carbohydrate binding module (CBM) $4finadanissulndusaalse Immsﬁwmmaﬂmgmﬁ
fuiusAuTnawesimainoednssuwizianzasluiis uenanilugaidannglwenlsdves
wuafide Gaduwaselod vi"mﬁ'r?‘ivl,aimvl,asfIwﬁLLsnﬂﬂwvliﬁLaﬁLSﬁagIaa waz InAusaa lsfinadiu
DS

nuanIINagaulizein1sduszninsSaauiuundlysdu DUF642-HA fulwdumann
156 uLLuQquaa@ﬂaaamJNamﬂmn@nam]uvl,m'mmms laglUs6iu DUF642 manlunam
Famwnsidaiutiueg uwaﬂ'm'UﬂquaLLéﬁﬂmvhmu@L@m RIDARLNUNIN LT nmm 1310
Fw b3 T n1n1s wuIndlusn DUF642-8-HA, DUF642-10-HA, DUF642-7-HA NANIIILAITIZH
9nngufl 1 TanTus@n DUF642-8-HA uazlusfin DUF642-10-HA fansiTmuinslndfiuunni
woinlsdin 2 siadidnssulnausaalsdofiadeaiu da nguwndn laun PGA Tanfildséiu
DUF642-7-HA ﬁmﬂ’i"i’@ummsﬁwmﬂﬁq@ﬁ'ﬂﬂiﬁu&mmﬂ;uﬁv fidunu nawaaglas laun
carboxy methyl cellulose LLazﬂaq'&lL‘Wﬂﬁu laun PGA, RG-I from soybean, pectin citrus, pectin
apple

nguf 2 1ndwliiauin1s @eluséu DUF642-6-HA, DUF642-4-HA, DUF642-5-HA
”Emezﬁﬁ]’mmjuﬁ 2 lawlis@nu DUF642-4-HA uazldséiu DUF642-5-HA SaneiTaiunslnanis
unnin wuilusiu 2 sheddnmsiuindusealsdaiadoaiu Ao nguiaaglas leun carboxy
methyl cellulose uaznguiadioaglas ldun wheat arabinoxylan uaznguiwn@u ldun PGA, RG-|
from soybean, pectin citrus, pectin apple #%1U361% DUF642-6-HA ﬁa’m?i’@ummsﬁ’mmﬂﬁq@
Iunq’mf uwarInandunudlysfu DUF642-6-HA Juiitioaglas ldun carboxy methyl cellulose
WAZNHULNNGAL @wn PGA, RG-I from soybean, pectin citrus, pectin apple

ngufl 3 Aalsdiu DUF642-2-HA TlUsduAssrfiadoalungy Suanisdulndusanlsd

q
o

InfiAssny mjw‘?‘i 1 Uaz ﬂq’uﬁ' 2 wnzanduliifawnlenulndfanusenguusn dady
ﬁ'umimsﬁagiaa léuA carboxy methyl cellulose UAZNRULNNGY éuA PGA, RG-I from soybean,
pectin citrus, pectin apple

nguf 4 Aalusfiu DUF642-1-HA uaz DUF642-3-HA wudluséiu 2 silailfinisiulng
woaanlsdofiadoaiu de nguioaglas ldun carboxy methyl cellulose uaznguiwn@u ldun
PGA, RG-I from soybean, pectin citrus, pectin apple LLazéj@ﬁ’lslati’mmj&lﬁ 5 fialis@n DUF642-
9-HA F9dseunsaosfiluuandroiulysdu 9 mﬁmnﬂﬁq@ wazfinsdulndusaalsduandls
nlusiudugdn o ¢ lagdudvIndusaanlsdnnafia ﬁy'asl,umjmsﬁagiaa, afiuraglas uaz 1w

A6
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NI1LIIUVI Sanchez et al., (2012) aSu1891 ATauas2lUsAw DUF642 §1U5Auas

%

REUUth (signal peptide) uwazuana N d 2 lawwwnan 7fdare N-terminus & signal peptide
\ranganulatuwi 1 @a Unknown function domain wazlfauda laluwn 2 Aa carbohydrate
binding domain aNaNGU tadtanzinaduliITauins lasnannisanaisunsaaziluiany
A o o ' ' = v v o 9 a o ' a o a , AA o o
wilauiuazdaaglunduifoaniu denudlus@ugnialunguideiu innzlusdunguiidanau
ninazdlunianinluain Unkown function domain ivinstu azdnalilusdunguitlaidunisdy
= 6 A = > Y a [ 1 a a = 1 ‘gd o a a
Indusaanbsdofiadoaiu wddlus@ugnialungauideaiu uazldsdungudifianduniaazdlu
il auniulugau carbohydrate binding domain azainalilusdunguiifanumnioulunisdunis
Julnfuzaa bdzfiadoinunielndidosiu (@eayalunsdianedand jAsonsdusendng
nauduuue lU5H 1 DUFG42-HA nulwdusani1lsd @28n52uI%N1T ELISA assays) L4l 8
Wisuiisuwudn waannimasadl Jisenisduszninsinandunudlsdiu DUF642-HA fiulw
AULTAAN LA ROAARINU AN LI TAIUINIT
MNKANTATIARAUNIFYIFEnNAvesdn DFU642 91w 1 anunis 3119u 9 Bu lu
U a a ] tﬂl = G 1 3 v & =1 o dl
duwazdaanwds wuanutdfouulasmn il lwintatgritaian uradlwiAudInIINI9IBLNUA
[ = aa A A a & a9 . =
AuUaIHRILUNTR wanaNRLda3LATIERHNAVINITLRAIABNYDIT A2 Promoter-GUS fusion 7
WUINANINNE1 5 ﬁuﬁﬁmmamaaﬂgmaaﬂéfaLwiswzﬁuéaamuﬁoiw:msﬁwm nlida
= v o & Aa a v Aa ~ o o= VA \ a @
AnmduiuinaofdngaiioniiNBuios 1 dwnis Selddnadanisaiguasiauivases
INUADNTDH
= a v A a . v o & A A a v Aa
nnnIdnsnaveImIgyieniifivesdunud duiutnaeAlinsgyifonidnion
aaud 1 @WK U 7 AU TINTIWIUNUENANIRNA 70 aBWUS LianTI9Ro AN LAY
miflnlnddrsmnaiinas 9 laud nmsasasaumaasyiadulasmawiziioiuwiasluizsy
duaa LazN1INIIaRaL ballaafia N1INaFaURALAIRIINLAN NaCl Lag sorbital 81N LAN
§1IHUIINTIINNIUVBINIILTRE LA isoxaben, oryzalin uaz AICI, NIAIIIRALBIALIZNAY
waaluanaife eIl wazn1InTIIReUNMILaLRAILVINEITAR NIRNG au1InLT
anulfsuudasvasduiuinansld snwisinmaaiydulafiaaafienageuivewisiids
dj = v s g: o a 1 ~ v tﬁl 9/;:9{04 ] = 1
AlCL, Tafiguant@dutinisinauvesnndn adnilsiaatayaildfdsliiisinadanisaydna
NNV DUF642 GalNnN@ Lﬁaamnmﬂﬁufﬂmm 7 ALRUY §9AINEW DUF642 N9
v ‘ﬂ. U a = Qs g: v o =1 g: v v
wihfildaddn 3 Bu FumndainInasaunisriaiuaes DUFE42 luianinue anadaiaing
suwuINinsgioniniivesdu DUF642 N1 10 Buda’ly
1N 70 aWNUT SINSIRBNUTNAY 2 AURUINTONNY dufb42-1 duf642-4 \Yinthud]
WRAIANHILENIIATUNAART HVUIALANAT WASRINANUNIIWAWIFEINEY § VBINTAIY LTW N3
wigvadlaliaafia adrslafnarunismagay complementation waaslWAUINAN Ml n
inzifianndunasludiunidu 9 Adegluduiuinais Autnansdnsvmeinaiasam
gunaangslmiallulnidainad
MNHAN I3 U09lU5Aw DUF642 nulus@uuazionloddn 9 lunisoasvadaa
JaanGaa183% immunoprecipitation Laz LC/MS/MS uaadliifiniilysdiu DUF642 siuaunsn
waulens Indusaalss uaz tawlasl cell wall modifying enzymes aANadIN&aTN IR E101TD
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v
s a

ausufgIwladinlus@n DUF642 sirazilludinarslumsuinitanlodeng g lundaiaas e
de e . v oW y v A »
Aenrsslwansaatlsaiilnanele agrslsnauiiiasanuaniImeasdlanadavadlsdunas
LWl 1WInNIN NAlR N gINIInUantauuTainldsdunaialanniawialasasinulylsan
DUF642 flauiinfdniuauidldsdudu 9 dedumawiudan danuisdasfinnmasaubudu
NI TUTERIN9 DUF6B42 nulisaunasianusa ldare33namwizunnnin
INNNINATAUAI8TT Yeast two hybrid U3 1UIAUA ATIINLNIRNAIINANTNARDS
. - . A A a . 1 g: n:l. Y s a a a 6
immunoprecipitation Wu31HA 891U56% Expansin iiniiudainnsaindvlelufinfoguasiad
WWanagauduiwatdazidgalagnisnagaunuainiIaatian 3 15 WIDNMAILANUAZANIIAE
AILTAR WUIN 1136% DUF642 8§11 C-terminus 8181501 19UNY N-terminus U89 Expansin @
2899w wazldwuin 136 DUF642 1nauny Lawlarsl PME3 aunisadwlile Sanchez
etal. (2014) a1Lwa nikt 97 arad1n i dnsasranuldsdunatsaiiaainninassd co-
immunoprecipitation e2&113d% DUF642 Ao n1sfilusdunansofialuadaoasiua1nisaduny
Iwausaalsa e 1 wldaany lUs6n DUF642 datiwnil altlis@n DUF642 lunisdausnlils@n
@ & = & = a & & Aa A A ) \ o
nnudagas 39enadunsfslndusaanlidamnadinnfildsdudu 9 Juinmzeganeanandan

gyUuansaitnaw
A A o ) A Ada Aa € v oA A a & \ @ &
nuiifipadaslasassnunuiidnid@fududife 1Se9 malieedmidesvasntaioag
w371 UT Iy TeldSunsneuiuldasdRunuds agluszndtimvsaniaanid uaz 1389 N3
wawunafianisienzdawazesiniuoa lidvesniaoadain3T GPC-ELISA Tyvmeitotlu
JTRINNNIATIIRALAUALIY (under review 4215815 The Plant Journal)
st bsfimailanuisafunsianzdinisvinusesls@iu DUFe42 masagluszning
MIYNTayalNuLdY NIBLIED9IINITUGINE1INNITALTRUINWIINAD  Prof. Simon McQueen-
Mason, University of York ¥4 FRTNTOIHIANT UAE Prof. George Bassel, University of Warwick
1 Q d! v o o v o AI a d‘ v A ] dl A S v
i anTTandny Galildanuuzihliviimmaasaiiady inalildnaivigatia uazlideya
tﬂl 1 o [ A A Fd‘d . dl .&‘ 1 A g ¥ o 1
AvauladnIunIARUNAT impact Aigedinu 1% NIBUTUNANIIT1TUIzAI19 DUF642 uaz
Expansin arunaftad u 9 lus2@y in vivo A BIFC uaz Co-immunoprecipitation LWUULRN1E 2
lsfiu wazmssfemonuinaneliasy 10 Bu iRelilddeyaninfivasls@uiidaaunannivag
ANUN
P

wananinuwdivinidssunaneldh i lFaivayudiiunitvanlduanudiundu 9

q
'

ANUNRNBANU NN LWL NIAILLRD
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Abstract

Objective: Borassus flabellifer or Asian Palmyra palm is widely distributed in South and Southeast Asia and is horti-
cultural and economic importance for its fruit and palm sugar production. However, its population is in rapid decline,
and only a few genetic data are available. We sequenced the complete chloroplast (cp) genome of B. flabellifer to
provide its genetic data for further utilization.

Results: The cp genome was obtained by Illumina sequencing and manual gap fillings providing 160,021 bp in
length containing a pair of inverted repeats (IRs) with 27,256 bp. These IRs divide the genome into a large single copy
region 87,444 bp and a small single copy region 18,065 bp. In total, 113 unique genes, 134 SSRs and 47 large repeats
were identified. This is the first complete cp genome reported in the genus Borassus. A comparative analysis among
members of the Borasseae tribe revealed that the B. flabellifer cp genome is, so far, the largest and the cp genomes of
this tribe have a similar structure, gene number and gene arrangement. A phylogenetic tree reconstructed based on
74 protein-coding genes from 70 monocots demonstrates short branch lengths indicating slow evolutionary rates of

cp genomes in family Arecaceae.

Keywords: Arecaceae, Borasseae, Commelinids, Phylogeny, Plastid, Tandem repeats

Introduction

Borassus flabellifer or Asian palmary palm (family Are-
caceae, subfamily Coryphoideae, Borasseae tribe) is a
massive dioecious monocot plant with its single stem
reaching 30 m in height and large fan-shaped leaves
spanning 1-3 m in diameter [1]. Six species are present
in the Borasseae tribe including B. aethiopum [2], B.
akeassii [3], B. sambiranensis (4] and B. madagascarien-
sis [5], which are distributed in Africa, B. heineanus [6]
found in New Guinea and B. flabellifer, which is solely
found in Asia [1]. B. flabellifer is widespread in the South
and Southeast Asia and is of horticultural and economic
importance. The fruit is widely consumed, and the
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flower sap has been used for palm sugar production for
hundreds of years [7]. B. flabellifer is currently in rapid
decline due to following reasons. First, it grows extremely
slow requiring 12-20 years to reach maturity and pro-
duce its first inflorescence [8]. Second, urbanization and
agricultural development has eliminated a large number
of the wild population [9]. Third, it reproduces via cross
pollination, but there is currently no reliable mean for sex
determination prior its first flowers [10]. Fourth, a clonal
propagation method for this species is not well estab-
lished. With these reasons, conservation and breeding
programs of B. flabellifer is urgently needed, and genetic
data are required for supporting the programs.

To date, genetic data of B. flabellifer are limited. A
number of DNA markers including RAPD [11], ISSR
[12], EST-SR and gSSR [13, 14] have been developed for
studying the population in south and southeast Asia and
demonstrated its low genetic diversity. However, more
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sequence data are still needed for detailed studies on
genetic diversity and evolution. In particular, the chlo-
roplast (cp) genome sequence would provide both spe-
cies specific and population specific makers for studying
B. flabellifer. Here, we report the complete cp genome
sequence of B. flabellifer obtained by using both next-
generation sequencing and manual gap fillings. The cp
genome structure, characteristic and gene organiza-
tion are described. Repetitive sequences were identified.
Comparative genome analysis was performed to under-
stand the evolutionary relationship among the Borasseae
tribe.

Main text

The complete cp genome sequence of B. flabellifer

Because B. flabellifer leaf materials are very hard and a
direct isolation of cpDNA with high purity is often dif-
ficult to obtain, chloroplast was firstly isolated using
a modified protocol from Triboush et al. [15] and puri-
fied using a modified sucrose gradient method from
Sandbrink et al. [16] (Additional file 1: Figure S1). The
third leaf from the top (a fully expanded leaf with dark
green and no more than 6-month-old) was collected and
stored at 4 °C for 7 days to reduce accumulated starch
before use. CpDNA was then isolated from the puri-
fied chloroplast using DNeasy Plant Mini Kit (Qiagen),
and EcoRI restriction digests were used for verifying the
purity of the cpDNA. Illumina Hiseq 2000 system gen-
erated 7,695,267 pair-end reads with an approximately
100 bp average read length. After filtering and eliminat-
ing low quality reads and contaminants using FastQC
[17] and Trimmomatic [18], a total of 1,539,053,400 bp
was obtained. A sliding window size of 4 with an average
of Phred score > 20 and removal of 5’ and 3’ ends with
Phred score < 3 were used as the trimming criteria. By
mapping to the cp genome of C. nucifera (NC_022417)
[19] using SOAPec v2.03, the reads provided an average
of 100x sequencing depth coverage, and eight contigs
covering 92% of the entire cp genome was obtained. Spe-
cific PCR amplification and sequencing were performed
to fill the missing gaps. The genome map was then drawn
by GenomeVx [20].

The circular double-stranded DNA of the complete B.
flabellifer cp genome is 160,021 bp in length (Fig. 1, Gen-
Bank Accession Number: KP_901247). It has a typical
quadripartite structure composing of a pair of inverted
repeat (IR) regions (27,256 bp each), a large single-copy
(LCS) region (87,444 bp) and a small single-copy (SSC)
region (18,065 bp). The overall GC content is 37.23%.
Genome annotation using DOGMA [21] and CpGA-
VAS [22] with Phoenix dactylifea [23] as a reference
and tRNAs prediction using tRNA-ScanSE [24] pro-
vided that the cp genome contains 113 unique genes: 79
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protein-coding genes, 30 tRNA genes, and four rRNA
genes (Additional file 2: Table S1). All of the four rRNA
genes (rrn4.5, rru5, rrnl6 and rrn23), seven protein-
coding genes (rps19, rpl2, rpl23, ndhB, rps7, ycfl and ycf
2), two pseudogenes (ycf15, ycf68) and eight tRNA genes
(trmH-GUG, trnl-CAU, truL-CAA, truV-GAC, trul-
GAU, trnA-UGC, truR-ACG, truN-GUU) are located
within the IR regions. The LSC region contains 82 pro-
tein-coding genes and 21 tRNA genes, while the SSC
region contains 13 protein-coding genes and one tRNA
gene. The rRNA, tRNA and protein-coding genes cover
9040 bp (5.65%), 2873 bp (1.80%) and 79,368 bp (49.6%),
respectively, of the complete genome.

Among 113 unique genes, there are 18 intron-con-
taining genes (Additional file 2: Table S1): 16 genes
with a single intron and two genes with two introns.
Among these, truKK-UUU (3216 bp) contains the largest
intron, in which matK gene (1551 bp) is located. Four
pairs of overlapped genes with different ranges of over-
lapped bases were observed including atpE and atpB
(four overlapped bases), ndhK and ndhC (10 overlapped
bases), psbD and psbC (53 overlapped bases) and ndhF
and pseudo-ycfl (60 overlapped bases). The frequency
of codons in this cp genome was calculated from the
exons of protein-coding genes (pseudogenes were omit-
ted) using Maga 6 (Additional file 2: Table S2). The
observed initiation codons are AUG, GUG and ACG.
The GUG initiation codon was found to be specific for
rps19 and ndhD, while the ACG initiation codon was
found only for rpi2.

Simple sequence repeats (SSRs) and repetitive sequences
Identifications of SSRs and repetitive sequences using
by REPuter program (under a cut off n > 10 with 100%
sequence identities) [25] and GMATo v1.2 [26] showed
that the cp genome contains, in total, 134 SSR loci and
47 large repeat loci (Additional file 2: Tables S3 and S4).
Among the 134 SSRs, 98 and 20 loci are homopolymers
and dipolymers, respectively. And, 108 loci are located in
intergenic spacer (IGS) regions, while 26 loci are located
in the protein-coding genes including cemA, matK,
ndhD, ndhF, ndhH, rpoC2, rpsl4, rpsl9, rps4 and ycfl.
Neither pentapolymer nor hexapolymer was observed in
the protein-coding regions. All 47 large repeat sequences
contain four non-tandem direct repeats, six inverted
repeats and 37 tandem repeats. The sizes of the repeat-
ing unit were in the range of 11-39 bp (Additional file 2:
Table S4). Noting that most of the large repeats are
located in the IGSs inside the single-copy regions, espe-
cially in the large single-copy region. Only eight repeats
including one direct repeat and seven tandem repeats are
located in the coding sequence of three protein-coding
genes: rpoC2, ycfl, and ycf2.
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Fig. 1 The complete chloroplast genome of B. flabelifer. Genes shown on the outside of the map are transcribed clockwise, and those shown on
the inside are transcribed counter-clockwise. Genes functioning in related processes are coded with colors

Comparative analysis of the plastid genomes

among the Borasseae tribe and phylogenetic analysis
among monocots

The cp genomes of 4 species including B. flabellifer, Bis-
marckia nobilis (NC_020366.1) [27], Borassodendron
machadonis (NC_029969.1) [27] and Lodoicea maldivica
(NC_029960.1) [27], which are members of Borasseae
tribe are in the range between 158,144 and 160,021 bp

(Additional file 2: Table S5). The differences in the cp
genome sizes are due to the lengths of the LSC, SSC
and IR regions. The cp genome of B. flabellifer is, so far,
the largest among the Borasseae tribe with the long-
est LSC and SSC regions. These long LSC and SSC
regions contain the same number of genes as in the
other three cp genomes. Comparative analysis using
mVISTA [28] showed that the four cp genomes are highly
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similar (Fig. 2). Among the four sequence regions, both
IR regions are more conserved than the LSC and SSC,
which contain several variable regions in the intergenic
regions such as between ndhF-rpl32, trnG-trnR and
rpl32-trnL. Besides, there are 11 small variable regions
inside the coding regions of accD, ccsA, matK, ndhA,
ndhD, ndhE rbcl, rpll6, rpoC2, rpsl6 and ycfl. Not-
ing that ycfI and rpoC2 also carry both SSRs and large
repeats.

A phylogenetic tree based on the maximum likelihood
method were reconstructed with raxmlGUI [29] using 74
protein-coding genes from 70 monocot species. The evo-
lutionary relationship among monocots is presented with
high bootstrap supports (Fig. 3). Previously, phyloge-
netic relationship among subfamilies, families and orders
of the Commelinid clade using cp genomes has been
described [27, 30, 31], and our result is consistent with
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these reports. Tribes within subfamily Coryphoideae was
previously divided into two major clades: [(Phoeniceae,
Livistoneae)(Sabaleae, Cryosophileae)) and (Chuni-
ophoeniceae (Caryota (Coryphoideae, Borasseae))] [27],
and, here, we provide a confirmation for this clustering
with 100% bootstrap supports. The phylogenetic tree
showed that B. machadoris is closely related to B. fla-
bellifer as supported by 100% bootstrap replicates. Fur-
thermore, our phylogenetic tree showed that the branch
lengths of all members of the family Arecaceae are short,
suggesting slow evolutionary rates of the cp genomes in
this family.

Limitations

The complete cp genome of B. flabellifer reported here
provides a valuable resource for genetic analysis of this
and related palm species. A number of SSRs, repetitive
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sequences and highly variable regions identified here
would provide useful markers for studying the genetic
diversity and microevolution of this species, although
these have to be priory verified in a number of B. flabel-
lifer populations. Indeed, further verification of these
markers would provide an insight for establishing breed-
ing and conservation programs for this palm species.
Because the complete genome sequences of other plants
in genus Borassus are not yet available, we were able to
describe the evolutionary relationship among the mem-
bers of Borasseae tribe, but not within the genus. Further
analysis at the genus level will provide insight into recent
evolutionary of palm species.

Additional files

Additional file 1. A schematic procedure for isolation and purification
of the chloroplast from B. flabellifer (a). The procedure is divided into three
main steps: leaf sample preparation and disruption, chloroplast isolation
and chloroplast purification. A step sucrose gradient for chloroplast puri-
fication, before and after ultra-centrifugation (b). A quality assessment of
purified cpDNA using EcoRI digestion and agarose gel electrophoresis (c).
The left panel represents cpDNA and EcoRl treated cpDNA isolated from
chloroplast pellets without sucrose gradient purification, while the right
panel represents those that isolated from chloroplast pellets with sucrose
gradient purification.

Additional file 2. Table S1. Gene annotation of the B. flabellifer cp
genome. Table S2. Codon usages of the B. flabellifer cp genome. Table
$3. Distribution of SSRs in the B. flabellifer cp genome. Table S4. Large
repeat sequences in the B flabellifer cp genome. Table S5. Comparison of
the sequence sizes in four cp genomes of the Borassaseae tribe.
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Abstract. Asian Palmyra palm, found throughout south and southeast Asia, is important
for local economies, especially for sugar palm production. Unlike its related species, such
as oil palm and coconut, only a few genetic markers are available for Asian Palmyra
palm. In this study, we tested the transferability of molecular markers derived from oil
palm, and a set of selected markers were used for evaluating the diversity of Asian
Palmyra palm growing in Thailand. From 545 primer pairs of expressed sequence tag-
simple sequence repeat (EST-SSR) and genomic simple sequence repeat (gSSR) markers,
317 (58.17%) primer pairs were able to amplify the Asian Palmyra palm DNA, and 19
(5.99%) pairs were polymorphic. After extensively genotyping 164 samples from 12
populations, we obtained 25 loci with the polymorphic information content (PIC) average
of 0.37 and allele numbers ranging from one to five. The observed and expected
heterozygosity ranged from 0 to 1 and 0 to 0.76, respectively. A dendrogram showed
separation of the palm populations into two clades, between north-eastern and southern-
central regions. This study provides a set of microsatellite markers for use in further

genetic studies of Asian Palmyra palm.

Asian Palmyra palm (2n = 36), found
widespread in the Indian subcontinent and
Southeast Asia, is a monocotyledonous di-
oecious woody perennial tree in the Arecaceae
family. This palm tree is important for local
agriculture and economies as its inflores-
cence sap is used for palm sugar production
and its fruits are widely consumed (Lim,
2012; Morton, 1988). The Asian Palmyra
palm has a very slow growth rate and re-
quires 12-20 years to produce its first in-
florescence flowers, only then the sex is
revealed (Davis and Johnson, 1987). It is
widely believed that Asian Palmyra palm

Received for publication 2 June 2017. Accepted for
publication 29 June 2017.

This work was supported by Kasetsart University
Research and Development Institute (KURDI),
Kasetsart University Doctoral Degree Scholarships
and Faculty of Science Research Fund (ScRF) and
Thailand Research Fund (TRF-RSA6080031).

We thank Passorn Wonnapinij and Anongpat
Suttangkakul for proofreading this article.
'Corresponding authors. E-mail: fsciscv@ku.ac.
th or fscissa@ku.ac.th.

1164

originated in Africa and was introduced to
India and then into the southeast Asia more
than a thousand years ago (Kovoor, 1983).

With such a long juvenile stage and
without any direct sex determination, most
growers are reluctant to cultivate new crops,
and, with the expansion of farmlands and
urbanization, Asian Palmyra palm population
is in rapid decline. Conservation plans and
improvement for use are operating in South
and Southeast Asia to conserve this plant
species (Barfod et al., 2015; Davis and
Johnson, 1987; Sirajuddin et al., 2016). How-
ever, genetic data of Asian Palmyra palm are
currently limited, and only a few molecular
markers including RAPDs and ISSRs have
been reported (George et al., 2016; Vinayagam
et al., 2009). Markers with higher information
such as microsatellites are needed to evaluate
the genetic groups and diversity of the Asian
Palmyra palm before establishing effective
conservation plans.

New microsatellite markers require a high
developing cost. Nonetheless, many micro-
satellite markers have been shown to be
transferable across plant species and genera,
providing an economical way for marker

development (Karaca et al., 2013; Whankaew
et al., 2011; Zehdi et al., 2012). Oil palm
(Elaeis guineensis), a closely related species
to Asian Palmyra palm, has available genome
sequences and a wide range of developed
microsatellite markers including genomic
SSR (gSSR) and EST-SSR (Billotte et al.,
2005; Singh et al., 2013; Ukoskit et al., 2014).
Thus, it is feasible to apply these makers on
the Asian Palmyra palm. In this study, we
evaluated the cross-genera transferability
of the gSSRs and EST-SSRs derived from
oil palm and determined the diversity of
some Asian Palmyra palm populations in
Thailand.

Materials and Methods

Plant material, DNA isolation, and
marker analysis. Leaf samples were collected
from 164 accessions located in 12 provinces
in three geographical regions in Thailand
(Table 1). Oil palm was used as an out-
group. Because the original CTAB (Cetyltri-
methylammonium bromide) method (Gawel
and Jarret, 1991) gave low yields when iso-
lating DNA from the leaf samples of Asian
Palmyra palm. A medication was made by
adding 10% polyvinylpyrrolidone in the ex-
traction buffer to help improving the DNA
yield. DNA samples from one oil palm and 10
randomly selected Asian Palmyra palm ac-
cessions were used for an initial screening
using markers previously developed from the
oil palm: 289 EST-SSR (Ukoskit et al., 2014)
and 256 gSSRs (Billotte et al., 2005). The
polymerase chain reaction (PCR) reactions
were performed in a 20 UL volume contain-
ing 20 ng of total DNA, 20 um of each dNTP,
0.25 um of each primer, 10X PCR buffer
(with 1.5 mm MgCl,), and 0.5 U Tag DNA
polymerase (Vivantis Technologies, Selangor
Darul Ehsan, Malaysia). Thermocycling pa-
rameters included an initial denaturation step
of 5 min at 94 °C, followed by 35 cycles of
30 s at 94 °C, 1.30 min annealing temperature
following Temp in Table 2, 30 s extension step
at 72 °C, and 8 min at 72 °C for the final
extension step. The PCR products were sepa-
rated and resolved by 6% polyacrylamide gel
electrophoresis with silver staining. Primer
pairs, which generated polymorphic markers,
were then used for analyzing the 164 accessions.
Fragments were scored based on the Low
Molecular Weight DNA Ladder (New England
Biolabs, Ipswich, MA) and converted into
binary data.

Data analysis. Linkage disequilibrium
(LD) was calculated using PowerMarker
version 3.2.5 (Liu and Muse, 2005), and
sequential Bonferroni correction (Holm,
1979) was performed according to the mul-
tiple comparisons of the LD tests. Some loci
were excluded after observing significant
LD. The Hardy—Weinberg equilibrium
(HWE) was tested using POPGENE version
1.31 (Yeh et al., 1999). Polymorphic EST-
SSR and gSSR loci were used for calculating
the number of alleles per locus (N,), ob-
served heterozygosity (H,), expected hetero-
zygosity (H.), and polymorphism information
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Table 1. Location and the number of Asian Palmyra palm samples used in this study.

Part of Thailand Province Code Sample numbers Location
North-Eastern Burirum BU 11 14°36'53.9"N 102°47"17.1"E
Sisaket SS 9 14°50"23.5"N 104°11'37.2"E
Nakhon-Ratchasima NR 10 15°09'04.3"N 102°10"54.6"E
Kalasin KB 6 16°20'09.9"N 103°38'09.3"E
Central Phetchaburi PH 18 13°03'33.8”"N 99°54'07.8"E
Nakhon Pathom NP 11 13°52'13.4"N 100°10"18.9"E
Kanchanaburi KA 22 14°03'04.9"N 99°32'46.6"E
Phachinburi PC 18 14°07'30.7"N 101°31'20.3"E
Chainat CN 14 15°06'22.6"N 100°14'37.7"E
Nakhon Sawan NS 14 15°52'11.7"N 100°15'35.2"E
Southern Songkhla SK 18 7°27'40.8"N 100°26'29.6"E
Surat Thani ST 13 9°24'56.8"N 99°12"11.3"E

Table 2. Characteristics of 19 polymorphic microsatellite markers tested in the Asian Palmyra palm.

Primer name Repeat motif Temp (°C) Allele size (bp) Na* HY H> PICY
ESSR75 (AAG)s 60 270-285 2.17 0.4 0.5 0.38
175-190 2.33 0.1 0.38 0.48
ESSR76 (AGC)s 60 350-365 3.33 0.97 0.62 0.54
190-205 2.75 0.23 0.51 0.55
ESSR82 (GCT)s 60 200-215 2 0.54 0.35 0.39
ESSR332 (AT)s 60 230-242 2.67 0.77 0.51 0.42
ESSR553 (A)19 60 220-239 2.08 0.87 0.51 0.38
ESSR566 (AG); 60 240-254 2.83 0.4 0.44 0.48
125-139 2.92 0.35 0.52 0.6
ESSR609 (GA); 59 150-164 2.58 0.55 0.41 0.38
ESSR650 (AG)14 59 200-228 1.92 0.24 0.33 0.34
ESSR652 (GAG)g 60 150-168 2 0.26 0.34 0.32
ESSR673 (GGC)g 59 150-168 1.83 0.23 0.19 0.18
75-113 2 0.3 0.37 0.34
ESSR681 (AAAT)s 59 350-370 2.42 0.46 0.43 0.47
mEgCIR2332 (GA)14 55 250-278 3.25 0.49 0.43 0.38
mEgCIR3295 (GT)7(GA)»3 55 300-360 4.17 0.33 0.61 0.65
250-310 2.17 0.14 0.17 0.17
mEgCIR3311 (GA);5 55 180-210 225 0.51 0.36 0.34
mEgCIR3413 (GA)g 55 250-286 2.5 0.8 0.52 0.43
mEgCIR3477 (GA),, 55 170-214 2.17 0.11 0.15 0.16
mEgCIR3592 (GA)»o 55 150-190 2.58 0.37 0.34 0.34
mEgCIR3755 (GA);5 55 380-410 1.17 0 0.02 0.02
140-170 1.67 0.12 0.1 0.12
mEgCIR3788 (GA)g 55 180-216 2.58 0.73 0.49 0.41
2.41 0.41 0.38 0.37

“Number of alleles.

YObserved heterozygosity.
*Expected heterozygosity.
“Polymorphic information content.

content (PIC) value (Botstein et al., 1980)
using POPGENE version 1.31 (Yeh et al.,
1999). A dendrogram was constructed using
the EST-SSR and gSSR loci based on Nei’s
standard genetic distance (Nei, 1972) and the
UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) clustering method in Popula-
tions software version 1.2.32 (Langella, 1999).

Results and Discussion

An initial marker screening using 289
EST-SSR and 256 gSSR primers derived
from oil palm provided 154 (53.3%) and
163 (63.7%) amplifiable markers, respec-
tively. Polymorphic bands were observed
from 11 EST-SSR and eight gSSR primers,
and these were subsequently used for evalu-
ating the polymorphism of the palm popula-
tions. Analysis of 164 accessions using these
19 primers provided 36 polymorphic loci (21
EST-SSR and 15 gSSR loci), but only 15
EST-SSR and 10 gSSR loci were not significant
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in the LD and HWE tests after the sequential
Bonferroni correction (P > 0.05) (Table 2). The
average PIC value of combined EST-SSRs and
gSSRs was 0.37. An average 2.41 alleles per
locus was observed. The means of observed and
expected heterozygosity were 0.41 and 0.38,
respectively.

A dendrogram of 12 populations showed
that the populations were clustered into two
main clades, clearly separated from the oil
palm outgroup (Fig. 1). The north-eastern clade
was separated from those of the southern and
central clade. The two clades were geograph-
ically separated on the map of Thailand and this
likely resulted from geographical barriers
(Pysek et al., 2008). Phayayen hill and the
Phetchabun mountain ranges located between
the two areas had interrupted human movement
in the past and, thereby, limited the anthropo-
genic spread of the Asian Palmyra palm. By
contrast, there is no geographical barrier be-
tween the southern and central regions resulting
in a considerable widespread of the species.

Transferability of SSRs between species
or genera has been reported in many plant
species including cereals (Castillo et al.,
2010; Ince et al., 2010; Sim et al., 2009;
Tang et al., 2006) and woody species (Gasic
etal., 2009; Park et al., 2010; Yuetal.,2011).
The cross-genera transferability of EST-
SSRs and gSSRs shown in this study ranged
between 53.3% and 63.7%, which are within
the 30% to 65% reported for the transferabil-
ity in other plant species including legumes
and grasses (Choudhary et al., 2009; Karaca
etal., 2013; Whankaew et al., 2011; Yuetal.,
2013; Zeid et al., 2010; Zhou et al., 2013).
The transferred EST-SSR and gSSR markers
will be a valuable tool for a variety of genetic
analyses for the Asian Palmyra palm. In addi-
tion, with the availability of genome sequence
of date palm (Phoenix dactylifera) (Al-Dous
etal., 2011; Al-Mssallem et al., 2013), a closely
related species to Asian Palmyra palm, the
numbers of transferable markers for the Asian
Palmyra palm could be further expanded.
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Fig. 1. (A) UPGMA dendrogram representing the relationship among Asian Palmyra palm populations in Thailand. Cladel consists of southern (SK and ST) and
central (PH, NP, CN, NS, KA, and PC) populations while clade2 is only north-eastern (NR, BU, SS, and KB) populations. (B) A map of Thailand indicating the
distribution of two distinct genetic groups based on the UPGMA dendrogram.

The genetic study of the Asian Palmyra
palm was, so far, limited to a few markers, for
example, RAPDs developed for sex determi-
nation (George and Karun, 2011; George
et al., 2007), and ISSRs used for diversity
assessment in India (Vinayagam et al., 2009).
These, however, were unable to provide
a genetic resolution for the population struc-
ture of the Asian Palmyra palm because of
their limitation as dominant markers. This
study provides a set of codominant micro-
satellite EST-SSR and gSSR markers, which
would be used to further study the genetics of
Asian Palmyra palm. Furthermore, we found
that the population diversity of Asian Pal-
myra palm in Thailand is very low as in-
dicated by the genetic variation indices (PIC,
N., H,, and H.). This observation is some-
what similar to previous studies in India
using ISSRs that showed 0.84 average simi-
larity coefficient and PIC ranging between
0 and 0.56 (Vinayagam et al., 2009) and
RAPDs that had 0.76 average similarity co-
efficient (George et al., 2016; Ponnuswami,
2010; Ponnuswami et al., 2008; Raju and
Reji, 2015). The small number of alleles per
locus coincides with the notion that Asian
Palmyra palm is an introduced species
(Kovoor, 1983), and, with limited numbers
of originally introduced plants, this eventu-
ally resulted in low genetic diversity.

In conclusion, the evaluation of marker
transferability in this study provided a set of
microsatellite markers for studying the ge-
netic diversity and population structure of the
Asian Palmyra palm in Thailand. This data
could be useful for the management of the
Asian Palmyra palm plantation and advance
its breeding efforts.
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Abstract

Background: Genetic transformation of microalgae has been hampered by inefficient transgene expression, limiting the
progress of microalgal biotechnology. Many vector tools and strategies have been developed in recent years to improve
transgene expression in the model microalga Chlamydomonas, but these were hardly applied to other microalgae. In this
work, naturally-isolated oleaginous microalgae were accessed for genetic transformation, and various expression systems

were evaluated in a selected microalga to circumvent inefficient transgene expression.

Results: Initially, a strain of Scenedesmus acutus was selected from the oleaginous microalgal collection based on
its highest transformation rate and transgene stability. This strain, which had very low or no GFP reporter expression,
was first tested to improve transgene expression by using intron-containing constructs and the transcript fusion using
ble:F2A. The intron-containing constructs yielded 2.5-7.5% of transformants with 2-4-fold fluorescence signals, while
the majority of the transformants of the transcript fusion had the fluorescence signals up to 10-fold. Subsequently,
three UV-induced S. acutus mutants were isolated with moderate increases in the level and frequency of transgene
expression (2-3-fold and 10-12%, respectively). Finally, a transcript fusion system was developed using psy white
mutants with an expression vector containing PSY:£2A for complementation and light selection. Transformants with
green colonies were selected under light exposure, and the transgene expression was detected at protein levels.
Although the improvement using PSY:E2A was only minor (1-2-fold increase and ~ 7% of transformants), this system
provides an alternative selectable marker that is compatible with large-scale culture.

Conclusions: Here, the overall improvement of transgene expression using the Chlamydomonas tools was moderate.
The most effective tool so far is the transcript fusion using ble:E2A system. This work demonstrates that, so far, genetic
engineering of non-model microalgae is still a challenging task. Further development of tools and strategies for
transgene expression in microalgae are critically needed.
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Background

Oleaginous microalgae emerged as a promising renew-
able feedstock for biofuel production [1-3]. These
microalgae can be cultivated using wastewater, seawater
or simple medium and, under certain conditions such as
nutrient deprivation or stresses, they can accumulate
high lipid contents [4]. For decades, microalgae have
been isolated and screened from natural sources for
properties beneficial to biofuel production including
rapid cell growth, high lipid yields, tolerance to stresses,
ease of harvest and ability to secrete lipid [5]. To date,
however, these microalgae are unable to produce bio-
fuels at competitive costs compared to those of fossil
fuels. Genetic improvement is a major step for making
algal biofuels economically feasible [6, 7].

Genetic transformation has not been widely used in
microalgae, partly because of difficulties in nuclear gene
transformation, as reported in the model microalga
Chlamydomonas reinhardtii and other species for low
transformation efficiencies [8], inefficient transgene ex-
pression [9], transgene cleavages [9, 10], transgene in-
stability [11] and highly control transcriptional silencing
[12, 13]. Genome editing was also proved to be very dif-
ficult as the homology-directed repair (HDR) is ex-
tremely inefficient [14, 15] and CRISPR/Cas9 system
was shown to be toxic for the algal cell [16]. The only
exception so far is a marine microalga Nannochloropsis,
which was reported for an efficient nuclear transform-
ation and its feasibility for genome editing by either
HDR [17] and CRISPR/Cas9 [18]. Initially, many at-
tempts were made for improving transgene expression
in Chlamydomonas by codon optimization [19] and
screening large numbers of transformants to minimize
transgene positional effects [20], but little improvement
was achieved. Recent developments have demonstrated
marked improvements by a number of approaches in-
cluding mutant isolations for reduced transcriptional si-
lencing [21] and the incorporation of introns in the
expression constructs [22] and transcript fusion system
[23]. However, most of these tools were developed for
Chlamydomonas, and only a few have been applied in
other microalgae [24].

Various oleaginous microalgae have been tested for
genetic transformation, and, indeed, they suffer from in-
efficient transgene expression as Chlamydomonas had in
the past [25, 26]. Notably, most of the work reported so
far relied on the gene or enzymatic activity to represent
the transgene expression, without confirmation at pro-
tein levels [24, 27-29]. This shortcoming is problematic
as reliable detection at protein levels is the key indicator
for establishing stable transgene expression, before
evaluating the effects of transgenes such as phenotypes
or compound production. Along the line of improve-
ments in Chlamydomonas, many developed tools and
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strategies are now available, and it would be proven
fruitful if these could be used for improving other ole-
aginous microalgae.

Here, ten oleaginous microalgae isolated from natural
sources in Thailand were tested for genetic transform-
ation. Initially, some of these microalgae were tested by
electro-transformation, but very few or no transformant
was obtained. In contrast, Agrobacterium-mediated
transformation yielded much more transformants and
was used to access the transformation efficiency of the
ten microalgae. A strain of S. acutus, which has rapid
growth and high lipid accumulation, was selected based
on its high transformation rate and transgene stability.
As expected, this strain has a low capability for trans-
gene expression as indicated by very low levels of GFP
reporter. This strain was then used for evaluating vari-
ous expression tools, which were previously developed
in Chlamydomonas, whether they could mitigate the low
transgene expression problem. These included the use of
constructs containing introns, constructs with transcript
fusion and mutant isolation for reduced transcriptional
gene silencing. Furthermore, a transgene expression sys-
tem using novel selectable marker was developed by
generating psy white mutants and complementation
using PSY gene and light as the mean of selection.
Transgene expression was analyzed for both expression
levels and the frequency of expressors among the
transformants.

Results

Agrobacterium-mediated transformation of wild-isolated
oleaginous microalgal strains

Ten wild-isolated freshwater unicellular microalgae with
high lipid accumulations were tested for Agrobacterium--
mediated transformation using a method based on Kumar
et al. [30]. Before transformation, axenic cultures of the
ten strains were verified for hygromycin B sensitivity to es-
timate the selective concentrations (Additional file 1).
After transformation using Agrobacterium harboring
pCXSN-GFP, hygromycin B resistant colonies were ob-
tained from six out of ten strains with transformation
rates approximately 10—200 CFU per 10° cells (Table 1,
see also Additional file 2 for an example of selection
plates). Some background colonies conferring spontan-
eous resistant to hygromycin B were observed from
TISTR8511, 8555, 8519, 8540 and 8447, accounting for 5—
9% of total colonies counted in transformation plates.
Two S. acutus strains with the highest transformation
rates, TISTR8540 and 8447, were tested for assessing the
transgene stability. After 10-12 rounds of subcultures on
the non-selective medium before transferring onto the
hygromycin B selective medium, the growth of the
TISTR8447 transformants was more consistent on the se-
lective medium than those of TISTR8540 transformants
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Table 1 Transformation rates of ten microalgal strains by Agrobacterium-mediated transformation

Species Algal Concentration of Selection period Transformation rate Background control

media hygromycin B (days) (CFU per 10° cells) (CFU per 10° cells)
(Hgm™)

Coelastrum sp. (TISTR 8511) TAP 10 15 0 (n=44) 0

S. acutus (TISTR 8555) TAP 30 15 20£55(n=12) 15+13

S. acutus (TISTR 8540) TAP 50 10 72£41 (n=98) 37 +35

S. acuminatus (TISTR 8519) TAP 50 10 31£23 (n=11) 27 £25

S. acutus (TISTR 8447) TAP 30 15 217.5+75(n=12) 195 +£6.8

C. humicola (TISTR 8434) TAP 20 15 108+32 (n=4) 0

M. braunii (TISTR 8429) BG-11 10 15 0(n=8) 0

A. falcatus (TISTR 8557) BG-11 10 15 0(n=12) 0

T. cumbricus (TISTR 8480) TAP 50 18 9+88(n=5) 0

A. densus (TISTR 8505) BG-11 10 15 0(n=8) 0

(Additional file 3). This result suggests the higher stability
of transgenes in TISTR8447. This S. acutus TISTR8447
was used for subsequent studies.

Evaluation of TISTR8447 as a platform for gene
expression
TISTR8447 is a fast-growing strain, reaching its station-
ary phase within 5 days in TAP medium. It accumulates
high lipid contents up to 3+0.17 and 10 +1.04% dry
weight in N-supplemented and N-deprived media, re-
spectively, based on total lipid quantification using vanil-
lin staining. The lipid content in this strain is somewhat
in moderate levels for lipid production as compared to
other potential feedstock microalgae [31]. Nile red stain-
ing also showed the abundance of lipid droplets in the
cells (Additional file 4). TISTR8447 was further tested
for transformation efficiency using four Agrobacterium
strains: A41, EHA105, GV3101 and LBA4404. Despite
no statistical difference among the Agrobacterium strains
(p > 0.05), EHA105 and GV3101 appeared to provide
the highest transformation rates (Additional file 5). The
effect of Acetosyringone was tested, but no significant
difference among the tested concentrations (0, 50, 100
and 200 uM) was observed (p > 0.05, data not shown),
indicating that Acetosyringone is not required.
Transformed TISTR8447 were analyzed for the presence
and expression of the transgene. Among 15 randomly se-
lected potential-transformants subjected to either PCR or
RT-PCR analysis, the aphlV gene (hygromycin B resistant
gene) and its transcript was detected in 12 and 13 transfor-
mants, respectively (Additional file 6). This analysis indi-
cates that most of the hygromycin B resistant colonies
contained the transgene. However, after analyzing more
than 60 transformants by confocal microscopy, little or no
GFP signal was detected above the autofluorescence back-
ground (Additional file 6). RT-PCR of the GFP transcript
and immunoblot analysis using anti-GFP antibody also

failed to detect the presence of the transcript and protein
(data not shown). These data demonstrate that TISTR8447
is a potential microalgal strain for biofuel production
through its properties for growth, lipid accumulation and
its ability to be efficiently transformed by Agrobacterium,
but has a very low capacity for transgene expression.

Transgene expression in TISTR8447 using

Chlamydomonas introns

To test the effect of introns in transgene expression, four ex-
pression constructs with Chlamydomonas intron-carrying
mRuby2, mCerulean3, mVenus and Clover reporters, which
were previously shown to improve transgene expression in
Chlamydomonas [22], were tested in the TISTR8447
through electro-transformation. Our electro-transformation
rate for TISTR8447 was only 4.95 +5.18 CFU per 5 x 10°
cells (n = 20), and no background colony was observed when
using paromomycin selection. Noting that electro-transform-
ation of S. obliquus was previously reported as 494 + 48 CFU
per 10° cells [25]. Fluorescence microplate analysis showed
that most of the transformants had very low fluorescence
signal ratios for the four reporters, similar to the levels ob-
served in non-transformed controls (Fig. 1). Only a few
showed 2-4-fold signal ratios indicating the expression of
the reporter proteins above the background signals. The fre-
quency of the expressers could be estimated 1-3 among 40
transformants (2.5—7.5%), which, nonetheless, is an improve-
ment from the transformation using the pCXSN-GFP. This
result indicates that the incorporation of Chlamydomonas
introns can partly improve transgene expression in
TISTR8447.

Improving transgene expression in TISTR8447 using
ble::E2A transcript fusion

Previously, transcript fusion constructs using a
self-cleavage 2A peptide from foot-and-mouth disease
virus (FMDV) [32] with ble selectable marker [33] were
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Fig. 1 Analysis of TISTR8447 transformants expressing four fluorescence reporter genes harboring Chlamydomonas introns using fluorescence
microplate reader. Data are presented as box plots overlaid with scatter plots for fold fluorescence reads over the wild type values. n indicates
the number of transformants reads for each reporter
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shown to be a strategy of choices for highly efficient
transgene expression in Chlamydomonas [23, 34-37].
To test whether this could improve transgene expression
in TISTR8447, ble::E2A fusion vectors were constructed
using with- or without-introns ble marker and mCherry
reporter (pCreZ-intble:E2A-mCherry and pCreZ-ble:-
E2A-mCherry, Fig. 2 and Additional file 7). Transfor-
mants of these vectors were analyzed for the
fluorescence reporter signal, and mCherry was readily
observed under the confocal microscope (Fig. 2b). Fluor-
escence microplate analysis showed that most of the
transformants from both constructs (19/24 or 79% for
ble and 12/14 or 85% for int-ble) had more than a 2-fold
increase of mCherry signal ratio to the wild type con-
trols (Fig. 2c). The use of RBSC2 promoter and introns
in the ble gene (int-ble) showed higher signals compared
to that using PSAD promoter and ble gene without in-
trons (ble), though without significant difference by
Kruskal-Wallis Test (p > 0.05). This result indicates that
the ble::E2A transcript fusion system could provide an
efficient transgene expression system for the TISTR8447
under selective pressure of zeocin.

Subsequently, the expression level of the ble:E2A:m-
Cherry transcript fusion was tested whether it could be in-
duced in a dose-dependent manner with elevated zeocin
concentrations. Selected transformants with low, medium
and high expression were cultured in at 10 ug ml™ " zeocin,
before transferring into the media supplemented with 0—
50 uygml™ ! zeocin for 2 days. However, no significant in-
crease of the fluorescence signals following zeocin

concentrations for both constructs was observed (Fig. 2d).
At concentrations above 20 ug ml™ ' zeocin, the transfor-
mants grew poorly with low cell mass and became chlor-
osis. This observation demonstrates that increases in
zeocin selective pressure could not provide a further im-
provement on transgene expression in the TISTR8447.

Improving transgene expression in TISTR8447 by UV
mutagenesis

To further improve the transgene expression,
TISTR8447 mutants with enhanced transgene expres-
sion were generated using UV mutagenesis and a selec-
tion strategy using CRYI-1 (conferring emetine resistant)
as reported by Neupert et al. [21]. Transformation of the
TISTR8447 using pCRE-CRYI1-1 was selected on the
medium supplemented with 1 pgml™ ' emetine. Fifty se-
lected transformants were tested on media supple-
mented with 1-20 ugml™ ' emetine to confirm that they
could grow on the medium supplemented with at most
lugml ' emetine. Three transformants (S14) were
chosen for UV mutagenesis at 0.1% survival rate and
subsequently selected using 2, 5 and 10 ug ml™* emetine.
Finally, three mutants (SUV1, 2 and 3), which were able
to grow on 10 ug ml™ ' emetine, were obtained (Fig. 3a).
These mutants were then tested for any improvement
on transgene expression by transformation using
pOPT-mCerulean3 followed by fluorescence microplate
analysis (Fig. 3b). Although the highest levels of the
fluorescence signal ratios were in the range of 2- to
3-fold, which were similar to transformants of control
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strains (S14), the SUV1-3 provided overall higher fre-
quencies of transformants with high fluorescence signal
ratios (8/81 or 10%, 5/43 or 12% and 2/17 or 12% for
SUV1-3, respectively). This result demonstrates that al-
though the level of transgene expression is only moder-
ately improved, these TISTR8447 mutants provide
increases in the frequency of transgene expressed
transformants.

Improving transgene expression by generating TISTR8447
white mutants and PSY::E2A transcript fusion

The transcript fusion system using ble::E2A have been
shown so far to be the best improvement of transgene

expression in TISTR8447, but the use of zeocin as a se-
lective pressure is impractical for large-scale culture and
affects the algal growth. To further improve this, an al-
ternative expression strategy was developed by using
Phytoene synthase (PSY) mutants, PSY gene complemen-
tation and light as a selective pressure. Chlamydomonas
with PSY mutations were previously shown to exhibit
pale-green or whitish colony, perish under the light as
low as 8 umol photons m™?s™ ' and to be complemented
by transformation using PSY gene [38]. By adopting this
idea, white mutants of the TISTR8447 were generated
by UV mutagenesis and selection of pale-green colonies
grown in the dark. From 50 selection plates, each with
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10° cells, six white mutants, named G1-G6, were ob-
tained after three rounds of subcultures in the dark
(Fig. 4a). Four white mutants (G1, G2, G3 and G5)
ceased growth under light at 50 umol photons m™%s™ %,
similar to the cc4113 and cc4109 Chlamydomonas psy
white mutants [38], while G4 and G6 mutants were able
to grow under the light. After sequencing the PSY gene
in these mutants, point mutations were observed in the
PSY coding sequence in G1, G2 and G5 mutants (Fig. 4b),

but not in G3. The G1, G2 and G5 psy mutants were
then tested for complementation using a construct con-
taining Chlamydomonas PSY coding sequence fused with
E2A and HA-mCherry. Transformation of these three
white mutants using the Agrobacterium method was un-
successful, and this may be because the mutant grew
very slow and could not out-compete Agrobacterium
growth. Electro-transformation yielded complementation
from G1 and G2 mutants with green colonies after
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selection under light at 50 umol photons m~?s™* for 7—
10 days (Fig. 4c). However, the transformation rates were
extremely low, approximately 1-4 CFU per 5 x 10° cells
per plate.

The G2 complemented strains were analyzed by fluores-
cence microplate reader and showed that most of the
transformants had low levels of the fluorescence signals
for mCherry (Fig. 4c). The frequency of the transgene ex-
pressers (up to a 2-fold signal ratio) was one among 15
transformants (~7%), somewhat similar to that of
intron-containing vectors. Unlike that of ble::E2A vectors
with the zeocin selection, the expression of PSY:E2A was
still low. This may be because the PSY functions as an en-
zyme in carotenoid biosynthesis pathways, while ble pro-
tein functions by binding to zeocin in a direct proportion
[23]. Therefore, light selection could not drive the PSY ex-
pression to the levels achieved by zeocin selection. Spon-
taneous revertants were also monitored in the
transformation controls (without plasmid) and, so far,
there were only two revertants observed among 40 selec-
tion plates (5 x 10° cells per plate). To preclude the possi-
bility of these complemented strains being derived from
revertants, mCherry expression was confirmed by immu-
noblot analysis (Fig. 4c). The non-cleaved PSY:E2A:-
HA-mCherry fusion protein was observed at a very low
level indicating that the E2A peptide was efficiently
self-cleaved in the TISTR8447 (Additional file 8). This re-
sult demonstrates that psy white mutants of TISTR8447
can be used as host cells for transformation using PSY se-
lectable marker and light selection. However, the expres-
sion levels of the PSY:E2A transgene were in the same
range as that of constructs containing introns and far
lesser than those using SUV mutants and ble:E2A with
the zeocin selection, respectively.

Growth and total lipid contents of SUV mutants and
complemented white mutants

To examine whether mutations for SUV and white mu-
tants had any effect on growth or lipid production, the
mutants were analyzed for growth curves and total lipid
contents. While the growth of three complemented G2
strains and S14 was similar to that of the wild type,
SUV1-3 grew slower (Fig. 5a). The cell growth of
SUV1-3 was limited to approximately 10 x 10° cells ml”
!, whereas the wild type could grow up to 15 x 10° cells
ml™*. The lipid contents of S14 and G2 complemented
strains in both N-supplemented and N-deprived media
were similar to those of wild type, but those of SUV1-3
were significantly lower for both media (p<0.05)
(Fig. 5b). This result indicates that mutations, which
provide improved transgene expression in SUV mutants,
also affect physiological processes of the TISTR8447
resulting in slow growth and less accumulated lipids.
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Discussion

This work shows that Agrobacterium-mediated transform-
ation is a convenient method for simultaneously testing
the transformation of many microalgae. In this work, ten
strains were tested, and six of them were successfully
transformed. The best transformation rate was obtained
from S. acutus TISTR8447 at 217.5 + 75 CFU per 10° cells,
and this was selected as our best candidate for evaluating
the transgene expression. Coelastrum, Chlorococcum,
Monoraphidium and Tetradesmus are reported for their
first trial here for the Agrobacterium method. Noting that
although M. braunii, A. falcatus, A. densus and Coelas-
trum spp. were unable to be transformed in this work, this
should not preclude their possibility to be transformed by
other means. Agrobacterium-mediated transformation of
microalgae was first introduced by Kumar et al. [30] for a
successful transformation in Chlamydomonas, and various
protocols have been developed since then to improve its
efficiency [9, 39, 40]. It was then applied to many other
microalgal species including Haematococcus pluvialis with
the transformation rate at 153 + 4 CFU per 10° cells [41],
Dunaliella bardawil at 39—42 CFU per 10° cells [42], Schi-
zochytrium at 50—170 CFU per 10° cells [43], Scenedesmus
almeriensis at 90 CFU per 10° cells [26], Dunaliella salina
at 40+ 5 CFU per 10° cells [29] and Tetraselmis chuii at
150 + 90 CFU per 10° cells [27]. And, with a different unit
of transformation rate, Nannochloropsis sp. [44], Chlorella
vulgaris [45] and Ankistrodesmus sp. [46] were shown to
be transformed based on GUS expression at approxi-
mately 21, 30 and 3.5% efficiency, respectively. Taken to-
gether, this work provides support for the use of the
Agrobacterium-mediated method for transforming other
potential industrial microalgae yet to be tested.

Extremely inefficiently transgene expression is com-
monly observed in microalgae [9], and this appears to be
the case for Scenedesmus as indicated by this and previ-
ous works. For example, transformation of S. almeriensis
yielded little or very low GUS reporter expression even
after screening many transformants [26], that of S. baja-
californicus had only 2.96% of transformants with detect-
able GUS staining [46] and that of S. obliquus also
showed only 1.5% of the transformants with GFP expres-
sion [25]. In our case, no GFP expression was observed
at neither transcript nor protein level. Our attempt to
improve the transgene expression in TISTR8447 by
using tools based on Chlamydomonas, so far, shows that
the transcript fusion using ble::E2A provided the highest
improvement with up to 10-fold increases of mCherry
expression and up to 85% of transformants with observ-
able mCherry. However, other strategies including the
uses of intron-containing constructs, SUV1-3 mutants
and white mutants with PSY::E2A complementation pro-
vided only minor improvements with at most 2—4-fold
increases of the reporter expression. The majority of the
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transformants from the intron-containing constructs
and the white mutants had very low transgene expres-
sion, while SUV mutants had increases in the frequency
of transgene expressors.

Transcriptional gene silencing was proposed to be the
key factor that causes the low transgene expression in
Chlamydomonas [13, 19, 21, 36, 47] and most likely in
many other microalgae [48-50]. Noting that a recent work
by Mini et al. [9] reported that rearrangements of trans-
genes could also be another factor contributing to the in-
efficient expression in Chlamydomonas. Because gene

expression tools that could circumvent the gene silencing
effects were successfully developed in Chlamydomonas,
these tools could be applied to other microalgae, particu-
larly in the TISTR8447. However, the improvements were
far less than those obtained in Chlamydomonas. The de-
velopment of the ble::2A systems provided more than a
100-fold improvement of transgene expression in Chlamy-
domonas [23, 34, 35, 37], while it was only a 10-fold in-
crease in the TISTR8447. Insertions of an endogenous
intron(s) into transgenes or the surrounding 5" and 3" un-
translated regions led to improved transgene expression in
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Chlamydomonas [51-53]. In contrast, these Chlamydo-
monas introns only provided small increases in the trans-
gene expression in the TISTR8447. A little improvement
in the TISTR8447 observed here by the use of the introns
could be because of the difference in intron splicing be-
tween the species, or these introns could only occasionally
help the transgene escaping the silencing controls in the
TISTR8447. Perhaps, Scenedesmus might have a more
robust gene silencing mechanism than that in
Chlamydomonas.

Neupert et al. [21] first reported the strategic isolation
of Chlamydomonas mutants with improved transgene ex-
pression using CRYI-1 and elevated emetine concentra-
tions for selection. The selected mutants, UVM4 and
UVM11, had demonstrated up to 100-fold increases in
emetine resistant. Less than expected, our selections of
mutagenized TISTR8447 yielded up to a 10-fold increase
in emetine resistance, and the expression levels based on
the fluorescence ratios were improved only up to a 2-fold.
Nonetheless, the SUV1-3 had higher frequencies of trans-
gene expressors, in which transformants with at least a
2-fold signal could be accounted for ~ 10-12% compared
to ~2.5% observed in wild type. This improvement is
somewhat comparable to UVM4 and UVM11 that pro-
vided 4.5-fold increases in the frequency of transgene
expressors compared to the wild type [47].

MET1 (DNA methyltransferasel) is one of the key en-
zymes for the DNA methylation transgene silencing along
with other DNA-methylation independent gene silencing
enzymes [13]. Chlamydomonas metl insertional mutants
were shown to provide an improvement for transgene ex-
pression. Work from Kurniasih et al. [13], which per-
formed UV mutagenesis using the metl mutant and
selection using Neupert et al. [21] selection method,
yielded mutants with even higher transgene expression.
Because only moderate improvement was achieved in the
SUV mutants, it is likely that there are still other tran-
scriptional silencing genes present in the TISTR8447. Fur-
ther mutations in the transcriptional silencing related
genes may be required for further improvement.

Mutations that provide improved transgene expression
in Chlamydomonas are known to be associated with epi-
genetic controls, and these may affect cell growth, as dem-
onstrated in Chlamydomonas UVM mutants of the met-1
insertional mutant [13]. Indeed, mutations of SUV1-3 are
most likely related to epigenetic control machinery, and
they affect both cell growth and lipid production, as none
of these effects was observed in the S14 control strain.
This result shows that while the SUV1-3 mutants have
gained some improvement on the transgene expression,
their growth and ability to accumulate lipids were weak-
ened, compromising cell mass and lipid production. This
result confirms the previous observation of the negative
aspect of using mutants related to epigenetic controls.
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Thus, cautions should be made before performing genetic
screening for enhancing transgene expression, especially
when the cell performances are the key to the application.
Nonetheless, the white mutants, when complemented,
could provide sufficiently intact growth and have only
slight decreases in the lipid content. The result also sug-
gests that while CrPSY can sufficiently complement the
SaPSY knockout, yielding complemented strains with ro-
bust cell growth, it could not provide the lipid accumula-
tion as efficient as the SaPSY.

Even though the PSY:E2A construct is not as effective
as ble::E2A in forcing expression, this system provides an
alternative selectable marker for microalgae. Current se-
lectable markers used for microalgae transformation are
based on antibiotic selection, for example, bleomycin/
zeocin resistance gene [33] and paromomycin resistance
gene [54]. Recently, the herbicide norflurazon was re-
cently developed for transformation selection using Phy-
toene desaturase (PDS) with an amino substitution
L505F in some microalgae [55—57]. The use of PSY gene
as a selectable marker for microalgae, so far, has not
been reported. This may be because of two main rea-
sons: white mutants needed to be generated by muta-
genesis and screened for each microalga, and white
mutants are weak with slow growth and difficult to
transform. For the work presented here, this is one of
the most economical transgene selection approaches as
only a light source is required. This selectable marker is
compatible with an outdoor and large-scale culture as
transgene constructs can be maintained by sunlight.

To this end, among the Chlamydomonas gene
expression tools tested, the transcript fusion using
ble::E2A appeared to be the most efficient and could in-
stantaneously mitigate the inefficient transgene expres-
sion in microalgae, in particular, the TISTR8447.
However, the exposure of zeocin antibiotic to the algal
cells generally results in cell toxicity and affects cell
growth and potentially the production of products and
yields [58]. Furthermore, the use of zeocin is uneconom-
ical for large-scale production, limiting the use of
ble:E2A system. A consensus for inefficient transgene
expression has been evidenced in many oleaginous
microalgae and Scenedesmus species as reported here.
The challenges in gaining high transgene expression in
microalgae are the critical bottleneck for current devel-
opment in Eukaryotic microalgal biotechnology. Further
improvements and newly developed tools are critically
needed to allow efficient use of microalgae for biotech-
nology application.

Conclusions

This work demonstrates that oleaginous microalgae iso-
lated from natural resources can be screened for selecting
strains with high transformation efficiency, but they
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generally have a low capacity for transgene expression. A
selected strain, S. acutus TISTR8447, was tested to im-
prove the transgene expression using strategies developed
in Chlamydomonas, but overall improvement was of mod-
erate for both levels and frequency of expression. So far,
the most effective tool giving the highest improvement is
the transcript fusion using ble:E2A system. Furthermore,
a new strategy for transgene expression has been devel-
oped using psy white mutants with an expression vector
containing PSY:E2A for complementation and light selec-
tion. Finally, this work demonstrates that genetic engin-
eering of non-model microalgae is still a challenging task.
New tools and strategies are critically needed for trans-
gene expression in promising industrial microalgae.

Methods

Microalgae and cultivation conditions

Microalgae were obtained from Thailand Institute of Science
and Technological Research (TISTR) including Coelastrum
sp. (TISTR8511), Scenedesmus acutus (TISTR8555), S. acu-
tus (TISTR8540), S. acuminatus (TISTR8519), S. acutus
(TISTRS8447), Chlorococcum humicola (TISTR8434), Mono-
raphidium braunii (TISTR8429), Ankistrodesmus falcatus
(TISTR8557), Tetradesmus cumbricus (TISTR8480), Ankis-
trodesmus densus (TISTR8505). These accessions were
chosen based on their potential high accumulation of lipid
droplets under the N deprivation condition and the variation
of algal species. Chlamydomonas white mutants CC4113
(Its1-207 mt+) and CC4109 (Its1-203 mt+) were obtained
from Chlamydomonas Resource Center. Microalgae were
cultured in either Tris-acetate phosphate (TAP) or BG-11
media at 25 °C under continuous light (50 pmol photons m™
257 1), excepting that those white mutants were incubated in
the dark. The N-deprived medium (TAP-N) was prepared
by substituting KNO3; with KCl. For growth analysis, three
cultures of 50 ml were started at the of 10° cells ml™* cell
density, and 1 ml sample was collected daily to monitor for
cell density.

Plasmid constructions

pOPT vector series with reporter genes including
mRuby2, mCerulean3, mVenus and Clover [22] were ob-
tained from Chlamydomonas Resource Center. pCXSN-
GFP was constructed by TA cloning using the Agrobac-
terium transformation vector pCXSN [59] and GFP cod-
ing sequence, which was PCR amplified using GFP-F
and GFP-R primers (Additional file 9). Transcript fusion
vectors were constructed using pPLV02 [60] as the vec-
tor backbone. The pPLV02 backbone was amplified
using pplv-F and pplv-R primers. PSAD promoter,
RBSC2 promoter-ble with introns and ble without intron
fragments were amplified from pSL18 [61, 62] using
psad-F and psad-R primers, pSP124S [51] using rbcs-F
and Zeo-E2A-R primers and pICZ (Thermo Fisher)
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using Zeo-F and Zeo-E2A-R primers, respectively. Each
primer has an adaptor sequence for subsequent se-
quence and ligation independent cloning (SLIC) [63]. All
PCR cloning was performed using hi-fidelity Q5 DNA
polymerase (New England Biolabs, USA). pCreZ-E2A
and pCreZint-E2A were constructed by fusing the
pPLV02 PCR fragment with PSAD promoter and ble
without intron, and RBSC2 promoter-ble with introns,
respectively, by SLIC technique. HA-mCherry was subse-
quently inserted into both vectors at Ncol site by PCR
amplification using HA-mcherry-F and mcherry-R
primers and SLIC.

For CrCRYI-1 expression construct, the coding region
of CrCRYI was PCR amplified from Chlamydomonas
c¢cDNA using gene specific primers, before being
re-amplified using a reverse primer with a modified base
at the last codon from CTG to CCG (cryl-1-F and
cryl-1-TtoC-R primers) to generate CrCRY1-1 coding
sequence. The CrCRYI-1 fragment with adaptor se-
quences was then inserted into pCreZ-E2A at EcoRI and
BamHI sites by SLIC, removing ble-E2A. For
CrPSY::E2A:mCherry constructs, the CrPSY coding se-
quence was PCR amplified from Chlamydomonas cDNA
and re-amplified using crpsy-F and crpsy-R primers,
which contain adaptor sequences for SLIC. The CrPSY
fragment was then ligated to a vector fragment, which
was amplified from pCreZ-E2A by E2A-F and
psad-crpsy-R primers, replacing ble coding sequence and
in frame with E2A. Plasmids for Agrobacterium-me-
diated transformation were transferred into Agrobacter-
ium cells by electroporation.

Transformation

The microalgal strains were tested for their sensitivity to
hygromycin B before performing an Agrobacterium-me-
diated transformation. Briefly, 10° cells were spread onto
TAP or BG-11 agar media supplemented with 10—
100 pug ml™* of hygromycin B for 14 days. This sensitivity
test was performed in triplicate. For Agro-transforma-
tion, microalgae were cultured in liquid media for 3—4
days, and 10° cells were grown on solid media for 2—3
days until forming a lawn. A. tumefaciens EHA105 har-
boring transformation plasmids were grown in LB media
supplemented with 25 pgml™' of rifampicin and 50 pg
ml™! of kanamycin under continuous shaking at 28°C
for 2 days. For evaluation of Agrobacterium strains, A41,
GV3101 and LBA4404 strains were used in replacement
of EHA105. The algal lawn was mixed with 100 pl of
Agrobacterium (ODgoy =1) using a spreader and
co-cultivated in the dark for 2 days before transferring
onto solid TAP or BG-11 selective media supplemented
with 250 ugml™' cefotaxime and hygromycin B at spe-
cific concentrations. Colonies obtained from selection
plates were subcultured twice on the selection media
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before being designated as transformants. Transform-
ation rates were calculated based on the numbers of re-
sistant colonies per 10° starting cells. Agrobacterium
cells without expression plasmid were used for trans-
formation as negative controls.

For electro-transformation, log phase cells at no more
than 2 x 10° cells ml™ "' were harvested by brief centrifu-
gation at 400xg and resuspended in TAP supplemented
with 40 mM sucrose (TAP sucrose) at 2 x 10® cells ml™ .
Thirty-eight microlitres of the algal suspension were
mixed with 2pul of a plasmid vector (400ng) before
transferring to a 2 mm gap electroporation cuvette and
pulsing using Bio-Rad Gene Pulser II with the following
condition: 0.4 kV, 25 uF and 500 Q. The algal cells were
immediately transferred to 10 ml TAP sucrose and cul-
tured at the normal condition with constant shaking at
100 rpm under low light for an overnight before spread-
ing onto TAP agar supplemented with 30 ug ml™" of par-
omomycin or 10 pg ml™ ' of zeocin for 7-10 days.

For the transformation of white mutants, a white col-
ony was cultured in TAP sucrose with constant shaking
in the dark up to 10 days or until reaching 1-2 x 10°
cells ml™*. Cells were harvested and resuspended in 40
mM sucrose TAP at 2x 10°® cells ml™*. Subsequently,
38 pl of the suspension was mixed with 2 pl of a plasmid
before being electroporated using the same condition as
above and cultured in 10 ml TAP sucrose for overnight
with constant shaking in the dark. The cells were plated
onto TAP agar and incubated in the dark for 5 days and
then under light (50 umol photons m™*s™') for 7-10
days.

UV mutagenesis and mutant screening

UV mutagenesis was performed by irradiating the
TISTR8447 at a density of 5 x 10° cells ml™ !, which were
previously kept in the dark for 2h, in a petri dish using
a UV transilluminator for 2h to obtain a 0.1% survival
rate. Cells were cultured overnight with shaking in the
dark before plating onto TAP agar medium at 10° cells
per plate. For SUV mutants, CRYI-1 transformants were
UV irradiated and plated onto TAP agar medium sup-
plemented with emetine at 2, 5 and 10 pgml . For
white mutants, irradiated cells were plated onto TAP
agar medium and incubated in the dark for 14 days. Col-
onies with pale-green were subcultured in the dark.

Molecular characterization

For DNA and RNA isolation, the algal cells were sub-
jected to a mechanical disruption in liquid nitrogen
using a mortar and pestle. DNA was isolated using the
CTAB method, whereas total RNA was isolated using
GENEzol TriRNA Pure Kit (Geneaid, Taiwan). RNA was
purified by using RNase-free DNase and RNA Cleanup
Kit. cDNA was synthesized using one microgram of total
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RNA by MMulV reverse transcriptase. PCR and
RT-PCR reactions were performed using Tag DNA poly-
merase and primers listed in Additional file 9. For se-
quencing of the PSY coding sequence of TISTR8447
(Genbank accession MF401544), SaPSY of the white mu-
tants was amplified from total DNA using hi-fidelity Q5
DNA polymerase and sapsy-seq-F and sapsy-seq-R
primers and sequenced.

For western analysis, a total protein was isolated by grind-
ing the cells with liquid nitrogen and resuspended in a pro-
tein extraction buffer [20 mM Tris-HCI pH 8.0, 150 mM
NaCl, 2mM EDTA, 10% (v/v) glycerol, 0.5% IGEPAL
CA-360 and 1 mM PMSEF]. The total protein was quantified
by Bradford assay before subjecting to SDS-PAGE and blot-
ting onto a PVDF membrane. mCherry was detected using
rabbit anti-mCherry as a primary antibody at 1:1000 dilu-
tion and anti-rabbit-HRP as a second antibody at 1:10,000
dilution. The western signal was detected using Wester-
nSure Premium Chemiluminescence Substrate (Li-COR,
USA) and C-DiGit Blot Scanner (Li-COR, USA).

Fluorescence detection

Fluorescent reporter signals were analyzed using a micro-
plate reader. The excitation and emission wavelengths are as
follows; mRuby2 (ex =558 nm, em =605 nm), mCerulean3
(ex =445 nm, em =503 nm), mVenus (ex=>515nm, em =
550 nm), Clover (ex =477 nm, em = 515 nm), mCherry (ex =
562 nm, em =607 nm). Chlorophyll autofluorescence was
measured at 440 nm for excitation and 685 nm for emission.
Standard curves for the conversion of fluorescence signal to
protein contents were generated from recombinant
GST-mCerulean and GST-mCherry purified from E. coli and
quantified using Bradford assay. The protein concentrations
used was 1.25-400 ng ul~ " in the TISTR8447 algal culture at
10° cells ml™ %, The chlorophyll fluorescence was used for
calculating the cell number based on a standard curve be-
tween the chlorophyll signals and cell numbers. Selected
transformants with a high level of expression of transgenes
were then assessed for fluorescence signal using Nikon C2 Si
confocal microscopy.

Stability test

Transformants were maintained on media without
hygromycin B for 2 weeks before subculturing onto
media with and without hygromycin B to determine the
retention of the selectable marker gene without the se-
lection pressure. For the G2 complemented lines, the
dark and light conditions were used instead of the anti-
biotic. These subcultures were repeated every 2 weeks.

Lipid quantification using vanillin method

This lipid quantification using vanillin was modified from
Mishra et al. [64]. Cells were grown in a starting culture
using liquid TAP medium for 2-3 days (~ 2 x 10° cells ml™*
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concentration) before dividing in half, and the medium of
each half was replaced by liquid TAP or TAP-N at 2 x 10°
cells ml™" concentration before culturing for 3 days. Ap-
proximately 1.5 x 10° cells with known mass was mixed with
200 pl sulfuric acid, incubated at 95 °C for 10 min before pla-
cing on ice for 5min, added with 500 pl phospho-vanillin
[0.12% (w/v) vanillin in 80% (v/v) phosphoric acid] and incu-
bated at 37°C for 15 min. The solution was briefly centri-
fuged at 3000 rpm for 5 min, and the absorbance at 530 nm
of the sample was assessed. Total lipid was quantified against
the standard curve generated from canola oil.

Nile red staining

Microalgae were stained using Nile red (10 pug ml™' in
DMSO) and Calcofluor (1%) for 30 min in the dark at
25°C. The samples were then fixed in 4% paraformalde-
hyde before washing twice with PBS solution and ana-
lyzed using Nikon C2 Si confocal microscopy (543 nm
excitation, 525—-605 nm emission).

Statistical analysis

The statistical tests used for analyzing the data varied
based on the distribution of each data set.
Kruskal-Wallis test was conducted to assess the differ-
ence in the transformation efficiency of different Agro-
bacterium strains and the levels of fluorescence signals
among populations of microalgal strains. For datasets
with a normal distribution, one-way analysis of variance
(ANOVA) using an alpha of 0.05 and a multiple range
test using Tukey’s method was conducted.
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ABSTRACT

Background. Asian Palmyra palm, the source of palm-sugar, is dioecious with a
long juvenile period requiring at least 12 years to reach its maturity. To date, there
is no reliable molecular marker for identifying sexes before the first bloom, limiting
crop designs and utilization. We aimed to identify sex-linked markers for this palm
using PCR-based DNA fingerprinting, suppression subtractive hybridization (SSH)
and transcriptome sequencing.

Methods. DNA fingerprints were generated between males and females based on
RAPD, AFLP, SCoT, modified SCoT, ILP, and SSR techniques. Large-scale cloning and
screening of SSH libraries and de novo transcriptome sequencing of male and female
cDNA from inflorescences were performed to identify sex-specific genes for developing
sex-linked markers.

Results. Through extensive screening and re-testing of the DNA fingerprints (up to
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1,204 primer pairs) and transcripts from SSH (>10,000 clones) and transcriptome
data, however, no sex-linked marker was identified. Although de novo transcriptome
sequencing of male and female inflorescences provided ~32 million reads and 187,083
assembled transcripts, PCR analysis of selected sex-highly represented transcripts did
not yield any sex-linked marker. This result may suggest the complexity and small sex-
determining region of the Asian Palmyra palm. To this end, we provide the first global
transcripts of male and female inflorescences of Asian Palmyra palm. Interestingly,
sequence annotation revealed a large proportion of transcripts related to sucrose
metabolism, which corresponds to the sucrose-rich sap produced in the inflorescences,
and these transcripts will be useful for further understanding of sucrose production in
sugar crop plants. Provided lists of sex-specific and differential-expressed transcripts
would be beneficial to the further study of sexual development and sex-linked markers
in palms and related species.
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INTRODUCTION

Asian Palmyra palm (Borassus flabellifer L, 2n = 36) is a dioecious and slow-growing
perennial tree, requiring 12—15 years to reach its maturity and produce the first inflorescence
(Kovoor, 1983). Once flowered, it vigorously and continuously produces flowers and fruits
through its lifespan. This palm is found widespread in South and Southeast Asia and
provides essential food and economic values throughout its parts including inflorescence
sap for producing palm sugar and alcoholic beverages, fruits for consumption and the tree
trunk for construction (Morton, 1988; Lim, 2012). Both sexes are morphologically identical
except for the male and female inflorescences, and there are no reliable means of sex
identification before the first bloom. Because of the long juvenile period and a preference
for female plants for fruit production, growers hesitate to expand the plantation, and this
limits the utilization of this palm. Being able to identify the sexes of Asian Palmyra palm
at seedling stages will provide better designs for the crop production through optimal
male and female ratios, breeding programs, conservation and utilization (Davis & Johnson,
1987; Barfod et al., 2015; Sirajuddin et al., 2016). Molecular markers for sex identification
in Asian Palmyra palm is needed.

Asian Palmyra palm belongs to family Arecaceae, which includes many palm species
that are among the world commercially important crops, including oil palm (Elaeis
oleifera), coconut (Cocos nucifera) and date palm (Phoenix dactylifera) (Beck ¢~ Balick, 1990;
Dransfield et al., 2005). Historically, it was placed among these valued crops as for producing
palm sugar, alcohol products and its nutritious fruits dating back at least 2,500 years (Fox,
1977, Ferguson, 1888), before sugarcane gradually replaced its status. Historical and genetic
studies suggest that Asian Palmyra palm was originated from tropical Africa, brought
along the spice route to the east and settled in the Indian subcontinent, where it is widely
propagated throughout India and Sri Lanka, before introduced to Southeast Asia more than
1,500 years ago (Pipatchartlearnwong et al., 2017a). Given its extended benefits since the
historical time and because of its vigorous growth and continuous supply of inflorescence
sap and fruits with the ability to withstand severe climate, arid conditions, pests and
diseases, Asian Palmyra palm should be recognized as a potential recalcitrant food crop to
the climate change for the tropical and subtropical regions.

Molecular data of Asian Palmyra palm are currently limited. The genome sequence is
not available, and only its chloroplast genome was recently reported (Sakulsathaporn et
al., 2017). A few sex-linked markers have been developed based on DNA fingerprinting,
but only one RAPD-based marker was shown to be able to identify the sexes among the
populations in India (George ef al., 2007). However, our preliminary experiment showed
that this marker was unable to identify the sexes in the population in Thailand. Previously,
we showed that Asian Palmyra palm populations in Thailand are descended from a small
number of seedlings brought in at least 1,500 years ago and represent a very narrow genetic
diversity (Pipatchartlearnwong et al., 2017a; Pipatchartlearnwong et al., 2017b).

In this work, we aimed to develop sex-linked markers of Asian Palmyra palm
through three approaches: DNA fingerprinting, direct cloning of subtraction subtractive
hybridization (SSH) of ¢cDNA from male and female inflorescences and de novo
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transcriptome sequencing of male and female inflorescences. Extensive sets of PCR
primers belonging to different DNA fingerprinting techniques including RAPD, AFLP,
SCoT, ILP, TEs, EST-SSR and gSSR and those that specific to transcripts identified
from SSH and transcriptome analysis were exhaustively tested to identify sex-linked
markers. Although none of the sex-linked markers was obtained from this study, we
have narrowed the path towards the sex identification of Asian Palmyra palm. Because
identifying sex-linked markers for this species appeared to be extremely difficult as opposed
to works in other dioecious plants (Heikrujam et al., 2015), we discussed the nature of this
work in conjunction with others successfully identified markers with future directions.
Furthermore, this work provided the first de novo transcriptome sequencing of Asian
Palmyra palm. Lists of candidate transcripts that are specific to sexes and developmental
stages of male and female inflorescences are presented, and these will be useful for further
study on sex determination, sexual development and floral development of Asian Palmyra
palm.

MATERIALS & METHODS

Plant materials

For DNA isolation, young leaves were collected from mature palm plants with known
sexes from various locations in three regions of Thailand: the southern region (Song-Khla
and Surat-Thani provinces), the central region (Phachinburi, Phetchaburi, Pathum-
Thani, Nakon-Pathom, Kanchanaburi, Nakhon-Sawan and Chainat provinces) and the
northeastern region (Nakhon-Ratchasima, Burirum, Ubon-Ratchathani, Kalasin and
Amnat-Charoen provinces). For RNA isolation, male and female inflorescences were
collected from the southern region (Song Khla province) and the central region (Nakon-
Pathom province).

Nucleic acid isolation

Total DNA was isolated from young leaves using a modified method based on the
CTAB method as described previously in Pipatchartlearnwong et al. (2017a) and
Pipatchartlearnwong et al. (2017b). Total RNA was isolated from young inflorescences
(see Fig. 1) using the modified CTAB method. Briefly, the sample was pulverized into fine
powder in liquid N, by using a mortar and pestle and mixed with CTAB extraction buffer
[2% (w/v) CTAB, 100 mM Tris-HCI pH.8, 20 mM EDTA and 1.4 M NaCl, 2% (w/v)
polyvinylpyrrolidone-90 and 2% (v/v) 3-mercaptoethanol]. RNA was then precipitated
using 1/3 volume of 10 M LiCl at —20 °C for overnight and then centrifuged at 11,750 x gat
4 °C for 30 min. Total RNA was treated with DNase I (New England BioLabs®Inc., Ipswich,
MA, USA) at 37 °C for 30 min followed by phenol: chloroform extraction and ethanol
precipitation. RNA quality and quantity were analyzed by agarose gel electrophoresis and
NanoDrop (Thermo Scientific, Waltham, MA, USA).

DNA fingerprinting
The RAPD-based OPA-06 marker was conducted according to George et al. (2007) using
total DNA from 20 male and 20 female samples. AFLP analysis was performed using 26
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Figure 1 Asian Palmyra palm samples from male and female plants. (A) A mature male plant with

a fully developed male inflorescence and (B) a mature female plant with a female inflorescence bearing
fruits. (C) and (D) Representatives of developing male inflorescences from young to mature stages. (E)
Representatives of developing female inflorescences, and (F) buds extracted from female inflorescences.
(G-J) Representative female and male inflorescence samples used for the SSH experiment (G and H, re-
spectively) and de novo transcriptome sequencing analysis (I and J, respectively). Scale bars are indicated

within.
Full-size &l DOI: 10.7717/peer;j.7268/fig-1
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male and 46 female samples by, firstly, restriction digestion of 250 ng total DNA using
EcoRI and Msel (Thermo Fisher Scientific, USA) and adaptor ligation. And, secondly,
pre-selective amplification was performed in a 25 pl reaction volume containing 2 pl of
the digested DNA, 5 mM dNTPs, 40 mM MgCl2, 5 pM of each Msel adaptor+C and EcoRI
adaptor+A primers and 1 unit of Taq DNA polymerase (Vivantis, Malaysia) using the
conditions as follows: 20 cycles of 94 °C for 30 s, 56 °C for 1 min and 72 °C for 1 min,
with a final extension step at 72 °C of 5 min. The reaction was diluted 20-fold using dH,O
before being used in a selective amplification reaction: 25 pl total volume containing 5 pl
of the diluted DNA, 4 mM dNTPs, 40 mM MgCl2, 5 pM Msel+3 and 5 pM of EcoRI+3
primers (Table S1) and 1 unit of Tag DNA polymerase using a touch-down condition (12
cycles of 94 °C for 30 s, 65 °C (—0.7 °C/cycle) for 30 s and 72 °C for 1 min, followed by 23
cycles using the annealing temperature at 56 °C). SCoT was performed using cDNA from
four male and four female samples. SCoT primers were based on Collard ¢ Mackill (2009)
(Table S2). The PCR reaction was performed in a 20 ul volume, which included 50 ng of
DNA, 4.8 mM dNTPs, 30 mM MgCl2, 20 pM SCoT primer and 1 unit of Tag polymerase
(Vivantis, Malaysia) using 35 cycles of 94 °C for 1 min, 50 °C for 1 min and 72 °C for 2 min,
with a final extension for 5 min. The modified SCoT method was performed by mixing
SCoT primers with primers from polyA, EST-SSRs of oil palm and transposon element
(TE) markers (Tables S3 and S4) (Bureau ¢ Wessler, 1994; Takata, Kishima ¢ Sano, 2005).
ILP marker based on Ukoskit ¢~ U-thoomporn (2016) (Table S5) was performed using total
DNA from three male and three female samples. Each PCR reaction were performed in a 20
pl volume containing 20 ng of DNA, 4 mM dNTPs, 75 mM MgCl2, 3.5 pM for each primer
and 0.5 unit of Taq polymerase (Vivantis, Selangor, Malaysia) using 35 cycles of 94 °C for
30 s, 56 °C for 1.30 min and 72 °C for 30 s, with a final extension for 5 min. EST-SSR and
¢SSR microsatellite markers (Table S6 and S7, based on Arabnezhad et al., 2012; Billotte et
al., 2004; Elmeer et al., 2011; Pipatchartlearnwong et al., 2017a; Pipatchartlearnwong et al.,
2017b) were performed using total DNA from four males and four female samples using
the same PCR condition as above. PCR products for RAPD, SCoT and ILP were resolved
in 2% (w/v) agarose gel electrophoresis and visualized under ultraviolet (UV) light after
staining with ethidium bromide. Those for AFLP, SCoT+EST-SSR, SCoT+TEs, EST-SSR
and gSSR were resolved in 6% (w/v) polyacrylamide gel electrophoresis and visualized by
silver staining.

Suppression subtractive hybridization (SSH)

Total RNA from one male and one female inflorescence samples from Song Khla province
were used in the study (Figs. 1G—1H). The first-strand and double strand cDNA was
synthesized from 1 pg of total RNA samples using the SMART cDNA Library Construction
Kit (Clontech Laboratories Inc., Palo Alto, CA, USA) following to the manufacturer
protocol. Double-strand cDNA of male and female was labeled with biotin-16 dUTP using
nick translation: 100 l total volume containing 400 ng of double-strand cDNA, 3.96 mM
of dGTP, dATP and dCTP, 1.6 mM of dTTP, 2.4 ul of biotin-16 dUTP (Sigma-Aldrich),
48 pM of 5'PCR PrimerII A (5'-AGCAGTGGTATACAACGCAGAGT-3'), 10x Tagq buffer,
and 5 unit of Taq polymerase (Vivantis, Selangor, Malaysia) using 40 cycles of 94 °C for
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15 s, 65 °C for 30 s, and 68 °C for 6 min. The biotin-16 dUTP labeled cDNA was checked
for its detection signal using dot blot hybridization at least at 10~* dilution. First-strand
cDNA of male and female cDNA was subtracted using labeled double-strand cDNA of
its opposite sex at ratio 1:3 following a method from Rebrikov et al. (2004). Subtracted
samples were purified by ethanol precipitation, and double-strand cDNA was synthesized
by PCR reaction containing 2 pl of subtracted cDNA, 48 pM of 5" PCR PrimerII A, 10 mM
dNTPs, 5x NEB polymerase buffer and 5 unit of Q5® High-Fidelity DNA polymerase (New
England Biolabs) through 21 cycles of 94 °C for 15 s, 65 °C for 30s and 68 °C for 6 min.
Subtracted double-strand cDNA was purified and ligated into pGEM-Teasy (Promega).
Clones were selected by blue-white colony section and screened using colony PCR for > 500
bp inserted fragment, before re-selection using dot blot hybridization I and II using probes
from opposite sexes. Selected clones were sequenced and analyzed against GenBank using
BLAST.

Transcriptome analysis

Transcriptome sequencing was performed by Macrogen Inc. (Republic of Korea) using
10 pg of total RNA. Total RNA was obtained from two male (MY and MO) and two
female (FY and FO) inflorescence samples from Nakon-Pathom province (Figs. 11-1]).
Briefly, cDNA libraries were constructed using the TruSeq™ RNA sample preparation
kit (Illumina, USA) and sequenced on a HiSeq 2000 (Illumina, USA) with paired-

end 100 bp read lengths. Initial raw reads were trimmed and filtered with FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and Trimmomatic version
0.32 (http://www.usadellab.org/cms/?page=trimmomatic) software to eliminated low-
quality reads (quality score lower than 20) and remove adapters. Reads were considered
as high quality if more than 70% of the bases had Phred values more than Q20. Reads
produced from this study were assembled by Trinity software (version r20140717) using
default parameters (Grabherr et al., 2011). For similarity search, the assembled transcripts
were blasted against the NCBI non-redundant protein sequence database and TAIR
database using Blast2GO with the e-value cutoff <10-10. RSEM version 1.2.15 software was
used to estimate transcript abundance (Li ¢ Dewey, 2011). The assembled sequences were
analyzed for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG:
Kanehisa ¢ Goto, 2000) using Blast2GO. For differential gene expression analysis, Fastq
files were aligned to the assembled transcriptome using TopHat2 alignment program (Kim
et al., 2013). Transcriptome annotation file (GFF) was built using the Cufflinks program
(Trapnell et al., 2010) by performing a combined assembly of four transcriptome datasets
(FY, FO, MY, and MO). Transcript candidates for male and female were chosen using
parameters as follows; male-highly represented transcripts [FPKM > 10 and > 0.5 for MY
or MO and FPKM = 0 for both FY and FO] and [FPKM > 5 for both MY and MO and
FPKM = 0 for both FY and FO] with length > 300 bp, and female-highly represented
transcripts [FPKM > 10 and > 0.5 for FY or FO and FPKM = 0 for both MY and MO] and
[FPKM > 5 for both FY and FO and FPKM = 0 for both MY and MO] with length > 300 bp.
To identify shared transcripts among the four datasets, transcripts from each dataset with
FPKM > 5 and length > 300 bp were analyzed using Venny version 2.1.0. Identified male
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Table 1 Total markers tested for DNA fingerprints between male and female plants. Numbers of male and female samples used for each marker
are indicated in brackets as M and F, respectively.

Marker Total tested Amplifiable Polymorphic Sex polymorphic Sex-linked
markers marker (loci) loci marker
RAPD 1 1 (F23:M20) 0 0 -
AFLP 36 36 (F46:M26) 13 (141 loci) 0 -
SCoTs 36 36 (F4:M4) 3 0 -
SCoTs/A 36 36 (F4:M4) 3 0 -
SCoTs (36)/EST-SSRs (3) 108 64 (F4:M4) 7 (7 loci) 2 (F8:M8) -
SCoTs (36)/TEs (11) 396 163 (F4:M4) 21 (48 loci) 48 (F4:M4) -
Oil palm ILPs 41 36 (F3:M3) 0 0 -
Date palm gSSRs (high PIC values) 5 2 (F4:M4) 0 0 -
Oil palm EST-SSRs 289 150 (F20:M20) 11 (17 loci) 0 -
Oil palm gSSRs 256 168 (F20:M20) 8 (12 loci) 0 -
Total 1,204 583 66 (231) 50 -

and female specific transcripts were subjected to GO enrichment analysis using Fisher’s
Exact Test with FDR cutoff = 0.01. Differentially expressed genes (DEGs) among the four
transcript datasets were analyzed by Cuffdiff with FDR cutoff <0.05.

RESULTS

Extensive DNA fingerprinting analysis failed to identify any sex-linked
marker for Asian Palmyra palm in Thailand

Previously, George et al. (2007) had developed a RAPD based male-specific marker (OPA-
06600 ) for the Asian Palmyra palm population in India. Initially, we tested this marker for sex
identification in our population in Thailand using up to 20 male and 24 female individuals,
but this marker was unable to confirm the sexes (Fig. S1). To identify sex-linked markers
for Asian Palmyra palm in Thailand, we generated male and female DNA fingerprints using
ten different DNA fingerprinting techniques as presented in Table 1. Although a number
of potential sex-linked bands were obtained from SCoTs/EST-SSRs and SCoTs/TEs, after
sequencing and re-testing these bands using specific primers, no sex-linked marker was
obtained. Despite such extensive screening of DNA markers up to 1,204 primer pairs by
the ten techniques, we did not obtain any sex-linked marker. This experiment showed that
the DNA fingerprinting covered here is inadequate for identifying a sex-linked marker for
Asian Palmyra palm. It also suggests that sex determination region in this species could
be of small and very difficult to identify. Further attempts for this scheme in the Asian
Palmyra palm should be aware of this limitation. Other means of sex identification for
Asian Palmyra palm should be explored.

Identification of sex-related transcripts by SSH analysis using male
and female inflorescence flowers

To identify genes related to sexes, we performed SSH using total RNA isolated from male
and female inflorescences of Asian Palmyra palm. Because the floral development of this
species is not well defined, we collected young inflorescence stems from male and female

Pipatchartlearnwong et al. (2019), PeerJ, DOI 10.7717/peerj.7268

7125


https://peerj.com
http://dx.doi.org/10.7717/peerj.7268#supp-1
http://dx.doi.org/10.7717/peerj.7268

Peer

Table 2 Clone selection of SSH between male and female.

Library Female Male
Direct cloning by blue-white colony selection 9,820 2,574
Fragment size > 500 bp by PCR screening 4,097 1,288
Dot blot hybridization I 498 112
Dot blot hybridization II 63 81
BlastX 29 60

plants as soon as they emerged from the dense leaf sheets and isolated young floral tissues
for RNA isolation. Female flower buds (~2 cm in diameter) were removed from the
inflorescence (Fig. 1G), while the male inflorescences (~9 c¢m in length) were used as a
whole (Fig. 1H). Direct cloning of subtracted-cDNA yielded 2,574 and 9,820 clones for male
and female, respectively, and, after colony-PCR screening for > 500 bp inserted-fragments,
we obtained 1,288 and 4,097 clones for male and female libraries, respectively (Table 2).
These selected clones were re-tested against their opposite sex using two rounds of dot
blot hybridization (I and II), resulting in 81 and 63 clones for male- and female-specific
libraries, respectively. These clones were subsequently sequenced and searched in GenBank
using BLASTX, and 60 male and 29 female clones were found matching to non-redundant
genes in the plant database (Table S8). These sequences have been deposited in GenBank
(J2977504-]7977592) as ESTs for male or female inflorescence flowers of Asian Palmyra
palm.

Among the total 99 identified clones, 91 and 98 clones share high similarities to sequences
in the nuclear genome of date palm and oil palm, respectively. As oil palm has both male
and female genome sequences available, we observed that all 99 sequences identified in
Asian Palmyra palm are present in both male and female genomes of oil palm, suggesting
that these sequences could not be used as sex-specific markers. Nonetheless, we tested 19
selected sequences on gDNA from male and female plants by PCR using specific primers
(Table S9), and these failed to identify the sexes. Although this experiment was unable to
provide a sex-linked marker, the list of expressed genes during male- and female-floral
development of Asian Palmyra palm could be of use for future study.

De novo transcriptome sequencing of male and female inflorescences
To further identify sex-related genes for sex identification, we performed de novo
transcriptome sequencing using RNA from male and female inflorescences. Four cDNA
libraries were constructed from two floral stages of male and female (FY-female young
inflorescences, FO-female old inflorescences, MY-male young inflorescences and MO-
male old inflorescences; Figs. 11-1]), which were in earlier stages than those used in
the SSH experiment. From Illumina HiSeq2000 sequencing, we obtained 47,194,682-
90,305,610 reads for each sample with an average length of 98 bp, after trimming the
adapter sequences and removing low-quality nucleotides (<Q20) and short sequences
(<25 nt) (Fig. 2). Sequence assembly using Trinity yielded 187,083 transcripts with 705
bp average length. Most of the assembled transcripts were between 200 and 300 bp in
length, and up to 70,785 transcripts were > 500 bp in length (Fig. 2B). The transcripts were
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annotated by using BLASTX searches against the NCBI non-redundant protein database,

and 77,578 transcripts (41.47% of initial transcripts) were identified as unique sequences
with significant similarities (E <le—10) to known protein sequences from 5,331 different
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species. The average alignment length (%) matched was 81.3% with the highest positive
matched per alignment length being 90%, and the average percent identity was 81.24%.
Most of these sequences were identified as similar sequences to those found in date palm
(53%) and oil palm (37%) (Fig. 2C). The Transcriptome Shotgun Assembly are deposited
at DDBJ/ENA/GenBank under the accession GFYQ00000000.

GO classification and pathway assignment by KEGG

Gene ontology (GO) terms of the 77,578 annotated transcripts were assigned using
Blast2GO program in three categories: biological process, cellular component and
molecular function. The transcripts were assigned into 66 functional groups, and top
GO terms with more than 1% assigned transcripts in each category are presented in
Fig. 52. Binding and catalytic activity were dominant in the molecular function category,
while the integral component of the membrane and nucleus dominated the cellular
component category. For the biological process, oxidation-reduction process and protein
phosphorylation were the most represented groups. Subsequently, function classification
and pathway assignments based on Kyoto Encyclopedia of Genes and Genomes (KEGG)
showed that, among the 77,578 annotated transcripts, 16,635 were annotated with enzyme
code EC numbers and mapped into 139 KEGG pathways. Pathways with more than 1%
matched transcripts are presented in Fig. S3. Purine (map00230) and Thymine (map00730)
metabolisms were the most matched pathways with 4,913 transcripts (18.89%) and
2,581 transcripts (9.92%), followed by Biosynthesis of antibiotics (map01130) with 1,582
transcripts (6.08%). Interestingly, starch and sucrose metabolism (map00500) presented at
the fourth rank with 1,187 transcripts (4.56%). Transcripts mapped into this pathway were
mostly related to sugar metabolism for fructose and sucrose production, but less supported
to starch biosynthesis (Fig. 3 and Table 3; see the transcript IDs in Table S10). Other
related sugar metabolic pathways were also found among the list of top pathways including
1.54% of glycolysis/gluconeogenesis (map00010), 1.25% of pentose and glucuronate
interconversions (map00040), 1.19% of Galactose metabolism (map00052), 1.10% of
fructose and mannose metabolism (map00051), 0.87% of pentose phosphate pathway
(map00030) and 0.85% of inositol phosphate metabolism (map00562). This observation
coincides with the facts that both male and female inflorescences of Asian Palmyra palm
produce sweet sap, which has been used for making palm sugar for centuries.

Differential expression of genes between male and female
inflorescences

Among the initial 187,083 transcripts, we observed a number of transcripts that were highly
represented in either male or female datasets, but none in their opposite sex (FPKM = 0); 33
and 11 transcripts were identified from female and male datasets, respectively (length > 300
bp, FPKM > 5 for both FY and FO or MY and MO, and FPKM > 10 and > 0.5 for FY or
FO and MY or MO) (Table S11). Although annotations of these transcripts did not show
any evidence related to genes for male- or female-specific development, we observed four
cell wall-related transcripts in the female datasets, and this may reflect that the developing
female flower undergoes rapid and extensive organ enlargement, whereas the male flower
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is limited to a small size. Because the genome sequence of Asian Palmyra palm is currently
unavailable, we thus tested whether these transcripts could be used for sex identification
by PCR using male and female gDNA and primers specific to these 44 transcript sequences
(Table S12). However, these primers gave similar band patterns between male and female
gDNA (Fig. 54), indicating that these primers cannot be used for identifying the sexes.

By comparing the transcripts among the four datasets (length >300 bp and FPKM > 5),
we found that 17,231 transcripts were shared among all datasets, and 4,514 (14.4%)
and 3,312 (10.5%) transcripts were identified as male- and female-specific transcripts,
respectively (Fig. 4 and Table S13). These transcripts were further classified into specific
MY (2,192 transcripts), MO (1,405 transcripts), FY (1,355 transcripts) and FO (1,165
transcripts) to identify transcripts that may relate to male or female floral development
stages. Subsequently, we analyzed enriched GO terms for the male- and female-specific
datasets (length > 300 bp and FPKM > 5), and top enriched GO terms (FDR <1E—02) are
presented in Table 4 (see Table 514 for transcript IDs). All GO terms observed here were
over-represented compared to the reference sets. Interestingly, carbohydrate metabolism
and cell wall-related processes were much apparent in the female-specific transcripts,
while various catabolic processes for biological compounds dominated the male-specific
transcripts.

In light of this transcriptome analysis, we cross-referenced the 60 male and 29 female-
specific clones from the SSH experiment to the transcript abundance data. Noting that
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Table 3 The list of enzymes in starch and sucrose metabolism (KEGG map00500) identified in male
and female transcripts from inflorescences of Asian Palmyra palm.

Enzyme EC number Number of transcripts
decarboxylase EC:4.1.1.35 11
phosphodismutase EC:2.7.1.41 1
endo-1,4-beta-D-glucanase EC:3.2.1.4 56
saccharogen amylase EC:3.2.1.2 42
glycogenase EC:3.2.1.1 20
1,4-alpha-galacturonidase EC:3.2.1.67
isomerase EC:5.3.1.9
alpha-glucosidase EC:3.2.1.48 42
1,3-beta-glucosidase EC:3.2.1.58 6
adenylyltransferase EC:2.7.7.27 15
maltase EC:3.2.1.20 2
gentiobiase EC:3.2.1.21 106
synthase EC:2.4.1.34 39
trehalase EC:3.2.1.28 5
invertase EC:3.2.1.26 45
beta-glucuronide glucuronohydrolase glucuronidase EC:3.2.1.31 6
endo-1,3-beta-D-glucosidase EC:3.2.1.39 30
4-alpha-galacturonosyltransferase EC:2.4.1.43 59
1,4-beta-xylosidase EC:3.2.1.37 29
phosphorylase EC:2.4.1.1 28
branching enzyme EC:2.4.1.18 7
1-naphthol glucuronyltransferase EC:2.4.1.17 33
synthase (UDP-forming) EC:2.4.1.15 29
synthase EC:2.4.1.14 18
synthase EC:2.4.1.13 44
synthase (UDP-forming) EC:2.4.1.12 98
synthase EC:2.4.1.11 24
disproportionating enzyme EC:2.4.1.25 8
synthase (glycosyl-transferring) EC:2.4.1.21 13
pectin depolymerase EC:3.2.1.15 75
diphosphatase EC:3.6.1.9 9
glucokinase (phosphorylating) EC:2.7.1.2 14
hexokinase type IV glucokinase EC:2.7.1.1 44
fructokinase (phosphorylating) EC:2.7.1.4 35
trehalose 6-phosphatase EC:3.1.3.12 58
4-epimerase EC:5.1.3.6 4
diphosphatase EC:3.6.1.21
phosphatase EC:3.1.3.24
uridylyltransferase EC:2.7.7.9
pectin demethoxylase EC:3.1.1.11 69
synthase EC:2.4.2.24
(alpha-D-glucose-1,6-bisphosphate-dependent) EC:5.4.2.2
beta-pgm (gene name) EC:5.4.2.6 3
6-dehydrogenase EC:1.1.1.22 14
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Figure 4 A Venn diagram of four transcript datasets. Numbers and percentages of transcripts are indi-
cated.
Full-size & DOL: 10.7717/peerj.7268/fig-4

RNA samples used in the SSH experiment were obtained from an older inflorescence stage
than those used for transcriptome analysis. The transcript IDs were readily identified with
more than 90% identical matches and > 300 transcript length (Table S15). However, we
found that, based on FPKM values, the sex-specific clones were indeed uncorrelated to
almost all of the transcript data, and only F152 (predicted proline-rich protein 4-like)
clone could be identified for their expression towards the female. Though, this clone has
no direct relationship to sex development based on the annotation.

To further verify sex-related genes, we analyzed differentially expressed genes among
the four datasets by using Cuffdiff with FDR <0.05 cutoff. Initially, 816 transcripts were
identified, but only 43 transcripts displayed differential expression between sexes with
transcript length > 300 bp, FPKM > 5, GO terms and significant g value (<0.05) (Table 5).
Among these 43 transcripts, seven transcripts were annotated with genes previously
identified to be involved in sex determination and flower development: two and five
transcripts for female and male datasets, respectively. Furthermore, we observed six and
one transcripts encoding transcription factors that were highly expressed in female and
male datasets, respectively. Although being identified for differential expression between
the sexes, c1819_gl_il and c142400_gl_il transcripts encoding ethylene-responsive
transcription factors were highly expressed throughout the four datasets, and these genes
may be required for the floral development. The list of gene candidates indicated here
could be used for a further study on sex determination and floral development in Asian
Palmyra palm and other related palm species.
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Table 4 Enriched GO terms of male- and female-specific transcripts (FDR <1E—02).

Enriched female Enriched male

Go term Cat FDR Go term Cat FDR

carbohydrate metabolic process P 4.98E—05 L-allo-threonine aldolase activity F 1.12E—09

[GO:0005975] [GO:0008732]

phosphoribulokinase activity F 4.98E—05 threonine aldolase activity F 1.12E—09

[GO:0008974] [GO:0043876]

cell wall organization or biogenesis P 4.98E—05 aspartate family amino acid catabolic P 1.34E—08

[GO:0071554] process [GO:0009068]

plant-type cell wall organization or P 1.09E—03 threonine catabolic process P 1.34E—08

biogenesis [GO:0071669] [GO:0006567]

fucose metabolic process P 1.09E—03 glycine biosynthetic process P 3.60E—08

[GO:0006004] [GO:0006545]

cell wall biogenesis [GO:0042546] P 1.92E—03 isovaleryl-CoA dehydrogenase activity F 9.54E—06
[GO:0008470]

plant-type secondary cell wall biogen- P 2.50E—03 threonine metabolic process P 1.20E—05

esis [GO:0009834] [GO:0018927]

plant-type cell wall biogenesis P 2.50E—03 simple leaf morphogenesis P 8.86E—05

[GO:0009832] [GO:0060776]

cellular carbohydrate biosynthetic P 2.50E—03 branched-chain amino acid catabolic P 1.65E—04

process [GO:0034637] process [GO:0009083]

carbohydrate biosynthetic process P 2.50E—03 leucine catabolic process P 1.34E—03

[GO:0016051] [GO:0006552]

pyrimidine nucleoside salvage P 3.12E—03 AMP biosynthetic process P 1.41E—-03

[GO:0043097] [GO:0006167]

O-acetyltransferase activity F 3.43E—03 AMP metabolic process [GO:0046033] P 1.41E-03

[GO:0004026]

Membrane [GO:0016020] C 4.19E—03 methylated histone binding F 1.41E—03
[GO:0035064]

uridine kinase activity [GO:0004849] F 4.50E—03 adenylosuccinate synthase activity F 1.41E—03
[GO:0004019]

nucleoside salvage [GO:0043174] P 4.50E—03 PeBoW complex [GO:0070545] C 1.41E—03

plant-type cell wall organization P 5.70E—03 cellular amino acid catabolic process P 1.41E—-03

[GO:0009664] [GO:0009063]

single-organism carbohydrate P 5.83E—03 phosphoacetylglucosamine mutase ac- F 1.74E—03

metabolic process [GO:0005975] tivity [GO:0004610]

Endosome [GO:0005768] C 6.68E—03 de novo’ AMP biosynthetic process P 2.33E—03
[GO:0044208]

cell wall organization [GO:0071555] P 8.97E—03 leucine metabolic process P 3.20E—03
[GO:006551]
geranylgeranyl-diphosphate F 3.26E—03
geranylgeranyltransferase activity
[GO:0016767]
ELL-EAF complex [GO:0032783] C 6.81E—03
regulation of rRNA processing P 9.23E—03
[GO:2000232]

Notes.
P, Process; F, Function; C, Cellular.
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DISCUSSION

Previously, there were only two reports that attempted to develop sex identification markers
in Asian Palmyra palm. George et al. (2007) presented a male-specific OPA-0649 marker
after screening 180 RAPD primers using ten male and ten female samples from several
populations in India and later used this marker to verify the sexes of more than 100
seedlings (George & Karun, 2011). Vinayagam et al. (2009) reported another attempt, but
could not identify any sex-linked marker after screening up to 130 ISSR markers (with
65 polymorphic bands) based on 20 accessions from another population in India. In this
work, we have also tested the OPA-0640p marker in Thailand populations, which were
collected from the central, northeastern and southern regions, but this marker failed to
confirm the sexes in our experiment. The limitation of sex-linked markers across varieties
and populations is common (Heikrujam et al., 2015), and it is most likely due to sequence
variation at loci used for developing the markers. Thus, it is required that sex-linked
markers for populations in Thailand have to be specifically developed.

The success of identifying molecular markers via DNA fingerprinting may lie upon the
genome size and the number of screening PCR primers, and this has been reflected in many
reports for developing sex-linked markers (see Heikrujam et al., 2015 for an extensive review
on the numbers of primers used in different dioecious plants). Surprisingly, date palm,
which is closely related to Asian Palmyra palm (Barrett et al., 2016; Sakulsathaporn et al.,
2017), readily yielded sex-linked markers when tested with only small numbers of screening
primers. For example, Younis, Ismail ¢ Soliman (2008) obtained one male-specific and two
female-specific markers after screening 30 RAPD primers and five male-specific markers
after screening 20 ISSR primers, Elimeer ¢~ Mattat (2012) identified 22 microsatellite loci
for sex-determination in some date palm cultivars after screening 14 SSR primer pairs,
and Dhawan et al. (2013) identified a male-specific marker after screening 100 RAPD
primers. Because the genome size of Asian Palmyra palm has not yet been reported, it is
difficult to estimate the number of screening primers to cover the genome for effective
screening. Considering that our experiment used an extensive set of 1,204 primer pairs
among ten techniques and there was only a single sex-linked marker identified in the
previous attempts using up to 180 RAPD and 130 SSR primers (Vinayagam et al., 2009;
George & Karun, 2011), this demonstrated a complexity in identifying sex-linked loci in
Asian Palmyra palm.

Sex identification of date palm was subjected to a debate as newly developed sex-linked
markers via DNA fingerprinting often failed when tested in other varieties or populations
(Rania & Younis, 2008; Al-Mahmoud et al., 2012; Elmeer ¢ Mattat, 2012; Dhawan et al.,
2013; Maryam et al., 2016). Indeed, varieties of date palm germplasm and geographical
populations were included as much when developing those markers, but the power of
sex identification was limited by the variation of DNA sequences at the sex loci and, at
that time, an unclear sex determination system in date palm. This problem has recently
been solved by the availability of date palm genomes (Al-Dous et al., 2011), verification
of sex determination loci (Cherif et al., 2013) and construction of genetic map (Mathew
et al., 2014), validating that date palm has a homomorphic XY chromosome system.
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Table 5 Transcripts differentially expressed between sexes.

Transcript IDs Tested samples FPKM S1 FPKMS2 Fold change q value Blast2GO annotation
(log2)
S1 S2

c129593_gl_il* FO MO 7.700 63.365 3.041 0.0241 auxin-induced 15A-like (Cao
et al., 2006)

c42126_gl_il* FO MO 25.601 163.217 2.673 0.0471 glucan endo-1,3-beta-
glucosidase 13 (Nagai et al.,
1999)

c1819_gl_i1*"* FO MY 1738.540 99.632 —4.125 0.0383 ethylene-responsive transcrip-
tion factor 4-like (Liu et al., 2008;
Tao et al., 2018)

c142400_g1_i1*" FO MY 949.073 68.455 —3.793 0.0087 ethylene-responsive transcrip-
tion factor ERF017-like (Liu
et al., 2008; Tao et al., 2018)

c128418_gl_il* FY MO 6.541 146.348 4.484 0.0151 floricaula leafy homolog
(Bldzquez et al., 1997)

c119992_gl_il* FO MO 4.834 59.838 3.630 0.0383 galactinol synthase 1-like (Fan
etal., 2017)

c138805_gl_i2* FO MY 4.267 34.496 3.015 0.0491 argonaute 10 (Nonomura et al.,
2007)

c211381_gl _il FY MO 69.478 575.104 3.049 0.0241 anti-muellerian hormone type-2
receptor [Arabidopsis thaliana)

c140985_g1 il FY MY 130.511 20.195 —2.692 0.0409 ASPARTIC PROTEASE IN
GUARD CELL 2-like

c195337_gl il FY MO 44.752 547.920 3.614 0.0151 CASP 2C1

c127228_gl_il FY MO 71.119 6.415 —3.471 0.0328 cellulose synthase A catalytic
subunit 4 [UDP-forming]

c131838_gl _il FY MY 20.253 2.104 —3.267 0.0289 cellulose synthase A catalytic
subunit 9 [UDP-forming]-like

c145948 g1 il FY MO 26.670 177.451 2.734 0.0448 F-box GID2-like

c124632_gl_i2 FY MO 3.413 43.070 3.658 0.0383 high mobility group B 7
[Nelumbo nucifera |

c125833_gl_i2 FO MY 181.228 30.473 —2.572 0.0460 ingression ficl-like

c104934_gl _il FY MY 5.703 70.065 3.619 0.0442 long-chain-alcohol oxidase
FAO4A

c138788_gl il FY MY 483.513 19.217 —4.653 0.0133 NDRI1 HIN1-Like 3-like

c106063_gl_il FO MY 458.018 47.014 —3.284 0.0198 nuclease HARBI1

c181538_gl il FO MY 431.202 34.566 —3.641 0.0087 nuclease HARBI1

c134717_g2_il FO MY 580.064 54.540 —3.411 0.0210 nuclease HARBI1

c126031_g2_i3 FO MY 142.996 13.803 —3.373 0.0210 nuclease HARBI1

c126031_g2_i2 FO MY 233.676 27.069 —3.110 0.0380 nuclease HARBI1

c116702_gl_il FO MY 116.085 6.274 —4.210 0.0133 peroxidase 3-like

c129100_gl_i2 FO MO 2.660 33.248 3.644 0.0375 probable 2-aminoethanethiol
dioxygenase

c98445_g1_i1b FY MY 172.349 8.685 —4.311 0.0380 probable WRKY transcription

factor 25

(continued on next page)
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Table 5 (continued)

Transcript IDs Tested samples FPKM S1 FPKMS2 Fold change q value Blast2GO annotation
(log2)
S1 S2

c129627_gl_i4b FY MO 3.978 64.185 4.012 0.0292 probable WRKY transcription
factor 65

c141291_gl_il12 FO MY 309.255 51.579 —2.584 0.0409 probable xyloglucan endotrans-
glucosylase hydrolase 23

c141291_gl_i9 FO MY 141.769 24912 —2.509 0.0500 probable xyloglucan endotrans-
glucosylase hydrolase 23

c128725_gl_il FO MY 149.511 9.942 —3.911 0.0472 probable xyloglucan endotrans-
glucosylase hydrolase 23

c105494_gl_il FO MY 102.967 14.931 —2.786 0.0409 probable xyloglucan endotrans-
glucosylase hydrolase 23

c118421 gl_i2 FY MY 54.923 2.674 —4.361 0.0241 remorin [Eucalyptus grandis]

c138049_gl _il FY MO 56.348 336.410 2.578 0.0472 signal [Medicago truncatula)

c108722_gl_il FY MO 37.435 654.878 4.129 0.0472 signal [Medicago truncatula]

c135861_gl_i2 FY MO 38.893 3.975 —3.290 0.0383 trans-resveratrol di-O-
methyltransferase-like

c126812_gl_i2" FO MY 117.456 12.564 —3.225 0.0133 transcription factor bHLH94-
like

c126812_gl1_il" FO MY 71.762 5.114 —3.811 0.0241 transcription factor bHLH94-
like

c136093_g2_i1® FO MY 91.163 8.193 —3.476 0.0133 transcription factor bHLH94-
like

c155603_gl_il FY MY 155.137 17.684 —3.133 0.0380 U-box domain-containing 25-
like

c82639_gl_il FY MO 87.025 10.838 —3.005 0.0292 U-box domain-containing 26-
like

c139774_g4_il FY MY 192.281 28.590 —2.750 0.0472 UPF04964

c135252_g1 il FO MY 40.178 2.638 —3.929 0.0198 VQ motif-containing 4-like

c137964_g3_il FY MO 30.285 441.859 3.867 0.0380 Ycf68 (chloroplast) [Carnegiea
gigantea]

c137478_g2_i2 FY MO 50.030 369.658 2.885 0.0241 ycf68 [Medicago truncatula]

Notes.

Transcript length > 300 bp, FPKM > 5.

2involved in sex determination and flower development.

bwith high FMKM values.

This sex chromosome is currently being used to develop precise sex-specific markers for

specific varieties and populations of date palm (Mohei et al., 2017; Ali et al., 2018; Intha ¢

Chaiprasart, 2018). Thus, it is potential that genome sequencing of Asian Palmyra palm

could help us verify the sex determination region and, perhaps, the sex determination

system in Asian Palmyra palm.

Potential sex-specific transcripts of Asian Palmyra palm were identified from SSH and

de novo transcriptome analyses. We have tested many of these sex-specific transcripts for

developing sex identification markers by PCR analysis, but none was achieved. Based on

a chromosome study by Sharma & Sarkar (1956) proposing the XY chromosomes as the

sex determination system of Asian Palmyra palm (XY for male and XX for female), it
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can be anticipated that transcripts from X chromosome should be detected in both sexes,
while transcripts from the male-specific region of the Y chromosome should only be found
in the male. Although most male-specific transcripts identified here are expected to be
autosomal genes that support anther development or female sterility, some will be encoded
by genes on the male specific region of the Y chromosome (MSY). Those male-specific
transcripts can be used as markers for sex and are candidates for sex determination genes.
However, PCR analysis of male-specific transcripts so far cannot identify any male-specific
marker. Studying Y chromosome of Asian Palmyra palm would be essential for further
development on male-specific markers.

Through the exhaustive screening of sex-specific markers using the three approaches
performed in this work, this may reveal some aspects of the sex chromosome evolution of
this palm species. Firstly, it is possible that the Asian Palmyra palm may have evolutionary
young sex chromosomes, which recently diverged, and that the MSY is too small to be
identified by the scope of this work. It could be interesting to add Asian Palmyra palm as a
specimen for studying the evolution of sex chromosomes (Charlesworth, 2015). Secondly,
although the work by Sharma ¢ Sarkar (1956) had depicted clearly large difference of the
sex chromosomes in the shape and size, it is still uncertain whether the XY chromosomes
is the sex determination system of this palm as it has not been confirmed at molecular
levels. Thirdly, because George et al. (2007) had identified a male-specific marker, which
could not be used in the palm population in Thailand, there may be a unique haplotype of
the MSY in Thailand. This haplotype may arise from selected individuals during migration
to the southeast Asia (Pipatchartlearnwong et al., 2017a) or the sex chromosomes were
recently evolved with small sex determination regions that are difficult to detect.

By comparing the SSH and transcriptome data, to our surprise, most SSH clones were
uncorrelated to the sexes, given that the cDNA clones were screened through two rounds of
dot blot hybridization. This observation may indicate the limitation of the SSH technique
for identifying genes in a complex system. Alternatively, this may be because the RNA
samples used for the SSH analysis were obtained from different flower stages from those
used for the transcriptome sequencing. A potential weakness of the SSH and transcriptome
sequencing was that RNA samples were isolated from developing inflorescence tissues,
not from inflorescence primordia that initiate sex organs and that key sex determination
transcripts may not be present or difficult to identify in the inflorescence stages (Harkess et
al., 2015). Collecting the primordial tissues for this study is a very challenging task, as the
Asian Palmyra palm tip is covered by many layers of thick and hard leaf sheets standing
at 20 m height with no indication whether the primordial tissues will develop to be an
inflorescence or a leaf, and the plant usually dies after tip removal. Moreover, the variation
of sequencing depth among the samples (47-90 million reads per sample) and the lack of
replicates could attribute to the complication for extracting robust conclusions from the
transcriptome analysis.

Nonetheless, this work provides transcriptome data that would particularly benefit
to two research areas: plant sucrose metabolism and sex development in palms and
monocots. Sucrose production is one of the important areas in plant biotechnology,
and many transcriptome studies have devoted to understand the control of metabolic
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flux towards sucrose. Most of the study was performed in major sugar crops including
sugarcane (Cardoso-Silva et al., 2014; Huang et al., 2016), sugar beets (Mutasa-Gottgens

et al., 2012) and sorghum ((Mizuno, Kasuga ¢ Kawahigashi, 2016), and our data add
transcript candidates for sucrose metabolism in the inflorescence of palm species. For sex
development, male- and female-specific transcripts and differentially expressed transcripts
between sexes were listed to provide data for further study in sex determination and
male and female inflorescence development. A number of studies with similar objectives
in identifying sex determination genes and underlying mechanisms of sex development
in dioecious plants via the transcriptome sequencing have been reported in asparagus
(Harkess et al., 2015; Li et al., 2017), Idesia polycarpa (Mei et al., 2017), shrub willows (Salix
suchowensis) (Liu et al., 2013), poplar (Song et al., 2013) and Coccinia grandis (Mohanty
et al., 2017). Most of the identified genes belong to floral development, phytohormone
biosynthesis, hormone signaling and transduction, transcriptional regulation and DNA
methyltransferase activity. However, with many genes playing the role during the complex
developmental process, it is difficult to determine the mechanism underlying the sexual
development and sex determination in dioecious species. Future progress in functional
genomics addressing the identified genes would be an essential tool to solve this long-
standing question.

CONCLUSIONS

Although no sex-linked marker was obtained from exhaustive DNA fingerprinting, SSH
and de novo transcriptome analysis, this work provides transcripts based on male and
female inflorescences of the Asian Palmyra palm. Further attempts on developing sex
identification markers in Asian Palmyra palm should be directed towards genomic-based
approaches, particularly at the MSY. Genome analysis using SNPs have been successful in
accessing sex determination loci in date palm (Al-Mahmoud et al., 2012; Ali et al., 2018) and
other dioecious plant species (Zhou et al., 2018; Jia et al., 2019). Whole genome sequencing,
genetic mapping, SNPs and genome-wide association study (GWAS) between male and
female populations would be essential tools for further identification of sex-linked loci in
Asian Palmyra palm.
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Abstract

We have identified 46 RNA editing sites located in 20 chloroplast (cp) genes of Borassus flabellifer (Asian Palmyra
palm), family Arecaceae, and tested these genes for supporting phylogenetic study among the commelinids. Among
the 46 sites, 43 sites were found to cause amino acid alterations, which were predicted to increase the hydro-
phobicity and transmembrane regions of the proteins, and one site was to cause a premature stop codon. Analysis of
these editing sites with data obtained from seed plants showed that a number of shared-editing sites depend on the
evolutionary relationship between plants. We reconstructed a deep phylogenetic relationship among the commeli-
nids using seven RNA edited genes that are orthologous among monocots. This tree could represent the relationship
among subfamilies of Arecaceae family, but was insufficient to represent the relationship among the orders of the
commelinid. After adding eight gene sequences with high parsimony-informative characters (PICs), the tree topology
was improved and could support the topology for the commelinid orders ((Arecales,Dasypogenaceae) (Zingi-
berales+Commelinales,Poales)). The result provides support for inherent RNA editing along the evolution of seed

plants, and we provide an alternative set of loci for the phylogenetic tree reconstruction of Arecaceae’s subfamilies.

Keywords: Arecaceae; Arecales; chloroplast genome; Commelinids; Phylogeny.

Received: December 06, 2018; Accepted: October 02, 2019.

Introduction

RNA editing, a crucial post-transcriptional RNA
modification process, allows changes in the genetic infor-
mation on the primary transcripts in the plastids and mito-
chondria in many living organisms. Base modifications on
the primary transcripts often result in amino acid changes
and affect the functionality of the protein products (Tillich
et al., 2006). This process has been proposed as an evolu-
tionary mean to restore the original sequence of amino ac-
ids of genes that possess mutations (Castandet and Araya,
2011). Generally, 26-64 RNA editing sites are observed in
the chloroplast of seed plants (Wakasugi et al., 1996;
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Wong Wan road, Chatuchak, Bangkok 10900, Thailand. E-mail:
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Huang et al., 2013), and more than a hundred sites have
been found in some species such as hornwort (4Anthoceros

formosa), fern (Adiantum capillus-veneris) and lycophyte

(Isoetes engelmannii). So far, only liverwort (Marchantia
polymorpha) was found to contain no RNA editing in its
plastid genome, and this species is currently used as a base-
line for comparing RNA editing in plants (Kugita et al.,
2003; Wolf et al., 2004). Besides, RNA editing was found
in the plastid of dinoflagellates (Dorrell et al., 2016), but it
has not yet been observed in any green microalgae (Cha-
teigner-Boutin and Small, 2011).

Commelinid clade, a group of monocots is catego-
rized by the presence of ferulate/coumarate in the primary
cell wall (Chase et al., 1993; Pefia et al., 2016). The clade is
composed of monophyletic groups of four orders: Arecales
(A), Zingiberales (Z), Commelinales (C), Poales (P), and
one family named Dasypogonaceae (D). Molecular classi-
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fication of this clade has long been problematic with con-
flict topologies. The phylogenetic tree built based on plas-
tome data of 83 taxa showed a monophyletic group of
((P,A)(D,ZC)); however, the relationship within sub-clade
of Poales and Arecales, as well as a subclade of (Zingi-
berales + Commelinales) and Dasypogonaceae, were not
strongly supported by bootstrap samplings (Givnish et al.,
2010). The topology conflict of the commelinid clade is
currently being resolved by dense taxon sampling and avai-
lability of plastome sequences. The phylogenetic tree re-
constructed from plastome sequences presents that the
commelinid clade is comprised of two subclades: a mono-
phyletic clade of Poales being sister to Commeli-
nales+Zingiberales and a monophyletic group of Arecales
being sister to Dasypogonaceae ((A,D)(ZC, P)). These sub-
clades are strongly supported by bootstrap analysis (Barrett
et al., 2013; Barrett et al., 2016).

Borassus flabellifer or Asian Palmyra palm, a mem-
ber of Arecaceae family, is widespread in Southeast Asia
(Pipatchartlearnwong et al., 2017). It is grouped in Cory-
phoideae subfamily with Phoenix dactylifera (date palm).
The economic utilities of B. flabellifer are manyfold includ-
ing building woods, ornamentals, fruits and flower sap for
palm sugar production. Currently, only few information is
available regarding molecular genetics of B. flabellifer. In
this work, we sequenced some chloroplast (cp) genes that
have been reported to carry RNA editing sites, deduced the
pattern of the RNA editing and verified these DNA se-
quences whether they could support the evolutionary rela-
tionship among palm species as well as a deep phylogeny of
the commelinids. The results of this study provide insight
into the evolution of RNA editing and the evolutionary re-
lationship among subfamilies of Arecaceae family.

Material and Methods

RNA isolation, cDNA synthesis and sequencing

Total RNA of B. flabellifer was isolated from unex-
panded green fan-shaped leaves using Spectrum™ Plant
Total RNA kit (Sigma-Aldrich, USA). cDNA was synthe-
sized using Protoscrip M-MuLV First Strand ¢cDNA kit
(NEB, UK) with random hexamer-primers. One microgram
of RNA was used for each reaction as recommended in the
kit.

Thirty-four Arecaceae cp genes, which were previ-
ously reported for carrying RNA editing sites in other plant
cp genomes, were chosen for this study (Kugita et al., 2003;
Junior et al., 2004; Zeng et al., 2007; Chen et al., 2011;
Huang et al., 2013; Uthaipaisanwang et al., 2012). These
were accD, atpA, atpB, atpF, atpl, clpP, matK, ndhA,
ndhB, ndhD, ndh¥, ndhG, ndhH, ndhl, ndhK, petA, petB,
psaB, psal, psbC, psbH, rpl2, rpl14, rpl20, rpl22, rpl23,
rpoA, rpoCl1, rps3, rps7, rps8, rps16, ycf2, ycf3 and ycf4.
These 35 transcripts were amplified from the cDNA using
PrimeSTAR® GXL DNA Polymerase (Takara-Bio Inc.,
Japan) with PCR conditions: initial denaturation for 2 min

Sakulsathaporn et al.

at 98°C, followed by 35 cycles of 15 s at 98°C, 30 s at 55°C
or 60°C depending on melting temperatures of primers, 60 s
at 68°C and final extension for 5 min at 68°C (see primer se-
quences in Table S1). PCR products were resolved by 1%
agarose gel electrophoresis and purified using a gel extrac-
tion kit (Flavorgen, Taiwan) before Sanger’s sequencing
(Macrogen, Korea). The transcription sequences were then
aligned against predicted RNA editing and cpDNA
(GenBank accession number KP_901247; (Sakulsathaporn
et al., 2017) using Clustal Omega.

Analysis of RNA editing sites

The editing sites of the 35 cp genes of B. flabellifer
were predicted using PREP-Cp (http://prep.unl.edu/cgi-
bin/cp-input.pl) with 0.8 cutoff value and PREPACT 3.0
(http://www.prepact.de/prepact-main.php; Lenz et al.,
2018). The actual RNA editing sites of these 35 genes were
obtained by sequence alignments between the transcripts
and the cp DNA sequence (NCBI accession KP_901247)
using Clustal Omega.

Protein structure prediction

Non-synonymous mutation sites and consequent
amino acid changes were manually analyzed. The protein
secondary structures derived from the edited and non-
edited coding sequences were predicted by using SOPMA
(http://nhjy.hzau.edu.cn/kech
/swxxx/jakj/dianzi/Bioinf7/Expasy/Expasy8.htm). ~ The
proportion of alpha helix, extended strand, beta turn and
random coil structures between protein derived from edited
and non-edited coding sequences were manually counted.
The transmembrane structures and signal peptides were
predicted by Phobius program (http://phobius.sbc.su.se/in-
structions.html).

Comparison of RNA editing sites among plant
species

RNA editing sites obtained from B. flabellifer (this
study), Cocos nucifera (identified by Next Generations Se-
quencing or NGS; Huang et al., 2013) and Elaeis gui-
neensis (by NGS; Uthaipaisanwong et al., 2012), in total 53
sites, were compared to those of other 15 plant species.
These included six monocots: S. polyrhiza (21 sites by
NGS), P. aphrodite (13 sites by direct cDNA sequencing),
Z. mays (13 sites by direct cDNA sequencing), O. sativa (14
sites by direct cDNA sequencing), S. officinarum (12 sites
by NGS) and H. vulgare (8 sites by direct cDNA sequenc-
ing), six dicots: 4. thaliana (10 sites by direct cDNA se-
quencing), P. sativum (7 sites by direct cDNA sequencing),
A. belladonna (8 sites by direct cDNA sequencing), H.
niger (8 sites by NGS), J. curcas (7 sites by NGS), N.
tabacum (10 sites by direct cDNA sequencing) and two
gymnosperms: C. taitungensis (5 sites by using CURE-
Chloroplast software and direct sequencing) and Pinus
thunbergii (0 sites by direct cDNA sequencing) (Wakasugi
etal., 1996; Corneille et al., 2000; Sasaki et al., 2003; Inada
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et al., 2004; Zeng et al., 2007; Asif et al., 2010; Uthai-
paisanwong et al., 2012; Huang et al., 2013; Sanchez-
Puerta and Abbona, 2014; Wang et al., 2015; He et al.,
2016). The list of genes is presented in Table S2.

Phylogenetic tree reconstruction

Phylogenetic analyses were carried out using two
datasets: (1) DNA sequences of the cp genes carrying RNA
editing sites that are shared among monocots and orthologs
in Marchantia (7 genes: accD, atpB, atpl, ndhB, ndhD,
ndhF and rps8) and (2) DNA sequences of the dataset (1),
and additional eight cp genes (matK, rpoA, ndhA, rpoCl,
vefl, rpoC2, cesA and atpA) with PIC/length ratio above
0.3. All DNA sequences of cp genes were retrieved from
GenBank with accession numbers presented in Table S3.
Multiple sequence alignment was performed for each gene
using MACSE (Ranwez ef al., 2011), and aligned sequen-
ces were concatenated using SequenceMatrix (Vaidya et
al.,2011). The phylogenetic trees were reconstructed based
on maximum likelihood (ML) and Bayesian (Bayes) meth-
ods with GTR+I+G model using RAXMLGUI (Silvestro
and Michalak, 2012) and MrBayes (Ronquist ef al., 2012),
respectively. This evolutionary model was determined by
jModelTest based on AICc value (Darriba ef al., 2012).
Ten-thousand replicates and 10M generations with stop
value at 0.01 were applied to calculate statistical supports
for maximum likelihood and Bayesian phylogeny, respec-
tively. Doryanthes palmeri (Asparagales) was used as an
outgroup.

Results

RNA editing sites in the cp genome of B. flabellifer

Based on previous reports on RNA editing in the tran-
scripts of 35 chloroplast genes in monocots, we aimed to
analyze the transcripts of these genes in the cp genome of B.
flabellifer. PREP-Cp program predicted 67 potential edit-
ing sites located in 19 out of the 35 target genes, while
PREPACT 3.0 predicted 57 editing sites in 23 genes. We
sequenced the transcripts of these 35 genes, aligned them
against the B. flabellifer cp DNA (NCBI accession
KP 901247) and found that there were in total 46 RNA ed-
iting sites located in 20 genes (Table S4). Although only 32
sites out of 67 predicted sites were correct (47.76%), it is
important to note that the PREP-Cp was unable to predict
editing sites at the third base of the codon. The numbers of
the observed editing sites per gene were varied from one to
several, and most frequently edited genes were ndhB, ndhD
and rpoCl1, with 11, 4 and 4 editing sites, respectively. All
of the 46 editing sites were with C-to-U editing type. Exam-
ination of the adjacent sequences of (_C ) editing sites re-
vealed that the frequency of nucleotides preceding the C
editing sites were U (65.21%), C (23.91%), A (6.52%) and
G (4.34%), and that of nucleotides following the editing
sites were A (73.91%), G (10.67%), U (8.70%) and C

(5.52%). Thus, U_A is the highest context of RNA editing
sites (52.17%) (Figure 1a).

Analysis of the editing sites based on base positions
within codons showed that seven (15.21%), 37 (80.43%)
and two (4.36%) editing sites were located at the first, sec-
ond and third base, respectively. Follow-up analysis of the
edited coding sequences showed that 43 out of 46 editing
sites caused amino acid changes, one site generated a pre-
mature stop codon and the other two were silent mutations.
The amino acid changes were found to be preferably con-
verting neutral (26 sites) and hydrophilic (16 sites) amino
acids to hydrophobic amino acids (Figure 1b). The most
frequent amino acid alteration was from serine to leucine,
the neutral to the hydrophobic amino acid, followed by al-
teration from proline to leucine, the hydrophilic to hydro-
phobic amino acid.

Impacts of RNA editing on polypeptides and protein
structures

To evaluate the impact of the RNA editing in B.
flabellifer on the protein structures, we analyzed the modi-
fied protein sequences using SOPMA program. Analysis of
the predicted secondary structures showed that the amino
acid changes could result in the increase of the alpha helix
structure, extended strand and beta-turn or random coil
(Figure 2a). In particular, the RNA editing of ndhA, ndhB,
ndhD, ndhF, ndhG, ndhl and ndhK genes showed increases
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Figure 1 - The frequency of sequence contexts of RNA editing sites (a)
and amino acid changes caused by RNA editing (b) in the chloroplast of B.
Sflabellifer.



in the alpha helix of their encoded protein: NADH-plasto-
quinone oxidoreductase. As the observed RNA editing
mainly resulted in hydrophobic amino acid and changes in
the hydrophobicity have been suggested to affect the trans-
membrane properties of proteins (Kugita et al., 2003;
Wang et al., 2015; He et al., 2016), we compared the pre-
dicted transmembrane and signal peptide regions between
the edited and non-edited versions of NdhA, NdhB, NdhD,
NdhF, NdhG, NdhI and NdhK proteins. While there was no
alteration of the signal peptide regions, expansions of
transmembrane regions were observed in many regions of
these proteins, particularly NdhA, NdhB, and NdhK
(Figure 2b). Especially, amino acid changes at
ndhA S159L and ndhA S189L were found to generate
two new transmembrane regions between the amino acid
positions 159 and 169 and the positions 182 and 208, re-
spectively. Moreover, NdhB and NdhK proteins resulted
from RNA editing including ndhB 50SL, ndhB 156PL,
ndhB_181TM, ndhB_277SL and ndhK 44SL gained new
transmembrane regions between codon 35 and 50, 155 and
181,178 and 182,270 and 283, and 43 and 51, respectively.
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RNA editing sites among B. flabellifer and other
plant species

The RNA editing sites and resulted amino acid alter-
ations observed in B. flabellifer were compared to those
previously observed in other 17 plant species that belong to
the order Arecales (palms), monocots, dicots, and gymno-
sperms (Figure 3 and Table S2). Among 46 editing sites ob-
served in B. flabellifer, we found that nine sites
(ndhD_326SL, ndhl_130SF, ndhK_248QST,
petB_129AV, rpl22 83SL, rpoC1 _169SL, matK-55SL,
matK-63SL and matK426HY) were unique to this species,
and 33 and 28 sites were shared among Arecales and mono-
cots, respectively. Furthermore, 12 sites were shared be-
tween monocots and dicots, and five sites were shared
between monocots and gymnosperms. This result sug-
gested that more common RNA editing sites are likely to be
found in evolutionary related species and that these editing
sites could be useful for studying the evolutionary relation-
ship of closely related species.

Phylogenetic trees of commelinids based on cp
genes carrying RNA editing sites

Following the orthologous genes with common RNA
editing sites identified among the commelinid clade, we
tested whether these genes are able to support the evolu-
tionary relationship among the orders within this clade.
First, we used the DNA sequence of seven RNA edited
genes; accD, atpB, atpl, ndhB, ndhD, ndhF and rps§,
which have orthologous editing sites among the monocots
and are orthologues to M. polymorpha. The evolutionary
relationship among the orders was reconstructed as
(D(P(A,ZQC))) (Figure 4a). This tree topology did not corre-
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ndhD_326SL ndhD,_ 12951 ndhlI_130SF

atpB_395SL ndhA_159SL
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Figure 3 - Comparisons of 46 RNA editing sites observed in B. flabellifer
to those observed in other 16 plants, which include gymnosperms, dicots,
monocots and palms.
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spond well with the report from Barratt et al. (2016), which
used an extensive dataset including the complete coding se-
quence of 75 genes of the cp genomes of 132 monocot taxa.
This result indicated that a dataset using these seven gene
sequences is insufficient for reconstructing a representative
phylogeny for the commelinid clade members. We, there-
fore, built another phylogenetic tree using a new dataset,
which included the seven RNA edited cp genes, additional
four RNA edited cp genes: matK, rpoA, ndhA and rpoCl,
and four non-RNA edited cp genes: ycfl, rpoC2, cesA and
atpA (Figure 4b). These additional eight genes were se-
lected based on the number of parsimony-informative char-
acters (PICs), which the PIC/length ratios of these genes
were above 0.3 (Barratt ef al., 2013). Based on these 15 cp
genes, the reconstructed phylogeny showed ((D,A)(P,ZC))
clustering, which was similar to that proposed by Barrett ez
al. (2016). Because ycf1 is often considered variable, we
therefore tested the phylogenetic analysis using 14 ¢p genes
(without ycf7) and found that the clustering pattern re-
mained the same with less bootstrap support than that of 15
cp genes (Figure S1). Thus, this result showed that the 15 cp
sequences were able to provide reliable reconstruction of
the topology of the commelinid clade.

Discussion

In this work, we reported for the first time RNA edit-
ing in the chloroplast of B. flabellifer. Analysis of 35 cp
genes revealed authentically 46 RNA editing sites in 20
genes, and the editing was all with C-to-U type. U_A is the
highest editing context observed in this species. Most of the
editing occurred at the first and second base of codons re-
sulting in amino acid changes in 43 out of 46 codons. The
codon changes resulted in increases of the hydrophobicity
and extension of the transmembrane regions in a number of
proteins, particularly NdhA, NdhB, NdhD, NdhG, Ndhl,
and NdhK. Comparison of the amino acid changes via RNA
editing from 18 plant species showed high numbers of
shared editing sites in closely related species suggesting the
use of DNA sequences of the genes carrying these editing
sites for evaluating the evolutionary relationship. The phy-
logenetic tree built based on DNA sequences of seven
orthologous genes carrying RNA editing sites could not
represent the deep phylogeny of commelinids; however,
this tree could well represent the evolutionary relationship
among subfamilies of Arecaceae, suggesting that these
seven loci could potentially be used for solving the evolu-
tionary relationship among the members of the family
Arecaceae.

All of the 46 RNA editing sites observed in the chlo-
roplast of B. flabellifer demonstrated only the C-to-U type.
Previous reports show that the C-to-U type is widespread
among seed plants, whereas the reverse editing U-to-C type
is present in some lower land plants including a hornwort
(Anthoceros formosae), a fern (Adiantum capillis-vneris)
and a lycophyte (Selaginella uncinata) (Yoshinaga et al.,
1996; Kugita et al., 2003; Wolf et al., 2004; Chateigner-
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Boutin and Small, 2010; Grewe ef al., 2011), but not in liv-
erworts, mosses and gymnosperm (Riidinger et al., 2009;
Wu et al., 2014; Guo et al., 2015). This observation sug-
gests that the U-to-C type was likely to be originated in the
common ancestor of hornwort and tracheophytes and was
lost via the separation between mosses and hornwort as
well as via the separation between ferns and seed plants
(Chateigner-Boutin and Small, 2010). However, in sub-
family Arecoideae, Uthaipaisanwong et al. (2012) showed
that both editing types are present in Elaeis guineensis (0il
palm), while Cocos nucifera (coconut) was reported to pos-
sess only C-to-U type (Huang ef al., 2013). This contradic-
tion suggests that the U-to-C type may not be completely
lost during the separation between ferns and seed plants or
it may arise during the evolution of seed plants. Since we
were unable to analyze all of the cp transcripts, we could
not rule out the possibility for the U-to-C type in B.
flabellifer. Further study to identify the U-to-C editing in B.
flabellifer is needed for understanding the evolution of
RNA editing in the cp genome in the family Arecaceae.

The predominant U_A context of RNA editing sites
in B. flabellifer is similar to the context bias in other seed
plants including Phalaenopsis aphrodite, Nicotiana taba-
cum, Zea mays, Pinus thunbergii, Atropa belladonna, and
Arabidopsis thaliana (Tillich et al., 2006; Zeng et al.,
2007). It has been proposed that approximately 30 nucleo-
tide sequences surrounding the editing site are the recog-
nized region of RNA editing factors, and conserved
sequences within this region have not yet been identified
(Okuda and Shikanai, 2012). Likewise, no conserved se-
quence could be deduced from alignments of 30 nucleo-
tide-regions surrounding the 46 editing sites observed in
the cp genome of B. flabellifer.

The increases in the hydrophobicity of the chloroplast
proteins through the majority of the RNA editing in B.
flabellifer are a widespread phenomenon. Indeed, our anal-
ysis showed evidence of the impacts of this hydrophobicity
on the protein secondary structures. It was proposed that
these consequently cause the extensions of transmembrane
regions in many chloroplast proteins, particularly Ndhs,
which increase the stability of the NDH complex and
makes it tightly bind to the thylakoid membrane (Jobson
and Qiu, 2008).

Generally, RNA editing can generate both new start
and stop codons. Many cp genes in angiosperm gain new
start codons through RNA editing, which modifies C-to-U
of ACG initiator codon to AUG standard start codon such
as that in ndhD, psbL and rp/2 (Sugiura et al., 1998; Wu et
al., 2014). However, the analysis of RNA editing in B.
flabellifer demonstrated the loss of ACG RNA editing in
the initiator codon in ndhD and rp/2. The premature stop
codon observed in the ndhK resulting in deleted eight
amino acids at the C-terminus of NdhK protein has never
been observed in the chloroplast of plants in the family
Arecaceae, though this was previously observed in other
monocots such as Wolffia australiana (NC_015899.1),
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Colocasia esculenta (NC _016753.1) and Zea mays
(NC_001666.2). Although we have analyzed 35 cp genes
of B. flabellifer for RNA editing, in which 20 genes are pos-
itive, the assessment of RNA editing in this species is still
far from being complete. There are other 45 out of 79 pro-
tein coding genes in the B. flabellifer cp genome left to be
analyzed (Sakulsathaporn et al., 2017).

The evolutionary relationship among the orders of
commelinid was initially reconstructed using several sets
of organelle genes including a set of cp genes: rbcL, atpA,
matK and ndhF and a set of chloroplast and mitochondrial
genes: rbcL, matK, atpl, and nad5. Several tree topologies
were proposed such as ((ZC,A)(D,P)), (A(ZC(D,P))),
(ADPZC)), (DAPZC)), ((PZCYAD)) and
(A(P(ZC,D))) (Kress et al., 2002; Davis et al., 2004; Chase
et al., 2006; Graham et al., 2006; Specht et al., 2006;
Saarela et al., 2008; Givnish et al., 2010). Barrett et al.
(2013) reported that both the single most parsimonious tree
and the best-scoring likelihood tree reconstructed based on
plastome sequences of 46 taxa supported the ((A,D)(ZC,P))
topology. Nonetheless, Barrett ef al. (2013) also proposed
six alternative topologies: (ZC(A(D,P))), ((ZC,A)(D,P)),
(A(ZC,(D.P))), (A(D(P,ZC))), (D(A(P,ZQ))),
((P,A)(ZC,D)), which were not significantly less likely
present the evolutionary relationship among orders belong-
ing to the commelinid clade. From our observation that the
closely related plants have more shared editing sites com-
pared to the distantly related plants, the phylogenetic tree
reconstructed based on seven cp genes with RNA editing
sites presented (D(P(A,ZC))) topology, which was reported
as significantly less likely topology compared to the
best-scoring likelihood tree (Barrett ef al., 2013). These re-
sults suggested that only the presence of RNA editing sites
would not be a good criterion for selecting orthologous
genes to represent deep phylogeny, the evolutionary rela-
tionship among plant orders.

Most recently, Barrett e al. (2016) reported a maxi-
mum likelihood phylogenetic tree with ((A,D)(ZC,P)) to-
pology, which was reconstructed from plastome sequences
comprised of 75 protein-coding genes. The (A,D) and
(ZC,P) clusters of the trees reconstructed from 75 pro-
tein-coding genes were supported by 90% and 96% boot-
strap samples, respectively, while those that reconstructed
from 46 protein-coding genes previously reported by Bar-
ratt et al. (2013) were supported by 72% and 85% bootstrap
samples, respectively. Compared to our topology as shown
in Figure 4b, the tree was reconstructed using only 15 pro-
tein-coding genes from the cp genomes of plants belonging
to the family Arecaceae, and this can provide a similar to-
pology to those that used large datasets, though the (A,D)
and (ZC,P) clusters were supported by only 28% and 51%
of bootstrap samples, respectively. Noting that these 15
protein-coding genes comprised of seven edited genes, four
edited genes with high PICs and four non-edited genes with
high PICs. The similarity of the overall topology suggested
that adding DNA sequence data of the genes carrying a high

number of PICs could improve the tree topology presenting
evolutionary relationship among orders of the comme-
linids. This result also supports Barratt et a/. (2013) that
only a particular set of cp genes with high PICs could well
represent the deep phylogeny of the commelinids.

It was notable that even though the two phylogenetic
trees reconstructed using seven and 15 protein-coding cp
genes present different evolutionary relationship among
several orders of the commelinid clade, the close relation-
ship between Zingiberales (Z) and Commelinales (C) is
maintained as supported by 100% of bootstrap samples.
And, each order presents a monophyletic cluster of plant
species supported by at least 99% bootstrap samples. By fo-
cusing only on the evolutionary relationship among the
subfamilies of palms (family Arecaceae, Order Arecales),
both phylogenetic trees support that the relationship among
these subfamilies as (Calamoideae, (Nypa, (Coryphoideae
(Ceroxyloideae, Arecoideae)))) with almost 100% boot-
strap samples. This relationship corresponds well with the
clusters that were previously reconstructed by using nine
plastid markers, four nuclear markers, a morphological
dataset and a RFLP dataset (Baker ef al., 2011; Faurby et
al., 2016) as well as the phylogenetic relationship recon-
structed by using 75 protein-coding genes of 132 taxa with
100% of bootstrap (Barratt et al., 2016). Hence, the use of
the seven genes, which have RNA editing and share with
monocots, is sufficient for verifying the evolutionary rela-
tionship among the subfamilies of the Arecaceae family.
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Abstract

Rice straw is major agricultural biomass in Southeast Asia. However, it has not been
utilized to full potential due to its recalcitrant to breakdown by an enzymatic process. Recent
work demonstrated a distribution of straw digestibility among rice varieties, but this trait has
not been shown for the rice population in Thailand. Identifying rice varieties with highly
digestible straw would be useful for biofuel, biorefinery and animal feed. Here, we assessed
the digestibility of straw from 49 Thai rice accessions using the enzymatic-based high-
throughput platform. Straw saccharification released sugars in the range of 50.53-114.52
nmol mg"' hr'. The highest and lowest saccharification potential were from a glutinous
variety “Muey Nawng 62 M” and an upland variety “Dawk Pa-Yawm”, respectively. Rice
accessions with high digestibility for potential use are presented. These data provide a
preliminary assessment of rice straw from the Thai population and would be useful for
studying genes responsible for the digestibility trait and breeding programs for both rice grain

production and straw utilization.
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Introduction

Rice straw is a major agricultural biomass waste produced in Southeast Asia and
particularly in Thailand, and yet most of this biomass are left unutilized and often burned in
the filed causing severe environment problems at both local and global levels (Oanh, et al.,
2011; Junpen et al., 2018). It is estimated that over 20 million tonnes of rice straw are
produced in Thailand every year (Gadde et al., 2009) and that, during the peak seasons of rice
harvesting, straw is burned on 90% of rice paddies to get rid of it (Tipayarom and Oanh,
2007). Open rice straw burning results in incomplete combustion giving rise to high levels of
particulate black carbon, carbon monoxide and ozone, which cause respiratory problems and
premature deaths among the human population, crop yield loss and atmospheric warming
(UNEP/WMO, 2011). With the burden as waste, rice straw is posing both a critical threat
from our current ways of elimination and, at the same time, a great opportunity to benefit
humankind by converting it into biomass-based products (Satlewal et al., 2018).

Rice straw is rich in polysaccharides (~70% dry weight), and the large volume of
straw produced annually could, therefore, provide a valuable lignocellulose feedstock for
producing biofuels, chemicals and animal feed (Chen and Dixon, 2007; Harris and DeBolt,
2010). Unfortunately, compositional characteristics of rice straw currently hinder its
applications as it is inherently difficult to digest by enzymes, making it costly for biofuel and
chemical production through fermentation. Furthermore, rice straw has notably high levels of
silica (up to 15% dry weight), which makes it particularly unpalatable to animals and,
thereby, poor quality as animal feed (Virk et al., 2019). Nonetheless, recent work has shown
that there is large natural variation in all of these parameters among commercial rice
varieties, suggesting that there is substantial scope for improving the characteristics of rice
straw without having negative impacts on plant performance and grain yield (Marriott et al.,
2016; Garrido et al., 2018). Moreover, recent work using Genome-Wide Association Studies
(GWAS) have identified some regions in genomes that are responsible for variation in rice
straw digestibility (Liu et al., 2016).

In this work, we report rice straw saccharification analysis of 49 Thai rice accessions
(taken from both commercial and landrace varieties) by enzymatic digestion using a platform
developed by Gomez et al., (2010). The central aim of this work is to lay the groundwork to
drive widespread use of rice straw in animal feed, biofuel and bioenergy applications in
Thailand. Selection of specific varieties with high straw saccharification potential will pave

ways for developing rice breeds with high straw and hush values for further exploitation.



O 0 9 N »n B~ W N -

W W W W N NN N N N N N N N M e = e e e = e
W NN —m O 0 X 9 N R WD = O O NN R W N = O

Materials and methods
Plant materials

Seeds of 49 Thai rice accessions were obtained from Pathum-Thani Rice Research
Centre (Thailand) (Table 1). For straw sample collection, rice was grown in a pot (30 cm
diameter and 22.5 cm depth) using one germinating seed per pot and five replicating pots per
variety. Rice pots were arrayed in a completely randomized design on a plain field in Chiang
Mai Province, Thailand (18°52'47.5"N, 99°02'43.2"E) during January-April 2016. Rice
cultivation was performed using a submerged irrigation method with regular feeding for four
months or until flowered and then left to dry up to two weeks. Stems from the main tillers
were collected, and straw samples were taken from the third and the fourth node. Straw
samples were further dried in an incubator at 45°C for two days before cut into ~4 mm length
and pulverized to a fine powder using a robotic grinding platform described in Gomez et al.

(2010).

Enzymatic saccharification analysis

Rice straw saccharification was performed in 96-well-plate formats using
Celluclast (cellulose from Trichoderma reesei) and Novozyme 188 (Novozymes A/S,
Bagavaerd, Denmark) at a ratio of 4:1 at an enzyme loading of 22.5 Filter Paper Unit (FPU)
per gram of material and a robotic platform (Tecan Evo200; Tecan Group Ltd.), as described
by Gomez et al. (2010). Briefly, with equipped robotic tools, 4 mg of straw powder were
loaded into 96-deep-well plates, pre-treated with 350 puL of 0.5 M NaOH solution at 90°C for
30 min, washed for five times with 500 uL of 25 mM sodium acetate buffer pH 4.5 and then
incubated with the enzyme cocktail at 50°C for 8 hrs. Noting that this 8 hrs digestion was
programmed for verifying the saccharification potential or digestibility of straw among rice
accessions, not for the total saccharification values of straw biomass. Biomass hydrolysates
were aliquoted by the robotic platform into 96-well-plates and analyzed for released reducing
sugar using a modified MBTH method (Gomez et al., 2010; 2011). Our pre-treatment using
0.5 M NaOH is required to remove the majority of hemicellulose from straw materials before
the enzymatic hydrolysis, and saccharified products consist mainly of glucose from cellulose
(Moradi et al., 2013; Wood et al., 2016). The experiment was performed using three
biological replicates, each with four technical replicates. OD reads were converted to

amounts of reducing sugars released in nanomoles using glucose standards, as previously

described.
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Statistical analysis
Data analysis was performed in R environment with Agricola for statistical analysis.
The dataset was accessed for significant differences among rice accessions using analysis of

variance (ANOVA), and samples were grouped using the TUKEY method (p < 0.05).

Results and Discussion

To explore the saccharification potential, we analyzed straw collected from 49 Thai
rice varieties using an automated enzymatic hydrolysis platform developed by Gomez et al.,
(2010). The means of sugar released from straw biomass from these 49 varieties distributed
between 50.53-114.52 nmol mg"' hr' (Fig. 1). The highest and lowest saccharification
potential were from R30, a glutinous variety “Muey Nawng 62 M”, and R13, an upland
variety “Dawk Pa-Yawm”, respectively (Table 1). Normal distribution was observed for the
sugar released values of the 49 accessions (Fig. 2). Because of data continuity, statistical
analysis was unable to clearly distinguish the saccharification potential from one another.
Nonetheless, some accessions could be grouped based on TUKEY analysis for those with
high saccharification potential, for example, R30, R47, R31, R02, R43, R34, R37, R44, R40
and R03. No correlation was observed between the saccharification values and rice groups
such as grain types and high or low land accessions.

Previously, rice straw saccharifications by enzymatic hydrolysis were reported with
various ranges of sugar releases using different rice populations, including those from China
(59-116 nmol mg™" hr''; Liu et al., 2016) and Vietnam (20-134 nmol mg™ hr''; Nguyen, 2016).
Here, our analysis among selected Thai rice accessions showed a similar distribution and
range of saccharification potential, demonstrating that the trait diversity is presented within
the Thai population. Noting that these analyses were performed using the same platform and
experimental conditions, allowing the comparison of the saccharification potential.
Furthermore, our highest saccharification value up to 114 nmol mg" hr' suggests that the
Thai accessions could hold competency compared to the populations from China and
Vietnam. However, most of our top saccharification values were from accessions with
restricted propagation, local uses or low production, thereby limiting a direct utilization as a
large-scale biomass resource. Thus, these accessions are more likely to be useful for
introgression breeding for high digestibility traits. A recent analysis of biomass digestibility
and productivity traits showed that both traits are non-correlated and indicated that we could

breed these crops for both high productivity and high digestibility traits (Garrido et al., 2018).
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Various studies of biomass saccharification have revealed some insight into the plant
cell wall recalcitrant, which has a multitude of pathways contributing to this end, particularly
the cell wall polysaccharide components particularly cellulose and hemicelluloses (Demartini
et al., 2013; Marriott et al., 2014). Followed up studies of biomass from grasses and rice
demonstrated that lignins also play key roles in the recalcitrant (Fu et al., 2011; Bartley et al.,
2013; Bouvier d'Yvoire et al., 2013). Interestingly, silica appeared to be one of the key
important parts for the recalcitrant of rice straw and husk (Zhang et al., 2015), acting as a rice
defense to pathogen and even forage feeding animals (Agbagla-Dohnani et al., 2003).
Changes in the complexity of biomass in many aspects including composition, structure,
molecular arrangement could affect the saccharification potential (Gomez et al., 2010;
Marriott et al., 2014; Whitehead et al., 2018). Though non-cell wall related, starch remained
in rice straw biomass also provides an add-on to final saccharification products (Teramura et
al., 2013). Other aspects of plant cell walls responsible for biomass recalcitrant are now being
discovered, and much recent progress is owed to the work of genetic variation and genome
analysis, including GWAS and QTL analysis. Newly identified genes will be beneficial both
for marker-assisted selection for selecting breeding lines with low recalcitrant and providing
further insight into the genetics underlying straw digestibility. When the genomic data of the
rice accessions used here become available, our saccharification data would be useful for
identifying loci responsible for the straw recalcitrant.

Quantitative traits are largely affected by the environment, and, indeed,
saccharification is also prone to this effect. Given the result from Nguyen (2016), straw
saccharification results were highly different between two consecutive years: 20-134 and 23-
72 nmol mg"' hr' from 2013 and 2014, respectively, under well-planned paddy field
experiments in Vietnam. Thus, it is difficult to directly compared biomass saccharification
results among different experiments. Although our analysis was based on the straw materials
collected from rice grown in pots, which may pose a different situation from those grown in
the paddy fields, this result is useful for uniformly comparing the saccharification potential
among the tested accessions. Pot-cultivation with a controlled environment including well-
mixed compost, watering and fertilizer feeding would minimize the environmental effects
usually encountered in samples collected from the fields. However, it is crucial in the future
to perform the analysis using straw samples from rice cultivated in paddy fields for accessing
biomass yields on the fields and their saccharified products.

In conclusion, enzymatic straw saccharification of Thai rice accessions presented here

serves as preliminary data to support the utilization of rice straw biomass in Thailand. Rice
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accessions with high saccharification potential identified here could be beneficial both for
direct biomass production and for breeding programs. Besides, these data also prompt us to
perform saccharification screening on a more extensive collection of Thai rice accessions. A
more detailed study using plot experimental designs, DNA sequence data and genetic
analysis tools such as GWAS would allow us to use this straw waste more effectively.
Diverting rice straw from burning will not only reduce the harmful consequences but also
provide a new source of animal feed, biofuels and bioenergy with additional environmental

benefits from reducing the land required to produce forage and the use of fossil fuels.
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1  Table 1 Forty-nine Thai rice accessions used in this experiment. Accessions are listed from
2 the highest to lowest mean values of saccharification. NG = non-glutinous variety; and G =

3 glutinous variety.

ID Accession Grain type

1 R30 Muey Nawng 62M G

2 R47 Riceberry NG
3 R31 RD16 G

4 RO2 RD15 NG
5 R43 RD33 NG
6 R34 Phitsanulok 2 NG
7 R37 RD39 NG
8 R44 RD41 NG
9 R40 RD21 NG
10 RO3 Leb Meu Nahng 111 NG
11 R46 Homnil NG
12 R45 RD47 NG
13 R10 Pin Gaew 56 NG
14 R19 Hantra 60 NG
15 R18 Khem Tawng Phatthalung NG
16 RO6 Khao Tah Haeng 17 NG
17 R20 Ta-pow Gaew 161 NG
18 RO5 Goo Meuang Luang NG
19 R42 Hawm Suphan NG
20 R17 Gaen Jan NG
21 R36 Chai Nat 80 (RD29) NG
22 R12 Sao Hai NG
23 R50 RD14 G
24 R16 Hommali Daeng NG
25 R32 Pathum Thani 1 NG
26 RO9 Prachin Buri 2 NG
27 R29 Sew Mae Jan G
28 R38 RD43 NG
29 RO7 Nahng Mon S-4 NG
30 RO1 KDML 105 NG
31 R25 Hahng Yi 71 G
32 R48 San-pah-tawng 1 G
33 R23 RD6 G
34 R11 Plai Ngahm Prachin Buri NG
35 R15 Sang Yod Phattalung NG
36 R33 Suphan Buri 1 NG
37 RO4 RDS51 NG
38 RO8 Leuang Pratew 123 NG
39 R27 Nahng Cha-lawng G
40 R39 RD49 NG
41 R26 Niaw Kiaw Ngoo G
42 R14 Sinlek NG
43 R41 Pathum Thani 80 (RD31) NG

44 R35 Chai Nat 1 NG
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Fig. 1. Rice straw saccharification of 49 Thai rice accessions. Box plots represent distribution of reducing sugars released by enzymatic

1

2
3

hydrolysis of pre-treated rice straw (three biological replicates and each with four technical replicates). Turkey’s statistical test is indicated,

where samples without a common letter differ (p < 0.05).
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1  Fig. 2. Distribution of straw saccharification potential among 49 accessions.
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