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Molecular and Cellular Responses under Hypoxic Stress among

Rice Cultivars with Different Flooding Tolerance

SRS T IR R 1953 5 % P A
ABSTRACT

Global warming increases the frequency of flooding, which drastically reduces
the growth and survival of plants. Although rice (Oryza sativa) appears
well-adapted to flooding of roots as it is often farmed in paddies, problems arise
when the whole plant is submerged in water. | am interested in the structural
and molecular responses that result in different submergence tolerances in rice
cultivars. Indica rice FR13A is submergence-tolerant and frequently used in
molecular breeding for this trait, while IR64 is a high-yield but
submergence-intolerant cultivar. In this study, | monitored the growth rate,
aerenchyma formation, and gene expressions of the carbohydrate metabolism
in FR13A and IR64 seedlings subjected to submergence for 24 hours, by
means of real time RT-PCR and microarray. FR13A had prominently inhibited
coleoptile growth and sustained levels of aerenchyma formation whereas IR64
did not. The mRNA levels of alcohol dehydrogenase 1 (ADH1) in FR13A was
induced prominently, while ADH2 was induced in IR64 during early hours of
submergence. The induction of pyruvate decarboxylase 2 in FR13A was
stronger than IR64. The expression of sucrose synthase was similar in both
strains. Expressions of the genes involved in anaerobic carbohydrate
metabolism were also studied by analyses of microarray data. My findings
demonstrate that elongation quiescence, persistent aerenchyma formation and
shifts in anaerobic carbohydrate metabolism gene expressions are beneficial
strategies of FR13A towards submergence. Through elucidating the
molecular basis of coordinating submergence tolerance genes as this study
provided, it will be possible to discover multiple traits associated; hence crop
improvement for flooding tolerance could be achieved.
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Molecular and Cellular Responses under Hypoxic Stress among
Rice Cultivars with Different Flooding Tolerance
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(Ethylene Response Factor) (Fukao et al,. 2006) -
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Figure 1. Major products of carbohydrate metabolism in flooded roots.

Pyruvate produced by glycolysis is initially fermented to lactate during the early phase
of oxygen distress. Proton production by glycolysis will decrease the cytosolic pH. At
lower pH, lactate dehydrogenase (LDL) activity is inhibited, and pyruvate
decarboxylase (PDC) is activated. As a consequence of lower pH, the fermentation to
ethanol increase and to lactate decrease. The pathway of ethanol fermentation uses
up more protons than does the pathway of lactate fermentation. The cytosolic pH will
gradually increase and this will enhanced the ability of the plant to cope with the
episode of anoxia. (Figure drawn by author)
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Table 1. Rice genotypes used in the present study

Cultivar Ecosystem Submergence phenotype Subspecies Origin

FR13A Lowland Tolerance indica IRRI

IR64 Lowland Intolerance indica IRRI

IRRI, International Rice Research Institute.
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Figure 2. Experimental box, acrylic board and the 3M filter paper.

(A) Seeds germinated while attached to the wet 3M paper and the acrylic boards
were placed vertically over plastic box (B). The water below was just touching the
lower end of filter paper. The box lid is not shown.
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1. RNA extraction
}{ﬁj’%a AR R 2 VEpaSRs - () * 5EE ) Amll Trizol iy 1.5ml
ependorff |1 > ﬁ”;t B 5 5i &yt 200pl chloroform & & 7][HE 4!
(vortex) - F JE%‘;E WS 538 - T 4CI) 120006 EE=A Zh iV g
Tk 400p| el * ¥y eppendorff> 1 100ul isopropanol * 30yl high salt
solution (1.2M Sodium Citrate, 0.8 M NaCl) » § i = H:”;t k10
siE o 71 4°C NI 120006 EES > YT RNA pellet o [ 3 ffzﬁﬂ DI
1Ml 75 %k - EIZFA (vortex) F]EES < I'] 100 Yol hEETHI F3[IE -
5 2 U iz RNApellet &5k RNA [pli?fﬁ? DEPC ~= » A[Jji" &l RNA
L 2 T F A
2. RNA F gk
F IV RNA 3 & fEle ] rjif | DNase EﬁEIH ; EJH}[@‘]’ DNase
(Ambion Super DNase) = 10Xbuffer PP'I O 3TCTEME 20 s3> Fyp
* inactivation reagent o}{%]’;:“‘ﬁﬁ i RNA ifiﬁ oligo (dT) » dNTPmix
(Roch) &9t DEPC ~<&[] 12ul > &= 65°C = ﬁ}%%’aﬁfw k ﬁfﬁﬁﬂﬁ'ﬁﬂ o Bl i
F|pt X first strand buffer (Invitrogen) ~ DTT (USB) ~ RNase OUT
(Invitrogen) & Reverse Transcriptase (Invitrogen MMLV) > fgl'iif‘ 37°C50
o B AT T70°C15 i

3. Real time polymerase chain reaction
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4. Primers

Gene AG Number Forward primer Reverse primer

ADH1 0Os11g10480 ATTGACCTGAACGCCAACAG CCAGGATACACAGAAGAACCGTA

ADH2 0Os11g10510 GCCGACCAAGGATGATGT CCCTGTCTCACGACCATTAT

PDC2 0s03g18220 GCTGGGCTCAATCATAATAA TGGAGAAACAGATGTTCACA
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(2). ACt:
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Figure 3. Real-time RT-PCR analysis

The 27**“'method is used to calculate the relative expression of genes. A decent
threshold (the horizontal red bar across the curves) is chosen for data analysis.
ACt is calculated by Ct (candidate gene) - Ct (internal control gene), AACt
calculated by ACt (Treatment X) - ACt (Treatment 1). The relative amount of target
is presented as 2 44,
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(= ) The effect of 24 hours submergence on the seedling

Figure 4. FR13A rice seedlings approximately 3 days after germination.

Seedlings grew in continuous darkness while positioned on wet filter paper in
aerated condition. Primary root and the coleoptile were clearly demonstrated.
Primary root length was measured from the root-embryo junction to the root tip.
Coleoptile length was measured from the middle of the coleoptile node to the tip
of the coleoptile. White bar = 1 cm.

1. Coleoptile elongation

A5 (primary root) Lk fil e [ At o £ it bLTE il
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2. Primary root growth
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s B 2 gl 24 P G - BESRTE IR TR
HR ([ RSB (Figure 5B) o FR13A ST g v =4,

£5,10.5 + 0.6 (mean + SE) » [ 35fa v [fdﬁ; 24hrs f[1Frd <fY 22.8

% » i IR64 =% 17, 12.4 £0.9 (mean + SE) » KRS et S0 37.4 % -
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Figure 5. Effects of one day hypoxia on coleoptile and root growth of 2 rice
cultivars.

Seedlings were germinated on two sheets of moist filter paper in darkness at
30°C in a growth chamber. Three-day-old rice seedlings were then completely
submerged for 24 hours. The control group was left in the original condition for
the same length of time. The length of coleoptiles (A) and primary roots (B) were
measured with a ruler before and after the 24 hours hypoxic treatment.
Elongation during the treatment was determined by subtracting the length before
treatment from the length after treatment. Values are mean = SE of the coleoptile
of 20 seedlings.
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(The recovery seedling growth after 24 hours submergence)
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120
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—O—FR13A control
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)
I

3 4 5 6 7 8 9
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Figure 6. Effect of one day hypoxia on coleoptile growth of rice seedlings.

Three-day-old seedlings were completely submerged for 24 hours and then allowed
to recover for another 5 days. The coleoptile lengths were recorded daily. The
primary root was kept from reaching the water below after desubmergence. Values
are mean lengths (x SE) of the coleoptile of 10 seedlings. The two headed arrow
indicates the period of the 24 hours hypoxic treatment.
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(=) Root Anatomy

T E P » RO B S B T | IR64 oty
TR e FER R 2 AR (primary root) [T 55 BV ~ 2 Sl - e e
YR o R PLPHRRAROASET A el < AR I R e R
fie T e W SR R PR R ] > J[LRLp] %A% (aerenchyma) o — 57 3E > 3]
WA ol T ANV TR 20 T e (Kawai et al, 1998) 5 F U Ry =
EPygE ST B [ R PR E 2T [ o i AL YR A A R
D TS R % (Figure 7) < KU LIOREER ST I (Figure
8A) : rhizodermis - ectodermis - sclerenchyma % — & cortical cell layer » 5L
pupli-= % stele (Figure 8B) (Ranathunge et al., 2003) -

-+

)

)EI

o

I

Figure 7. Free hand sections showing that the formation ratio of
aerenchyma decreases along the way as it is closer to the root tip.

(A) Free hand sections were made in three parts of the primary root, as shown
on above. Bar = 2cm.

(B) The nearer to the seed, the larger the aerenchyma ratio (the huge gaps).
Spoke-like-structures which consist of remaining parenchyma cells or cell walls
connect the stele to the epidermis. Bar = 0.1 mm.

(C)The aerenchyma ratio gradually decreases as free hand sections were
made nearer to the tip (D). Bar = 0.1 mm.
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(P¥) Aerenchyma change after episode of submergence
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j 3= 78 - schizogenous aerenchyma : #5fl15) F'EJFJngLFI‘/ |E,J FHIpAE e >

7 Ta - lysogenous aerenchyma : mg'uﬁqﬁﬁ[wﬁdanlﬁwp |75 FaR] KA 78
(Seago JR et al., 2005) -

FPERAPIFOsE SRR T AT F R TR o — R SR
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Figure 8. Detailed structure of the root and determination of aerenchyma gas space (% of
the cortex).

(A) The outer part of roots contained four cell layers: rhizodermis (rh), exodermis (ex), sclerenchyma
(scl) and one cortical cell layer. Freehand cross-section stained with safranin O. ae = aerenchyma.
Bar =0.02 mm.

(B) A transverse root section that will be used for aerenchyma formation calculation. Shown in this
picture: the epidermis (epi), the cortex (co), the stele (ste) and the aerenchyma (ae). Aerenchyma
spaces are included within the cortex, as it is formed by lysis of parenchyma cells within this layer.
(C) Each area determined as the aerenchyma is brushed with a blue hue with using Adobe
Photoshop CS2. The number of pixels within each filled area is calculated. The percentage of cortex

area occupied by gas space is determined and is regarded as the ratio of aerenchyma. Bar = 0.1
mm.
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1. The calculation of aerenchyma

SR R0 POASEOARE Leica Sk SPRRRGEH N 1% 20T
Olympus B¢t FEESIFI™ A < £ 1'] Adobe Photoshop CS2 Ff ETap] &
TGk (pixels) (A RHIOT 5 E o SRS LIRS
B [EELPlp] it A B PUAEE (Figure 8C) -

2. Effect of 24 hours submergence to developed aerenchyma.

(TR R0 AR RYA)

R AU 2 ARG i AR Sl 534 (Figure 9) o ISR
FR13A jf|5a- it 34.63 + 3.82 % (mean + SE) » LLE{A fiv 88.48
% > [ IR64 £} 47.46 + 2.60 % (mean £ SE) > t‘r*ﬂ‘:ﬁf -~ 72.20 % (Figure
10) -

Aerenchyma change

Control

After 24 hours

Figure 9. The increase of aerenchyma after 24 hrs submergence.

Representative transverse root sections from four roots showing formation of
aerenchyma in cortex. Shown are root sections from four day old seedlings of
FR13A and IR64. The control group (A), (B) were in the aerated condition and
the submerged group (C), (D) underwent submergence treatment for 24hrs at
three days’ age). FR13A formed a similar amount of aerenchyma compared
with the control group under submerged conditions while IR64 showed less
amount formation. Bar = 0.1 mm.
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Figure 10. The change of aerenchyma after 24 hours submergence.

The sectioning site was determined by subtracting the elongation length of the last
two days from the tip of the root. The aerenchyma formation percentage was
calculated by the method mentioned in Figure 8. It may be taken into consideration
that the aerenchyma percentage within the FR13A is less compared with IR64
because IR64 had elongated more in the day of submergence and that
aerenchyma is the closer to maturity the farther it is from the root tip. The asterisk
indicates that the IR64 seedling which had endured 24 hours of submergence had
significantly less percentage of aerenchyma formation as compared with the
control group (P < 0.001).

FRI3A S50 AL - (1) 1RG4 5] S0 R AU - 2 i
B o PO FRLSA Wi i bt A0 2 RIGHERLD o (R
BT PR E RO 5 IRGA FIREIMSh g o F P Do & AR
sl B 8 = 10 mm L] F"ﬂi/ﬁ*} (kawai et al., 1998) - IF;‘P I iR
FBiT FRISA FUSHIEE 1 Spj5aa- i b Iish™ IR64 - IR64 fivE REUE
WEE FRISA R 1) DAt CHHERT S A0 Dh ARy = e - 1)
e 9 R AR L SEOAC ) IV AU (O R -
FRL3A (190 flof =T Fﬁﬁa IR64. [ 120 ORI B TR 5 4]
FUR AR RY VR RS o il = R > FRATIINES > o FR13A
FITI b FSRE S R T 1RG4 BRI R IR T 15 S vt gl S g b
1= %\ F PR FRIBA Tl & =5 IR64 Il T R = (Al i
AP FRIBA (IR if i IR64 FFTANLEE 2) ) BEL > [y
FRIBA 195 300 AAVTE 722 IR6A AFIE H LT [y f -

| VRSEPe ) AR RO B0 B R A
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(Z

+ P Rl L AR R ISR A BRI R T
5741 (Colmer, 2003) ; ffi 25 [FFS B B SR B F57E o1 '”ﬁ*’*&
ARSNGB IRA » FRSA B
~ ARAYIETI o 0] IRG4 PIPHERfVSE Y o 5 2FT W ok mf{ﬂrﬁ”wﬁ‘
[J@%@;\ﬁlrl B fEHL 'rJ‘p'IJJ’E?ﬁ%%” A AP P 50
AR PO PRI o S BIRRS SERAR AL
@iF¢W’ﬁ'4£ﬁ%wﬁ STy o Tk H PP SRR
ﬂﬂjwp J%@ﬁj tﬁ?ﬁe?@ﬁi ﬂ\ (Liao & Lin, 2001) -

) PDC and ADH mRNA expression during submergence

AT GRS PRIE E(ER T [ NAD - »1&5@%\"5?5]&7@
e {EH] o 5 E&E@E’fﬁc}{ﬁ’@iﬁri*fa@?ﬂﬂﬂ‘%&@] £ Acetyl CoA mr Fiff%A=LDH
EEL P er‘ilH%EHI}HNADHﬁ,;EIt yNAD+ - [Pk R T | A iPDC
feithAcetaldehyde » [N A FHADHEU LT oG - % fEUE @Fp JJHIEHI}IL’J'NADH
fHELNAD+ - IilF‘ FEPRI S Bk & pUATPERES ]EE Fof i e [ /mﬁv@\?ﬂ[ | (e
B B PUATPE T ﬁjﬂ 5 BAIY S (R LDHA%*T{—_F* HesEa [ROPH 1
]+ i PDCE f I ARAPIT [PHI (S 1500 1 |30 e PRI
S SRR € 0 A 1 7 FOpHTeE 25 - B SSRpR gl BT £ RS SR -
PSRs[RI AT (pyruvate decarboxylase, PDC) & 4Tl &
iy (alcohol dehydrogenase, ADH) #HI5EfivEL ﬂ%%fg%é i Jguﬁr‘“, o

BRI RERTER 5 TR e 1 L PN LR < TR
@%@%ﬁ@iﬂﬁf & Real-time RT-PCR (Reverse transcription -
Polymerase chain reaction) £i— Ll’?ﬁiﬁ?’i%\E'J T3S A Prpl Y PR
#1 HAERT-PCR [ iAo A7 o i I AT SR e 1 o] >
[ [ (2SR DNATS SRSl AP e e 1% il [N R 2PCR cycle &
I g B0 G A INTPEIf9RyZ% A0 T RNAJIIE! -
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Figure 11. Effects of submergence on the expression of ADH1, ADH2 and PDC2.

Three-day-old seedlings were completely submerged for 1, 12 and 24 hours then root
samples were collected to examine the expression pattern of ADH1, ADH2 and PDC2.
Relative transcription level is shown (1 = expression data of three day old seedlings from
the control group). It should be noted that expression levels of the control groups of IR64
and FR13A are significantly different. IR64 has almost twice the basal expression of ADH1
compared with FR13A, and 4 folds of ADH2 basal expression in comparison with FR13A;
FR13A has approximately five folds of PDC2 basal expression compared with IR64. IR64
and FR13A have different expression patterns of ADH1, ADH2 and PDC2. The response of
ADHL1 transcription in IR64 is up-regulated slightly at 24hrs. Expression in FR13A peaks at
the first hour of submergence. ADH2 transcription within IR64 due to submergence is
relatively mild with only a ten fold up-regulation against submergence, compared with a
nearly 100 fold up-regulation within FR13A. The up-regulation is constant, with no
significant peak nor slope within both cultivars, regardless of the absolute amount of
mRNA. IR64 had a small peak of PDC2 up-regulation after the first hour of submergence,
with the absolute amount of that of FR13A's baseline, then the expression sloped down.
PDC2 within FR13A was continuously up-regulated throughout the 24hrs of submergence.
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4V EPET FR13A - IR64 fiu= A A AUE v ok 2 s iU ET -~ o =
B2 A 4]0 real time RT-PCR 53477 » /i IR64 2 FR13A f[1 ADHL ~
ADH2 = PDC2 iR fiofek i AP [l i - AU 901 F (Figure 11)
<[ FR13A " IR64 [[1 ADH1 ~ ADH2 %" PDC2 77| ?’%ﬁi’rﬂ’ipi?ﬂﬁi (ks
B RSt T ATl - FRI3A 1 ADHL A FLEN G yifs i 5T fla | Ryt
E{ ekl - B (RIS R [T IR64 (1 ADHA ORI I J‘Eaihﬂ C18
A PUPREYE AT AL - IR64 HIADHlﬁ\JELF?'EGf B SR (F
D) AR D FRASA SR PRy « i pe i FR13A ]
WA BRI E ADHL ASLEN 6 IR64 ) -

FEHEERS FR13A F[1 ADH2 AR BT I[IES LR AR BT ]’SF'?, ' IR64 [Ei g FL
PRI 295 (FI9ARE © ADH2 T 113 | Jf[ljﬁﬁﬂ FR13A Fy L
IR64 ]I - %fﬁfg%fmzf AL g B 4l gﬁ

FR13A[1PDC2 sl &l ol o iRl i 57 o P47 Eﬂjf—j/ E A o] IR6G4
[t PDC2 PRI EI T 1e-e B8~ it | B 24kl > 0 AR 3280
[k - FR13A f[1 PDC2 JL#sA Bl LL IR64 [~ ¥ (Table 2) -

Table 2. Real time RT-PCR basal expression levels

sample ACt AACt QALAACT)
ADH1 FR13A 5.86 0.00 1.00
IR64 4.91 -0.95 1.93
ADH2 FR13A 4.68 0.00 1.00
IR64 2.73 -1.95 3.86
PDC2 FR13A -1.48 0.00 1.00
IR64 1.03 2.51 0.18

Relative expression values are shown with the 2722 method
(1=FR13A expression).

FR13A ﬁﬁiﬁfﬂ*ﬁ?\"?ﬁ%&”ﬁ [~ i P SRS (15T ADH % PDC fivsk
LD HT P RERFEOR= 10 - PDC S ADH Rl AR IUBRA [~ A PR 232
E A (Fukao etal,. 2006) - Acetaldehyde AP o[ [l i =3 119

EIEJ/F[@;?E}?’I' (Drew et al., 1997; Gibbs and Greenway, 2003) ; ADH 7+ FR13A
HVEBE ST E [AL LTV 19 acetaldehyde ¥ iuBELTIFS! |38
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FrepesdE (Kundu et al,. 1993) - [fijaf af| 1f9 acetaldehyde [ - s x
ELA Ry iy PDC AL 1T | P itisafi 2452 - iy iy PDC AR

Pif;tzg?jgu k.&phﬂﬁ“‘ I*?FE“%H* (Quimio et al,. 2000) -

- ﬂgﬁﬁﬁ'ﬂ‘ ' IR64 Wf"iﬁ]ﬁﬂ? FEEFY ~ ﬁ BN [ RFEARS 2 H 4
= WA FR13A BRI 2 - [ T LB O R [yﬁj EX
(R R T SRR T ) & RARIET 209 FRA3AC 7 5 A0E i b
ST e 24 TR T IR SR R R 1A
B FR13A -

NI TR R R e iR g FRASA T R
7= 2 il B 1] e&%"’éﬁé}ﬁip ETH éﬁzﬁ‘lﬂﬁiﬂ VLR 2 RLRLA I FECEAT ST 9 RN
.nﬂﬁz%ﬁﬁm‘ﬁﬁdg\’fﬁ%ﬁ@ﬁl[ﬂ@ Submergence 1 (Sub1) ® FT“J (Fukao et al.,

2006) - 7 Sub1 FLPA 1) 3 {HELN Sub1A ~ Sub1B 71 Sub1C - El {1 Sub1B
A1 Sub1C % 75 2 [’[E{Eﬁfzj (jJaponica #!indica type) Hﬁgﬁﬁﬁ} > (I Sub1A H[f
?JFFIFI*E' HIpZE B 121 Sub1A ﬁlﬁdﬁff’ﬁ*@ﬁ[@?ﬁT‘iiﬁb"fq T‘;dﬁ [ A

S SubTA FLN 55 £ Sub1A-1 (jirEf<) A1 Sub1A-2 (T ffyie-f<) 278 7 [filfY
FLNE] o A i faep[ Al o Y 1RG4 - F' ] Sub1A-2 Sub1C-3- 5> ™ T—A FR13A
[V Sub1A-1 % Sub1C-1 FL[H (Xu et al., 2006) - {FI7: ¥~ 24 hours i % <[
REPVEE FRASA fi > = P 5diy ADH {7 PDC gl (U S Sub1 o PR

ot f<2 I BT (=2 -
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S1.  Experiment flow chart

Oryza sativa
FR13A & IR64
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S4.  Pictures of coleoptile growth 1n submergence

FRI13A [R64
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Time (days)
Fig. Coleoptile elongation in FR13A 1s lesser than in IR64 plants under
submergence. Seedlings were germinated on two sheets of moist filter paper in
darkness at 30°C in a growth chamber. Three-day-old rice seedlings were then
completely submerged for 24 hours (b), (¢) and returned to normal growth
conditions for another 2 days. The control groups (a), (d) were left in the original
condition for the same time duration. The length of coleoptiles (c), (f) was measured
with a ruler and photographed everyday. A composite images showed effects of one
day hypoxia on coleoptile growth of 2 rice cultivars. The two headed arrow indicates
the period of the 24 hours hypoxic treatment. The data represent means * sd from
three independent biological replicates.
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S3.  Protocol of real time RT PCR

RNA extraction
1ml Trizol (Invitrogene)
+ Root samples

Incubate at room temp for 10 min

+ 200yl chloroform (merk)

Vortex well » Centrifuge for 15min - then transfer 400yl of the aqueous layer to a new
centrifuge tube.

100ul isopropanol (merk)
+ 30ul high salt (1.2M Sodium Citrate, 0.8M NacCl)

Incubate at room temp for 10 min - centrifuge for 10min to precipitate RNA and
discard aqueous layer; then wash with 75% alcohol and 100% alcohol and air dry
the RNA pellet.

DNase free treatment

21yl RNA
2.45pl 10X DNase Buffer (Turbo DNA-free kit, Ambion)
+ 1yl DNase (Turbo DNA-free kit, Ambion)

Incubate at 37° C for 30 min.

+ 2ul DNase Inhibitor

Gently mix for 2 minutes then centrifuge and take 21ul of the aqueous layer.



First strand cDNA synthesis

21ul RNA

2ul oligo-dT

2ul 10mM dNTP
+ 1.7ul HO

Incubate at 65° C for 5 min.

8ul 5XRT buffer (Invitrogen MMLV Reverse Transcriptas

4ul 0.1M DTT
0.3ul RNase out (Invitrogene RNase Out)
+ 1ul RT

Incubate at 37° C for 15 min then incubate at 70° C for 15 min.
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S4.  Results of real time RT_PCR
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Fig. Effects of submergence on the expression of ADH1, ADH2, PDC2 and
SUS2.
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Three-day-old seedlings were completely submerged for 1, 3, 6, 12 and 24 hours
then root samples were collected to examine the expression pattern of ADH1,
ADH2, PDC2 and SUS1. Relative transcription level is shown (1 = expression
data of three day old seedlings from the control group); bars are of standard error
of mean. In ADH1 and ADH2 expressions, FR13A and IR64 have interestingly
adverse expression amounts; however, they all peak in the first hour of
submergence. FR13A has a 70 fold expression in ADH1and a ten fold
expression in ADH2, while IR64 had a 25 fold expression in ADH1 and a 75 fold
expression in ADH2. PDC2 expression is higher in FR13A, peaking by 17 folds
in the first hour and remaining at a 7 fold expression through the 24th hour of
submergence. IR64 has an evidently smoother curve that slightly peaks by 7
folds in the third hour of submergence, and remaining a 5 fold expression through
the 24th hour. FR13A has a sustained 2-fold expression of SUS1 that lasts for
at least the first 12 hours of submergence, slightly dropping back to one fold of
expression in the 24th hour. IR64 has a more jagged expression curve with
peaks of 3~ folds at the 3th and 12th hours of submergence and troughs of 2~
folds at the 6th and 24th hour of submergence. But overall the expression of IR64
SUS1 is much the same as FR13A.
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S5.  Protocol of Microarray

MICROARRAY PROTOCOL

NSF Rice 45K Array

N o oD

SR T

el

Prepare Sample (Day 1 to Day 5)

Extract RNA (Day 5)

Check RNA quality (Day 6)

Synthesize cDNA and Hydrolysis RNA(Day 7)
Purify (Day 7) and Label cDNA (Day 8)
Hybridization (Day 8)

Wash the slide (Day 9)

Prepare Sample (Day 1 to Day 5)

Place 2 g rice seeds in a 250 ml flask and wash the seeds by (30 ml D.D.W and 20
ml COLAX bleach; optional: add a little bit Tween-20) (* for fewer than 3 hr exp, |
use about 6 g seeds for one chip set .)

Shake the seeds for 15 min on a shaker or in a shaking incubator.

Change the solution and wash again.

Use D.D.W to wash out bleach at least 4 times ( each time more than 50 ml)

Put seeds in a line in 12.5 x 12.5 square plate with two filter papers

O?OOOOOOOOOOOOO

Embryo at the downside

(40-50 seeds per plate)

Put some water before sealing the plate.

Put the plates in a dark incubator at 30°C.

usually germinate seeds Thursday afternoon and collect the root Monday morning.
Make sure plant the seeds and collect the sample at the consistent time.

. 0 hr-3 hr/ one chip set = 3 plate rice roots; 6 hr-12 hr/ one set chip = 4-5 plate rice

roots.

* Hypoxia treatment: 3 plates in 1 L Tris-HCI buffer (pH=7.5, final 10 uM)

2.
1.

Extract RNA (Day 5)
Apply TRIZOL LS solution to a 50 ml tube and preheat it at 50°C (1g tissue/ 10 ml
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TRIZOL LS)

Homogenize plant tissues in liquid nitrogen.

Add the sample powder into the tube containing pre-heat TRIZOL LS solution, and
vortex for 30 sec.

4. Stand at 50°C for 2 min, then at RT for 5 min and keep it on ice for 1 hr.

o

© © N o

10.
11.
12.
13.
14.
15.

16.
17.
18.
19.

3.

Add chloroform 0.2 X vol. (2 ml chloroform /10 ml sample volume) and shake
vigorously for 1 min. Then leave for 5 min at RT.

Centrifuge at 10,000 g at 4 °C for 25 min.

Take each 1 ml supernatant to each 1.5 ml tube and add 200 1 chloroform.

Vortex vigorously and centrifuge at 12,000 g at 4 °C for 15 min.

Take each 400 u1 sample from the aqueous layer into each new 1.5 ml tube and then
add 100 u1 isopropanol and 30 1 high salt solution (1.2 M Sodium Citrate, 0.8 M
NaCl) (Mix well!!)

Incubate the sample at room temperature for 10 min.

Precipitate the RNA pellet at 4°C for 12,000 g for 10 min.

Wash the pellet with 75% EtOH.

Wash the pellet with 100% EtOH.

Remove the supernatant, and air dry the pellet about 30 min.

Re-suspend the pellet in DNase and RNase free water (Don’t use DEPC-treated water,
DEPC may influence the RT efficiency?!).

Concentrate the RNA sample until the concentration more than 5 ug/ul.

DNase treatment for 30 min at 37°C

Inactive DNase for 2 min at RT. Then, Centrifuge the sample twice at 4°C.

Quantify RNA concentration and run 2100 Bioanalyzer.

Check RNA quality (Day 6)

1. Mix 2 ul RNA (total RNA= 4 ug) with 0.5 u1 oligo dT-V (2 ug/ul)
2. Set a PCR machine: heat 10 min at 70°C and quickly chill on ice for 5 min.

3. Add

5X Superscript 1l buffer 1 ul
0.LMDTT 0.5 ul
50X dNTP 0.1 ul
Cy3dUTP 0.5 ul
Superscript 1l reverse transcriptase (200 U/ul) | 0.4 ul

4. Set a PCR machine: 42°C for 2 hr
5. Clean up the sample: Add 95ul water to the sample and clean up by QIAGEN PCR
clean up kit. Finally, elute the DNA with 50 ul EB and dry down to 4 ul.
6. Mix the sample with 6X DNA Dye.
7. Run a 1% gel ( 0.15 g agarose powder + 15 ml 1X TBE buffer) for 30 min.
At the first 15 min, turn on Typhoon Scanner.
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8. Typhoon Scanner: Fluorescence: Cy3 =650; Cy5 =500 ( Here just chose Cy3)
Orientation: R
Focus: 3 mm +

4. Synthesize cDNA and Hydrolysis RNA (Day 7)

Cy5 total RNA Cy3 total RNA
Oligo dT-V primer 1.25 ul 1.25 ul
Total RNA 35 ug X ul X ul
RNase Free Water Xyl Xyl
Final volume 15 yl 15 yul

* Oligo dT-V (2 ug/ul) desalted.
1. Incubate at 70°C for 10 min. Spin and chill on ice for 10 min.
2. Reverse Transcription (first cODNA synthesis)

Reagent Amount
Water 3.4 ul
5X superscript buffer (Invitrogen) 6.0 ul
50X aa dUTP/ANTPs (4:1) 0.6 ul
0.1MDTT 3.0 ul
Total volume 13 ul

3. Add RT reagent and mix well.
4. PCR machine program:
65C 2min
42°C 3 min
42°C 60 min
42°C 60 min
4C o
5. Pause at first 42°C -60 min and add 1 ul Superscript Il (Mix well!!)
6. Pause again at 2" 42°C -60 min and add 1 ul Superscript Il (Mix well!!)
7. Hydrolysis RNA

Reagent Amount
0.5M EDTA 10 ul
1.0 N NaOH 10 ul

8. Add one kind of the reagents, vortex once. (Mix well!l)
9. Incubate for 15 min at 65C .

10. Neutralize with 25 ul 1 M HEPES pH=7.4. (Mix well!l)
5. Purify (Day7) and Label cDNA (Day 8)

1. Fill one Microcon-30 concentrator with 375 ul of DDW.
2. Add the neutralized sample (75 ul)(Mix well!l)
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3. Spin at 12,000 x g for 10 min

4. Save the first flow through

5. Add 4501 DDW to the column and Spin at 12,000 x g for 10 min- Wash | (Mix
Well!l)

6. Discard the flow through, Add 450 ul DDW to the column and Spin at 12,000 x g for
10 min- Wash Il (Mix Well!!)

7. Discard the flow through, Add 450 ul DDW to the column and Spin at 12,000 x g for
10 min- Wash I11 (Mix Well!!)

8. Discard the flow through. Invert and insert the column into a new tube.

9. Spin for 1 min at 1000 x g

10. check the solution volume and make its final volume 50 ul

11. Spin for 3 min at 1000 x g

12. Check the concentration by NaroDrop.( Normal concentration about 20-35 ng/ul )
13. Concentrate the sample to 7 ul by Speed Vac at 30°C .( Make sure not overdry!)

14. Coupling reaction:

Reagent Amount

Cy3or Cy5 Dissolve the dry pellet in 2 ul DMSO
Sodium bicarbonate pH=9.0 1ul

Sample 7 ul

Total volume 10 ul

15. Coupling for 1 hour at 25°C in the dark.

16. Mix and Spin the coupling sample each 15 min. (total 4 times)

17. Quench Cy Dye by adding 4.5 ul 4 M hydroxylamine . (Mix well!l)

18. Incubate for 15 min at 25°C in the dark.

19. Remove unincorporated Cy dye by QIAGEN PCR clean up Kit.

20. Add 70 ul DDW.

21. Add 500 ul PB. (Mix Well!!)

22. Apply to QIAquick column and spin at 13,200 rpm for 1 min and reapply again.

23. Discard the flow through.

24. Add 750 ul Buffer PE and spin 1 min ( repeat 3 times!)

25. Spin at 13,200 rpm for 1 min to dry the column.

26. Transfer the column into a new tube.

27. Add 40 ul Buffer EB for the first elution and incubate for 1 min.

28. Add 30 ul Buffer EB for the second elution.

29. Take 0.5 ul sample to run a gel and scan by Typhoon scanner.

30. Concentrate the sample to 1 ul in a SpeedVac at 30°C  (Be sure not overdry!)
(Combine the Cy3 and Cy5 sample during the volume about 10-20ul ')

6. Hybridization (Day 8)
Hybridization Buffer:
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Formamide 100% 50 yl

20X SSC 25 ul

10% SDS 1yl

0.1 MDTT 10 ul

DDW 14 pl

1. Hybridization buffer total volume =100 ul; just add 89.6 ul hybridization buffer into
the sample.

2. Mix well and incubate at 42°C for a while.

3. Add 6.4 ul Salmon Sperm DNA

4. Mix well and incubate at 95°C for 3 min.

5. Centrifuge at 13,200 rpm for 1 min.

6. Put the sample at 42°C and wait for loading.

7. Slide pre-hybridization:
a: prepare pre-hybridization buffer

Reagent Amount

20X SSC 50 ml

10% SDS 2ml

BSA Dissolve 2 g BSA in 50 ml water and

filter the BSA solution by 0.22um filter.
Total volume 200 ml

* Add 10% SDS after the total volume more than 190 ml.
b: pre-heat the solution at 42°C . (Take more than 2 hour!)

c: place slides into the pre-hybridization buffer for 45 min (mix each 15 min)
d: wash the slides by MQ water three times and isopropanol once.

200 ml
MQ MQ MQ isopropanol

*

One small glass jam, S5s

Three big glass jam, each 30s

e: dry the slides for 10 min ( turn on the Vac 1 hr earlier! )
8. Pre-heat the Slides in MAUI for 5 min.
9. Seal the Slides with MAUI mixer.
10. Load 48 ul sample into each chip.
11. Hybridize for 18 h at 42°C.
*MAUI takes 2-3 hours to stabilize the temperature. Make sure turn on MAUI earlier!
*MAUI : A mode
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7. Wash the slide (Day 9)
1. Sol I (2X SSC, 0.1% SDS)

Reagent Amount
20X SSC 150 ml
10% SDS 15 ml
Total volume 1500 ml

* Sol | needs to be preheated at 42°C. It takes about more than 3 hours!!

Sol 11 (0.1X SSC, 0.1 % SDS)

Reagent Amount
20X SSC 2.5ml
10% SDS 5ml
Total volume 500 ml
Sol 111 (0.1X SSC)
Reagent Amount
20X SSC 2.5ml
Total volume 500 ml
Sol VI (0.05X SSC)

Reagent Amount
20X SSC 1.25 ml
Total volume 500 ml

200-300 ml sol I

(for one set)

l

250 ml sol
I water

42°C water bath

Take out the mixer at Sol |

Wash 4 min ( Repeat 3 times, each time
replace a new jam)
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Sol 11 Sol III Sol VI
Sol 11 Sol III Sol VI
(Each 4 min) (Each 4 min) (Each 2 min)
(250 ml 1n each jam)

2. dry the slides for 10 min (turn on the Vac 1 hr earlier! )
3. Use Axon Scanner to scan the slides.



S6.  Results of Microarray

Fig. Representation of expression changes for differentially expressed genes.

Temporal patterns of expression in FR13A and IR64 rice seedlings during the time course
of hypoxic stress (3 h, 6 h, and 12 h) were

visualized. Cluster 1 of ADH associated genes showed a rapid increase of gene expression
from 0 to 6 h of low-oxygen stress. Clusters

2 of PDC associated genes showed steady increased expression from 3 h to 12 h of
hypoxic treatment. Cluster 3 contained SUS1

associated genes that showed a strong decrease in expression during hypoxic condition.
The color of each element in the clusters

represents the expression level of each gene with green representing down regulation and
red representing up regulation.
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Clusterl: Coordinated gene cluster with ADHland ADH?2

Vegetative cell wall protein gpl precursor, putative, expressed

Transposon protein, putative, unclassified, expressed

17.4 kDa class I heat shock protein 3, putative, expressed

Multidrug resistance-associated protein 4, putative, expressed

Ethylene responsive element binding protein, putative, expressed

Alcohol dehydrogenase 2, putative, expressed

D-mannose binding lectin family protein, expressed;D-mannose

binding lectin family protein, expressed

Alcohol dehydrogenase 1, putative, expressed

Protein kinase domain containing protein, expressed

N/A

Expressed protein

Expressed protein

Receptor-like protein kinase precursor, putative, expressed

Ubiquitin, putative, expressed

MTD]I, putative, expressed

Expressed protein

CXC domain containing TSO1-like protein 1, putative, expressed

Expressed protein

Membrane steroid-binding protein 1, putative, expressed

PX domain containing protein, expressed

Serine/threonine-protein kinase BRI1-like 1 precursor, putative, expressed

Myb-like DNA-binding domain, SHAQKYF class family protein, expressed

N/A

Chlorophyll a-b binding protein 2, chloroplast precursor, putative, expressed

Pollen proteins Ole e I family protein, expressed

Serine--glyoxylate aminotransferase, putative, expressed

UBX domain-containing protein 1, putative, expressed

N/A

Myb-like DNA-binding domain, SHAQKYF class family protein, expressed

Ids4-like protein, putative, expressed

Zinc-finger protein 1, putative, expressed

Expressed protein

DNA binding protein, putative, expressed

Expressed protein

Transparent testa 12 protein, putative, expressed
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F-box domain containing protein, expressed

Gibberellin 20 oxidase 2, putative, expressed

Ethylene receptor, putative, expressed

Expressed protein

Transferase, putative, expressed

N/A

ADHI1 and ADH? associated genes-2X  P2/2

Expressed protein

NAC domain-containing protein 18, putative, expressed

Typical P-type R2R3 Myb protein, putative, expressed

Expressed protein

Histone H1, putative, expressed

Expressed protein
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Cluster 2: Coordinated gene cluster with PDC

N/A

Domain found in Dishevelled, Egl-10, and Pleckstrin family protein, expressed

Expressed protein

Receptor protein kinase CRINKLY4 precursor, putative, expressed

OsWRKY1v2 - Superfamily of rice TFs having WRKY and zinc finger domains, expressed

Expressed protein

N/A

Expressed protein

Spotted leaf protein 11, putative, expressed

F-box domain containing protein, expressed

Expressed protein

Trehalose-6-phosphate synthase, putative,
expressed

Pyruvate decarboxylase 1sozyme 2, putative, expressed

Non-symbiotic hemoglobin 2, putative, expressed

Expressed protein

Catalytic/ hydrolase, putative, expressed

Glutamate decarboxylase, putative, expressed

N/A

Expressed protein

Protein binding protein, putative, expressed

Elicitor-responsive protein 3, putative, expressed

N-acetylglucosaminyltransferase 111, putative, expressed

Dehydration-responsive element-binding protein 2D, putative, expressed

KI domain interacting kinase 1, putative, expressed

Serine/threonine-protein kinase receptor precursor, putative, expressed

Expressed protein

Expressed protein

N/A

N/A

Armadillo repeat-containing protein, putative, expressed

ACS-like protein, putative, expressed

DNA binding protein, putative, expressed

Cis-zeatin O-glucosyltransferase 1, putative, expressed

ANACO75, putative,
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expressed

Expressed protein

Hypothetical protein

N/A

P0421H07.29 [Oryza sativa (japonica cultivar-group)]

ATP binding protein, putative, expressed

N/A

Universal stress protein, putative, expressed

Bromodomain associated family protein, expressed

Expressed protein

PDC?2 associated genes-2X 2/2

Expressed protein

Acetyltransferase, GNAT family protein, expressed

Wound induced protein, putative, expressed

Hypothetical protein

Expressed protein

Lipase precursor, putative, expressed

SPF1-like DNA-binding protein, putative,
expressed

N/A

Expressed protein

Expressed protein

DNA-binding protein, putative,
expressed

PDC?2 associated genes-2X 3/3

Phosphoglycerate kinase, cytosolic, putative, expressed

Respiratory burst oxidase, putative, expressed

Protein binding protein, putative, expressed

Clathrin assembly protein, putative, expressed

Expressed protein

Protein kinase KIPK, putative, expressed

Protein translation factor SUI1 homolog 2, putative, expressed

Transposon protein, putative,
unclassified

Expressed protein

Expressed protein

Expressed protein

Histone deacetylase, putative, expressed

Resistance protein LR 10, putative, expressed
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Chlorophyll a-b binding protein 1, chloroplast precursor, putative, expressed

Calcium-binding mitochondrial carrier FS5A11.4, putative, expressed

Cluster 3: Coordinated gene cluster with SUS1

CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase, putative, expressed

Malate dehydrogenase, mitochondrial precursor, putative, expressed

Outer membrane protein, OMP&5 family protein, expressed

Catalytic/ protein phosphatase type 2C/ protein serine/threonine phosphatase, putative, expressed

Nucleic acid binding protein, putative, expressed

TAP100, putative, expressed

Tumor-related protein-like, putative, expressed

DNA binding protein, putative, expressed

Coatomer subunit epsilon, putative

Phytosulfokine receptor precursor, putative, expressed

Auxin response factor 2, putative, expressed

MAP3K-like protein kinase, putative, expressed

Pathogenesis-related protein PR-1 precursor, putative,
expressed

Expressed protein

Proteasome subunit alpha type 5, putative, expressed

Actin polymerization factor, putative, expressed

Elongation factor 1-gamma 3, putative, expressed

Nucleotide-binding protein 1, putative, expressed

Expressed protein;expressed protein;expressed protein

Lysine ketoglutarate reductase trans-splicing related 1, putative, expressed

Protein arginine N-methyltransferase 6, putative, expressed

Ribosome recycling factor, chloroplast precursor, putative, expressed

Calmodulin binding protein, putative, expressed

Expressed protein

UBA and UBX domain-containing protein, putative, expressed

Protein G10 homolog 2, putative, expressed

Haloacid dehalogenase-like hydrolase domain-containing protein 1A, putative, expressed

Nucleoside-diphosphate-sugar epimerase, putative, expressed

Expressed protein
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Chaperonin, chloroplast precursor, putative, expressed

Ferredoxin-6, chloroplast precursor, putative, expressed

Acetylglutamate kinase, putative, expressed

Rac-like GTP-binding protein 2, putative, expressed

Expressed protein

Tic20-like protein, putative, expressed

Sugar transport protein 5, putative, expressed

Expressed protein

Tyrosine aminotransferase, putative, expressed

Acyl-activating enzyme 18, putative, expressed

Expressed protein

Expressed protein

Thiosulfate sulfurtransferase, putative, expressed

Expressed protein

SUST associated genes-1X 2/2

Adagio protein 1, putative, expressed

PHD finger protein, putative, expressed

YGR159c, putative, expressed

Integral membrane protein like, putative, expressed

Glutathione synthetase, chloroplast precursor, putative, expressed

Proline-rich protein, putative, expressed

Expressed protein

Dihydrolipoyllysine-residue acetyltransferase component of pyruvatedehydrogenase

complex, mitochondrial precursor, putative, expressed

Ubiquitin-protein ligase, putative, expressed

Cytochrome b5 isoform 2, putative, expressed

Nodulin-like protein, putative, expressed

Permease, putative, expressed

Cyclin delta-2, putative, expressed

Sucrose synthase 1, putative, expressed

Zeta-carotene desaturase, chloroplast precursor, putative, expressed

Expressed protein

Lysyl-tRNA synthetase, putative, expressed

RING finger and CHY zinc finger domain-containing protein 1, putative, expressed

Sulfate transporter 1.2, putative, expressed

Exosome component 10, putative, expressed

Integral membrane protein like, putative, expressed

Chloroplast 30S ribosomal protein S10, putative, expressed

Importin alpha-1b subunit, putative, expressed
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S7.  Carbohydrate metabolism pathway with gene

eXpressions
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Fig. Effects of hypoxia on carbohydrate metabolism in rice seedlings roots.

Data mining of the transcriptome of hypoxic seedlings roots allowed the identification
of the genes involved in sucrose metabolism and glycolysis. Genes showing a
statistically significant change in expression when the aerobic dataset was compared
with the anoxic dataset are reported on the metabolic pathway shown in this figure.
Red arrows highlight the metabolic steps that, based on transcripts level changes, are
strongly up-regulated under anoxia, whereas blue arrows indicate down-regulation.
Abbreviations are as follows: ADH, alcohol dehydrogenase; ALDH, acetaldehyde
dehydrogenase; FK, fructokinase; G3PDH, NADP-dependent
Glyceraldehyde-3-phosphate dehydrogenase; HXK, hexokinase; PCK,
phosphenolpyruvate carboxylase kinase; PDC, pyruvate decarboxylase; PDH,
pyruvate dehydrogenase; PEPC, phosphenolpyruvate carboxylase; PFK,
ATP-dependent phosphofructokinase; PK, pyruvate kinase; PPDK, pyruvate Pi
dikinase; SUS, sucrose synthase.
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Molecular and Cellular Responses under Hypoxic Stress

in Rice Cultivars with Different Flooding Tolerance

Sonya Di-Chiao Juang
Kaohsiung Municipal Girl's Senior High School, Kaohsiung, CHINESE TAIPEI

Introduction

Global warming results in rising sea levels, increases in occurrence and
severity of storms and flooding in river flood plains and arable farmland,
battering the south and southeast Asia, where 70% of the world's poor
live (IPCC, 2007). Flooding causes a loss of up to 100% of rice harvest,
which is their staple. There has been observation that some crop
cultivars can withstand flooding stress, thus raising the question: what in
particular causes variations of submergence tolerance within different
cultivars?

Known responses of plants under submergence include growth rate
change, aerenchyma formation, an initiation of fermentation and other
changes within the energy yielding processes.

Many reviews have distributed the syndromes into two kinds of
strategies: the escape strategy and the quiescence strategy. The escape
strategy stimulates the plant's elongation rate, which can restore contact
between leaves and air, but can also result in plant death if the plant has
not elongated enough to emerge from the water before the depletion of
energy. The other strategy in contrast is the quiescence strategy, which
slackens the plant's growth and metabolism, reserving energy for growth
post-submergence(Perata & Voesenek, 2007). The latter method is more
suitable for flash-floodings or long-term floodings.

Morphological adaption to low oxygen stress include the formation of
aerenchyma, root cortical air spaces that promote air transport from
shoot to root (vartapetian and Jackson, 1997). Aerenchyma formation
within rice is intrinsic (Visser et al., 2004: Colmer, 2003). There are two
main types of aerenchyma: aerenchyma formed by cells parting is named
as schizogenous aerenchyma; aerenchyma formed by cell lysis is known
as lysigenous aerenchyma. Rice aerenchyma belongs to the latter
(Seago JR et al., 2005). Lysigenous aerenchyma is formed via
programmed cell death, thus ethylene participation is needed.

As for metabolic adaptions to anaerobiosis, the induction of fermentation
pathway enzymes (Kennedy et al., 1992) is yet another well known trait.
Fermentation under lack of O, is crucial for regenerating NAD", for
sustainment of glycolysis. A crisis in ATP availability ensues because
glycolysis is inefficient, yielding 2 to 4 mol ATP per mol hexose as
compared with 30 to 36 mol ATP by the mitochondrial electron transport
chain. Evaluation of gene transcripts, enzymes, and metabolites in a
variety of species and genotypes demonstrated the production of minor
metabolic end products that are also important for NAD" and NAD(P)"
regeneration.

Although mutant analyses with several species have demonstrated that
glycolysis and fermentation are necessary for cell survival under O,

deprivation, the enhancement of these processes is not well correlated
with prolonged endurance of this stress (Drew MC. 1997; Gibbs J,
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Fig 1. Major products of carbohydrate metabolism in flooded roots.
Pyruvate produced by glycolysis is initially fermented to lactate during the early
phase of oxygen distress. Proton production by glycolysis will decrease the
cytosolic pH. At lower pH, lactate dehydrogenase (LDL) activity is inhibited, and
pyruvate decarboxylase (PDC) is activated. As a consequence of lower pH, the
fermentation to ethanol increase and to lactate decrease. The pathway of
ethanol fermentation uses up more protons than does the pathway of lactate
fermentation. The cytosolic pH will gradually increase and this will enhanced the
ability of the plant to cope with the episode of anoxia. (Figure drawn by author)

Greenway H. 2003). Thus cells reliant on externalO, limit processes that
are highly energy consumptive and alter metabolism to increase
anaerobic generation of ATP by cytosolic glycolysis (Drew MC. 1997).

The positive regulation of the SUS route and the repression of INV gene
expression and enzymatic activity under O, deprivation have been well
documented for a variety of plant species and organs including cereal
seeds (Guglielminetti et al. 1997), rice seedlings, maize roots (Zeng et al.
1998) and potato roots (Biemelt et al. 1999). In many non-photosynthetic
tissues, SuSy exists at high levels in the cytoplasm (Xu et al. 1989;
Geigenberger and Stitt 1993), where the products of its activity may be
used as precursors in glycolytic metabolism and for synthesis of storage
and structural polymers (Winter and Huber 2000). It is assumed to be
driven by sucrose starvation (Loreti E et al, 2005).

Thus, this project has focused on the morphological and molecular
adaptaions of rice under submergence, including growth change,
aerenchyma formation, gene regulation of fermentation and sucrose
degradation genes, and gene expression differences on a larger scope
including glycolysis.



Materials and methods

Seedlings of FR13A and IR64 rice (Oryza sativa L.) types were analyzed
in the course of this study. The seeds were washed vigorously in tap
water followed by 1.0% sodium hypochlorite treatment for 5 min. The
seeds were subsequently affixed on 2 layer of absorbent 3M sterile filter
paper placed in acrylic board and allowed to germinate at 30.0 °C in
complete dark culture chamber. 3-day-old seedlings were subjected to 24
hours of submergence in distilled water.

coleoptile growth measurement

The coleoptile length were measured every day, before and after
submergence.

aerenchyma formation determination

Aerenchyma change in the free hand section of the roots after 24 hours
submergence or in normal (unsubmerged) conditions were examined with a
light microscope (Leica model DME) and assayed by Adobe Photoshop CS2.
Molecular observations

RNA samples from the roots used for microarray and real time RT-PCR
experiments were extracted from three independent biological replicates.
RNA extraction

Trizol (Invitrogene) was added to root samples then incubated at room temp
for 10 minutes before chloroform (merk) was added. After vortexing and
centrifuging, the aqueous layer was transfered to a new centrifuge tube.
Isopropanol and high salt (1.2M Sodium Citrate, 0.8M NaCl) were added,
then the samples were incubated at room temp for 10 min then centrifuged
for 10min to precipitate RNA. The aqueous layer is then discarded and the
RNA pellet washed with 75% alcohol and 100% alcohol, then air dried.
They were cleaned by Turbo DNA-free kit (Ambion) before use.

First strand cDNA synthesis

RNA samples were incubated with oligo-dT and dNTP at 650C for 5 min,
then 5XRT buffer (Invitrogen MMLV Reverse Transcriptase), DTT, RNase
out (Invitrogene RNase Out) and reverse transcriptase was added and
the mixture incubated at 370C for 15 min then at 700 C for 15 min.

Real time reverse transcript polymerase chain reaction

RT-PCR was performed with Power SYBR Green PCR Master Mix (Applied
Biosystems) in a 7500 Real-Time PCR System (Applied Biosystems).
Sequences of interest and corresponding primers are listed in appendix.

Microarray

Cy5- and Cy3-labeled cDNA were pooled and hybridized to NSF 45K Rice
oligonucleotide Arrays by using MAUI hybridization system (BioMicro).
The hybridization signals for each DNA element were acquired with the
use of GenePix 4000B and analyzed with GenePix Pro 6.1 (MDS
Analytical Technologies). Microarray data files were imported into
GeneSpring GX 7.3.1 (Agilent technologies) for further analyses.

Enzyme activities

Visualization of enzyme activity was by using nondenaturating native-
PAGE. Native gel contains 6% acrylamide/bis, 0.5X TBE and 3.125%
glycerol. Reaction mixture for ADH contains 0.1M tris buffer (pH 7.5),
NAD+ 3mg/ml, MTT 0.2mg/ml, PMS 0.4mg/ml and EtOH 0.6mg/ml.



FR13A

IR64

Results and discussion
Growth adaptation and aerenchyma formation

Coleoptile growth of FR13A under submergence was significantly
retarded with 53.8% of the normal condition whereas IR64 had 106%
growth of the normal condition. Comparitively, FR13A seems to have
taken a "quiscence" strategy, in which the growth is slowered to reduce
unnecessary energy consumption (Das et al., 2005). IR64 is a strand that
was bred not for abiotic-stress-tolerance but more for high yield and
convenient farming; the growth rate and life cycle can be observed to be
obviously higher. This trait is precisely the opposite of the quiescence
strategy that is suitable for long term flooding, which may cause its
tolerance to be weaker than the slow-maturing FR13A.

The formation of aerenchyma in FR13A under submergence increased in
approximately the same degree (88.5%) as the aerated group, but was
suppressed in the sensitive IR64 (72.2%). Aerenchyma formation within
rice is inherent even under normal condtions i.e. no flooding of any part of
the plant, thus it is able to present the aerenchyma formation changes by
percentages of the original aerenchyma formation. Acknowledged to be
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Fig 2. Coleoptile Elongation during Submergence.

Three-day-old seedlings subjected to 24hr submergence were then returned to
normal growth conditions for another 2 days and examined for coleoptile
elongation. The red line represents the growth of seedlings after submergence
treatment. The data represents means + sd from three independent biological
replicates. Coleoptile growth of FR13A under submergence was 53.8% of the
normal condition whereas IR64 had 106% growth of the normal condition.



an important indication of flood tolerance within plants, this
morphological adaptation may be one of the key features contributing to
submergence tolerance in FR13A (Colmer, 2003).

The upstream and downstream of glycolysis

The importance of the fermentation genes (ADH, PDC) is that during O2
deprivation, fermentation is necessary to regenerate NAD+ to sustain
glycolysis. Both lactate- and ethanol-producing fermentation yield
NADH+. Lactate lowers cytosolic PH, while ethanol does not and can
diffuse across plasma membranes. According to the Davis Roberts
Lactate dehydrogenase / pyruvate decarboxylase pH-stat hypothesis,

FR13A

IR64
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Fig 3. Aerenchyma Change during submergence

Data are means of 24 replicates with standard deviation. (*** P < 0.001). The
formation of aerenchyma in FR13A under submergence increased in
approximately the same degree (88.5%) as the aerated group, but was
suppressed in the sensitive IR64 (72.2%) (Fig. 2).
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Fig 4. Real-time RT-PCR of ADH gene expression and zymography of
enzyme activity.

(a)Three-day-old seedlings were submerged for 1, 3, 6, 12 and 24 hours;
expression pattern of ADH1, ADH2, ADH3 and ADH4 were examined. Relative
transcription level is shown (1 = expression of seedlings from the control group);
bars are of standard error of mean. (b) A native-PAGE was conducted with the
same time course but isozymes were unable to separate. Enzyme activities of
ADH was prominent within FR13A after submergence.
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Fig 5. Real-time RT-PCR of PDC, SUS and INV gene expressions.
Three-day-old seedlings were submerged for 1, 3, 6, 12 and 24 hours;
expression pattern of PDC1, PDC2, PDC3, PDC4, SUS1, SUS2, INV1, INV2
were examined. Relative transcription level is shown (1 = expression of
seedlings from the control group); bars are of standard error of mean.

anaerobic metabolism is regulated by the activities of pH-sensitive
enzymes. Within this model, pyruvate produced by glycolysis is
converted to lactate in a reaction catalyzed by LDH, an enzyme with an
optimum at physiological pH. As the cytosol acidifies, LDH s
progressively inhibited and PDC is activated because its pH optimum is
lower than normal cytoplasmic pH.

Within these experiments, three-day-old seedlings were completely
submerged for 1, 3, 6, 12 and 24 hours then root samples were collected
to examine the expression pattern of ADH and PDC. In ADH1 and ADH2
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expressions, FR13A and IR64 have interestingly adverse expression
amounts between the isozymes; however, they all peak in the first hour of
submergence. It is still unclear whether the adversely different
expressions of the ADH1 and ADH2 genes within the two cultivars have
what kind of significance. The two ADHs have extremely similar
sequences and are known to have different promoters. Native-PAGE was
conducted in hope to be able to differetiate the two isozymes but in vain.
What was observed in return was that ADH had stronger and earlier
activity in FR13A under submergence stress, which enhances the
proposal that ethanol fermentation is essential to a plant’s ability to
tolerate conditions of O, deficiency. In other studies, progenies of
crossed plants overproducing both PDC and ADH showed individual
anoxia tolerance; but increase of individual genes either had no effect on



or reduced the anoxia tolerance (Rahman et al., 2001).

Also asscociated in the ethanol fermentation pathway is pyruvate
decarboxylase. There is also a different preference of the cultivars
towards the isozymes. FR13A induces PDC4 much more prominently as
IR64 specificly induces PDC1. The sequences of the spliced forms of
PDC1 and PDC4 are extremely similar but known also to have different
promoters (unpubished data). Thus the differential regulation of
isozymes within the two cultivars may be due to different up-stream
regulations. Otherisozyme transcriptions concerned, it may be observed
that IR64 has lower transcription levels of PDCs other than PDC1 when
compared to FR13A.

SUS and INV genes were also examined, concerning the upstream of
glycolysis, with the same treatments as the samples treated for ADH and
PDC samples. There are two pathways for sucrose to link to glycolysis.
The reversible plant-specific sucrose synthase (SUS) pathway that
breaks sucrose into fructose and UDP-glucose requires hydrolysis of one
molecule each of ATP and UDP per molecule of sucrose, whereas the
unidirectional invertase pathway which breaks sucrose into glucose and
fructose consumes two molecules of ATP per molecule of sucrose. The
sucrose synthase pathway had been observed to be up-regulated and the
invertase pathway repressed under hypoxia, but as the experiments
show, thoush SUS is upregulated within both cultivars while FR13A has
higher transcription folds, invertase within FR13A is observed to be also
up-regulated under hypoxia. This is yet another cutting edge discover
that has never been observed and controverses known proposed
strategies of plant responses towards hypoxia. It is possible that the
stress was not viewed as a threat by FR13A so much as to cut the ATP
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consuption of invertase, or that FR13A focuses more on increasing
precursors of glycolysis to accelerate ATP generation so both SUS and
INV are induced.

Microarray analysis

To determine gene expression profiles at genome wide scale, | obtained
microarray data from Ms. Sandy Chen from Dr. Shih’s lab. | compare the
numbers of genes that are up or down regulated by more than 2 fold in
IR64 and FR13A that were under submergence for 1, 3, 6, and 12 hours. It
can be observed that FR13A has up regulated notably more genes than
IR64, while IR64 has down regulated more genes than FR13A. This
raises the possibility that FR13A has a relatively active molecular
response to survive under submergence.

Through examination of all genes with gene ontology classification,
genes participating in the physiologial processes can be seen with the
largest scope of both up- and down-regulation, either by comparison with
other gene ontology categories or with comparing the difference between
the genes regulated in the two cultivars, followed by genes within cellular
process and responsive genes towards stimulus.

This is consistent with the idea that rice plants need to make major
physiological adjustment to cope with hypoxia stress.

Genes concerning glycolsis were investigated with the microarray data.
It is said that the amount of stored carbohydrates is positively correlated
with the level of submergence tolerance (Jackson and Ram, 2003), but
then, PDC and ADH activities are not positively correlated with the
depletion of carbonhydrate reserves or ethanol producing during
submergence(Fukao et al., 2006). Thus the pathway of the ATP gaining
process that occurs before fermentation, the glycolysis pathway was
examined.

Within the microarray analysis, partial genes of glycolysis are down-
regulated. This is fairly interesting, since most glycolytic genes were
induced in maize and Arabidopsis, which are far more sensitive to
flooding. Glycolytic gene regulation under submergence may therefore
play an more important role within the overall metabolism, thus further
research needed for clarifications of the unexpected mechanisms of
glycolysis during hypoxia.

Abbreviations as followed:

HXK, hexokinase; PGM, Phosphoglucomutase; PGI, Phosphoglucoisomerase/
Glucose-6-phosphate isomerase; FK, fructokinase; PFK, phosphofructokinase;
Aldolase, Fructose bisphosphate aldolase; TPI, Triosephosphate isomerase;
G3PDH, NADP-dependent Glyceraldehyde-3-phosphate dehydrogenase; PGK,
Phosphoglycerate kinase; PGM, Phosphoglycerate mutase; PK, pyruvate
kinase; PPDK, pyruvate Pi dikinase.



Conclusions

FR13A adopted a combination of different strategies to cope with hypoxia
stress caused by flooding, including reduced coleoptile growth, sustained
aerenchyma formation, up-regulation of fermentative and sugar
degrading genes, including ADH1, PDC4, SUS and INV, and higher ADH
enzyme activity.

Through Gene Ontology classification, large scopes of gene expression
difference between FR13A and IR64 were observed. Glycolytic genes,
which have rarely been studied in rice, have been observed to be partially
down-regulated under submergence. My findings pointto a new direction
of examining the regulation of glycolytical genes during submergence
may help to elucidate the molecular mechanism responsible for flooding
tolerance in different crop plants.
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