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Abstract: Objective Soil alkalinity is a widespread environmental problem that limits crop yield. Up to 831 million hectares of
land are under salt stress on the earth, and about half are being alkalinized. Under alkali stress, plants are exposed to both salt and
high pH. Moreover, high pH stress is a more significant factor in limiting plant growth than salt stress. High pH stress inhibits
plant growth by imposing adverse effect on roots, such as increasing ion imbalance, disrupting cellular pH stability and
decreasing nutrient solubility. However, it remains unknown how transcription responds to high pH stress for regulation and its

mechanism. Therefore, this paper tries to elucidate molecular mechanism of high pH tolerances of Arabidopsis with the aid of
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high throughput biotechnology. The research is essential to breeding high and stable yield crops. Method In recent years, high
throughput sequencing has been rapidly developed and used in genome-wide gene expression profiling of Arabidopsis, rice and
soybean. In this paper, a stable pH experiment system was established and transcriptional profiling of the root of Arabidopsis
cultivated in high pH medium for 7 days was conucted using RNA-seq. Then differently expressed genes(DEGs)in response to
high pH stress were presented and annotated. In the end, important high pH responsive genes and their putative upstream
transcription factors were identified. Result The following findings were obtained. It was found that under high pH stress,
growth of the primary root of Arabidopsis was significantly limited. Transcriptome sequencing of Arabidopsis root under normal
pH(6.0)and high pH(8.0)were performed. Of the 1129 DEGs analyzed, 329 were identified as up-regulated genes and 800 as
down-regulated genes. GO(Gene Ontology)functional categorization shows that these DEGs are highly related to abiotic stimulus,
transcription, cell organizations and biogenesis, ion transport, protein metabolism and signal transduction. In addition, several
genes were determined to be responsive to high pH identified. For example, water channel gene PIP2; 4 and PIP2; 5, Al-activated
malate transporter gene ALMTI, K" transporter gene HAKS and calcium exchanger gene CAX7 were down-regulated after high
pH treatment. Several encoding calcium binding proteins and calmodulin protein genes, such as MSS3, CBL7, CML23, CML37,
CML38, were also down-regulated under high pH stress. Auxin responsive genes SAURI6, SAUR40, IAA4 and transport genes
PINS5, PIN-LIKES7 and cytokinin biosynthesis genes LOG2, LOGS5, LOG6, LOGY were expressed differently under high pH stress,
suggesting that auxin and cytokinin play important roles in response to high pH. Meanwhile, identification of 97 differently
expressed transcription factors(DE TFs)under high pH condition was performed. These DE TFs were included in 20 TF families,
such as AP2/EREBP, MYB, WRKY, NAC, bHLH. Then a transcriptional regulatory network between DE TFs and important high
pH responsive genes was constructed. It was found that DE TFs belonged to AP2/EREBP, WRKY, NAC and MYB TF families,
such as DREB2A, WRKY45, NAC045 and MYB107 acted as the hub genes in this high pH responsive network. Conclusion In this
paper, a comprehensive overview was presented of the transcriptomes of Arabidopsis root under high pH stress. Among them a
total of 1129 genes were identified as high pH responsive DEGs, and frequently involved in transcription regulation, ion transport,
cell wall organizations, Ca®" signaling and hormones pathway. Furthermore, regulatory relationship between the DE TFs and high
pH responsive genes were predicted. DE TFs belongimg to AP2/EREBP, WRKY, NAC and MYB families played core roles in
this regulatory network, suggesting that these TFs play important roles in high pH stress response in Arabidopsis. Overall, all the
findings in this study may serve as a important theoretical basis for breeding of alkaline-tolerant crops.

Key words: High pH stress; Transcriptome; Regulatory network; lon transport; Cell wall synthesis; Signal transduction
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1.1 A

SIS BT AR 3% ( Arabidopsis thaliana ) HEHE
FLWE (Col-0) A&7, ARSI EARFF AT
1.2 ETEFEFEN pH XA R

Wi SRR A B H . FREL 0.866 ¢ MS ( Murashige
& Skoog, Caisson labs /3 Fl ), 4 g M Sigma-Aldrich
ovED), IMABBZIK 7S 2R, 45 %E 400 mL,
NaOH 75 pH % 6.0, F/5HIA 3.2 ¢ 3itfg ( Sigma-
Aldrich A H] ) ¥5], mEKE . HFRHERHZ 55C,
BETEEHNTKEFI (10 cm x 10 ecm ) FIIA
Rt 50 mL, PUHIAL.

Xof HE 8% 37 2 A e i - FREX 0.866 ¢ MS( Murashige
& Skoog, Caisson labs A F] ), MIAMEZIK 58 2
&, EZZE 400 mL, NaOH 835 pH £ 6.0, BJ5 N
A 3.2 g IifiE ( Sigma-Aldrich A7) $£5), ®IEK
B o BRI HIE 55°C, i TAES N T K6y L
(10 cm x 10 cm) HAIAREFRIEL 50 mL, FFHILME

15 pH B5 R LA BCH] - F)HL 0.866 ¢ MS( Murashige
& Skoog, Caisson labs 2] ), MIAM 2K 5E 2T
&, EZZE 400 mL, NaOH 445 pH £ 8.0, )5
A 3.2 g 3§ ( Sigma-Aldrich 23 7] ) $£5), @EK
B o BRI HIE 55°C, B TAES N T Ky L
(10cm x 10 cm ) HANAR;FRE 50 mL, FHIME .

DL b3 K R B K RTE, T A
JEAH( MLS-3781L,#AF , H A )"t 121 °C KT 20 min.

7 pH it b B . ARG IF Col-0 Ff &3k K
&, &R RS E[12MS, 1% (wiv) BERE,

0.8% (w/v) Bifig, pH 6.0]; 4°CHEEEIL 2 d, B
JE R RO IRER FRAR AR SR K 5 ds PRk KA
4 o3 B e R BRI SR EE[1/2 MS, 0.8% (wiv)
BilE, pH 6.01F17% pH 535 3£[1/2 MS, 0.8% (w/v)
G, pH 8.0], LRI FRATMAER 7d, MR,
T AR BUPOR T 2 SR 7 s Al 22 o b o B R 5
fF: 14 hOLR/10 h 2BEE, B 60%~70%, iRE
23C/21°C,

1.3 RNA REL. RiZFI#ZEE

RNA $#RHUS Ffs . FREOO ARG SR IR pH K%
F PACEE 7 d LRI ARZHEY 0.1 g, TRIzol PE4REHAH
21 RNAP AR~ Hg] = AR e AR . WS B
BRI L VK R R 4 66 B3 ( Nanophotometer
N60, [ IMPLEN 2wl ) Kill RNA ¥ JE
OD160/ODagg . OD1gy/ODas [ L AH

HPE: KA ARMER RNA FIH Oligo dT AYR
HXF mRNA #4178 %, A R Bk 2 v i
( Fragmentation buffer ) ¥ & %1 mRNA k Befk; HI
BELS 19 R 6 AR — 4% cDNA 4, Bl in A2 oh
7 . dNTPs, RNase H Fll DNA polymerase I & il
T2k cDNA #%; FIHEZIRE1EIH & ( AMPure XP
beads, Beckman 2] ) ZiifbXUEE cDNA, FRFf7R
wE S A JFIEH L, & B/ kRS
(300~400 bp ), PCR & H3k1F cDNA | J37 3C %, 4
RT3 (BGISEQ) 58 il .

1.4 HiEabiE

e NP ST kg S RS E RN NI CRAE
(Raw data ) #EATEMEIE ( ZERMFHSL . EEIT
RIF N LL AR BT 51 ), 345 i o £ 1) T ¥ 4l
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45 (Clean data) S5URGIT S % SR A 47 LEXT,
IFH RS AFE A B (Reads count) DALMY
B A TR SR AR B E T A WS R BLiE - FPKM
( Fragments Per Kilobase of transcript per Million
mapped fragments ) {H .

225 BRI R IR Rk . J@at ] DESeq H A
FIARAE AL 7 00 I 6 B s R AT A v A AL 38 i £
IR A BEBC (Reads count ) A4 EATAG
i, MRS P HE, X P EHE T2 E R
1E. ZRIEHGEEIREN : | log, (Z7A5%, Fold
Change ) |>1 HMZIEM P fH (Ph;) <0.001,
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FeRREEFE 7 d, WEER B LI R G IHZ-E R FRMMEK
KE (K1), ey m, ASE Stk sl & [ —
VAR ) S5 A R A [R5 55 L 22 (8] e AT B 23 AR

4CHF2R S[RIHEISPN
| BC vernalization Illuminated cultivation for

1/2MS+1%2E | forzdays>| 5 days >_<

B Sucrose
+0.8%HIF Agar
pH6.0

B 1

#5pH High pH
1/2MS+0.8%J%

KA S, K50 AT GE-5 R U ) 35 77 SR FR DL R A
BRI R R AR R 2 R 06, BRIk, A5
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Fig. 1 Establishment of a pH experiment system
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X} B Control fzh ¥ Treatment
pHS8.0

a)  pH6.0

b)

TR
Primary root elongation/cm

EE ]

%t B Control 4#b¥ Treatment
pH6.0 pH8.0

{E: a) ¥ pH RO ALEE 7 d JEIUR ST 2 iR A, IR E SRR AL FIAT EARCE, ARy 1em; b) = pH BHALLHE 7 d /5 HIRI T FAR

ERAKJEGITE, ***FR P<0.01 250 8% (224 ¢ K58, n=230), Note:

a ) Phenotype of Arabidopsis seedling under high pH stress

for 7 days, the red dotted line represents length of the primary root before treatment, bar = 1 cm; b )Length of the primary root increased after

7 days of high pH stress, *** indicates a significant difference at P < 0.01 ( student’s # test, n=30) .

K2 pH BMa T LR SF R
Fig. 2 Phenotype of Arabidopsis under high pH stress

F1 BrIE@ERANFEEST
Table 1 Statistics of RNA-seq data of samples

b e 6 AR HoxF %
Treatment Total raw data/M Total clean data/M Total mapping
pH6_WTI1 21.94 21.86 98.26%
pH6_WT2 21.94 21.87 98.3%
pH6_WT3 21.94 21.87 98.3%
pH8_WTI1 21.94 21.87 98.28%
pH8 WT2 21.94 21.86 98.26%
pH8_WT3 21.94 21.88 98.37%

e pH6 WT RnEFAERILE pH 6.0 85975 AL, 4 pH ALHE 3 ANEE, pHS WT RoRBFAERILE pH 8.0 H5 973 LAab ¥, HA
pH 4 # 3 A~FE K . Note: pH6 WT stands for wild type treated on pH 6.0 medium, with 3 replicates for each pH treatment, pH8 WT stands

for wild type treated on pH 8.0 medium, with 3 replicates for each pH treatment.

FASTAR T B RN B3 2 T B F o R,
e FAE RN Rk B B EEER], AT
FEFESHT T H pH Wil F2ERRBWERHE T

WK 3b) Fis, FHECBRAL, & pH b3 s 22
MR R8BI, 75 MESEFFRII T
25 5 RN SR N PR B SR F R R, A
Bt SN F 5% bHLH ( basic Helix-Loop-Helix ).

CO-like ( CONSTANS-like ). YABBY S5 {UA7-7E %Kik

EIREE, W YABBY ZE 3 AR KA A,
TCFIE T IR AL N 5 A B85 3¢ 1 %K% NAC . C2H2
HSF ( Heat stress transcription factors ) 25 HA ik
TR, a1 NAC KiET 6 U RIA T, T
ik LAY SEIA ;A7 SEHE SR N T K% AP2-EREBP
MYB. WRKY FFREAT ik bt A7 205 T I fY 2k
I, 4N AP2-EREBP ZEH 17 MUARIE T, 2
AR RIS ER (E 3c) ).
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L s B P AN E T REN R RGE A eI |
T o KM R TR | S T DL
£ e ST P GO L2 H P 5 76 GO % A ATIALS 1

’ (:JI:I];:}\JV?'OIYSHGJ\;H?E& FU;Down J:jl),‘.-][_jp . - (& 4c)), ZEHFIRILHN FESMIERAIMES . 4

FElog (25 5K

pH 8_WT compared to pH 6 WT Average log,FC

:a) ® pH WA TARAR LA T RERMEE; b)
[=] pH HJ}L THRAZL FEM T EAEREFAEE; o) 27K
ISR SR R T SR T, AT R O RN IR R 2 S R BT
SR TP logy (225 A5%0), T MBE AR IZ R 2 =k
KBS F RIS Note:
genes of Arabidopsis under high pH stress; b ) Number of

a ) Number of differentially expressed

differentially expressed TFs ( transcription factors ) of Arabidopsis
under high pH stress; c ) Differentially expressed TFs were
categorized by the TF family, the color of each square represents
the value of average log,FC ( Fold Change ) and the number in each

square represents the number of differentially expressed TFs in the
corresponding TF family.

K3 pH Mha T LR ST AR 22 57 AR AR JE

Fig. 3 Differential expression genes of Arabidopsis root under high
pH stress
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Fig. 4 Gene ontology( GO )functional annotation of differentially expressed genes under high pH condition( a )Biological process, b )Molecular

function, c) Cellular component )
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3 FRRAAEE
R R AL SULTRI ; 1, SULTR2; 1

SULTR3; 1 VAK4ih% HCO; #i2 HE FAIFEHN BORS
M FIAFE pH AT B2 T8 (&l 5a)), iX3RM,
PR IR 4D K, zn®" . Ca® Ll K HCO; s &
HER S5 T IR 7 = pH BpaE i L

ML NS pH AR AT T 20 B RE ) & B & &
KREZEMIEM. GO WIREHERR R, 2948 MK
A3 E] GO T2 H 40 Mg e 20 48U A= ¥ & B i R GO
0071554 ). fEfm pH WA, by sk A3
EXPA17 ik V8, i EXPA6. EXPA8. EXPB2 Hl
EXLA3 SFREZRIN TN, Sl et 4 25 4 il i) 55 [
CSLGI FiE T (& 5b)). BLAb, Hhth A e 24 B
() BE PR RIA T AE =y pH A Nt R AR T I 2 AR (A

5b)). XFUIE pH Wria 23 0l B T AR 4 i RETE A
A E

Ca®' fENSE AR F 2 Y kT il sE
FREEMEM, RFEHIB R AN Ca® shds
S pH AR AE e B R Y, a4
RE/R, gSESHE AR CML23. CML37 F
CML38 7¥ 1= pH Phifl T ik & B FRAL (& 5¢)).
XM, B pH WA SIS AN Ca® 5 S fh ik
Ko AN, & pH WA R 52 AR YR A s
s LA B AR 5 A% 3 A OGP 1) 658, AR 5% 2L 07 2
10 MEFRBMERRG M. simME L6
KB UL K 5 DA 2R A S A DCHE K
(& 5d)).

a)  EAD EEEH  HTUR b)  EED EEEG AT
Gene 1D Gene symbol Molecular function Gene 1D Gene symbol Molecular function
AT3G45060 NRT2.6 THBR 4% 12 Nitrate transporter AT2G43390 BREIHE8 Pectin lyase
AT3G02850 SKOR R FEIE K transporter AT1G05650 KESU#RE Pectin lyase
AT3GE3720 CHX20 PAESF 224k Cation/H® exchanger AT4G15290 FHEEAMB Cellulose synthase
AT1G05300 ZIP5 Ee4%iS Zinc transporter ATAGO1630 EXPAIT REQ Expansin
ATIGOB090  WRT2:1 B E “""E‘E transporter ATIG16110  WAKLG IS $E Wall associated kinase
ATEGBOGE0  PIP2:4 JKEEEE Water channel activity ATIG26250 ' EES Expansin
AT3GA4820 PIP2:5 HEBER Water channel activity ATIG28050  EXPAG FEERS Expansin
AT1GBOTE0  NIPE:1 HiE3Z Boron transporter activity ATIGOTST0  QRT? REIEER Pectin |
. 1 yase
ATAG08620 SULTR1:1 B HE IS Sulfate transporter . ’
ATEG10180 SULTR2-1 WBE#EIS Sulfate transporter AT3G29810 COBL2 COBRAZER CQBRAJIKE protein
ATIGB9870 NRT1.7 TEBYAEIE Nitrate transporter Al2GAe10 EXTAY LIRS Bxaicin
AT1G51340 MATSMESHE MATE effux family AT4G20050 QRT3 TRSH#EE Pectin lyase
ATIGT4810 BORS BEIAEIE HCOT transporter family AT4G24010 CSLGY SFHEFSHE Cellulose synthase
ATSGATE60 CAXT §Z354 Calcium exchanger AT1G48100 BrSIERER Pectin lyase
AT5G52720 iR§%iE Copper transporter AT4G02330 FREESINHIF Pectinesterase inhibitor
AT3G51895 SULTR3;1  FRBRELYEIE Sulfate transporter AT1G23200 REBINHF] Pectinesterase inhibitor
AT1G0B430 ALMT? tB4%iz Al-activated malate transporter AT1GB5680 EXPB2 #'BEA Expansin
ATEGE2760 iR#iZ Copper transporter AT1G10640 Fr5I#3E8 Pectin lyase
AT4G13420 HAKS B F4%IE K* transporter AT3G46960 EXLA3 #'BEA Expansin
ATEG52670 i iZ Copper transporter AT1G60590 FrE!#3E8 Pectin lyase
¢) EED EEER AT0R 4 E@mD EFER  AIOR
Gene ID Gene Molecular function Gene ID Gene Molecular function
symbol symbol
AT1G54530 FHAER Calcium-binding EF hand protein AT1G79130 SAUR4D  EKEWEER Auxin-responsive protein
AT2G43290 MSS3  $5#&ER Calcium-binding EF hand protein AT4G38860 SAURTE  EREWEER Auxin-responsive protein

ATEG39670 S EA Calcium-binding EF hand protein
AT1GT6650 CML3S  #TETIER Calmodulin like

AT4G26560 CBL7 FERTHEIERD Calcineurin B-like protein
AT1GE2410 TSAT  TSKiBxZER TSK-associating protein
AT1G29020 {5455 EH Calcium-binding EF hand protein
AT3IG59440 & EA Calcium-binding EF hand protein
AT3G47480 fEE&ER Calcium-binding EF hand protein
AT4G27280 B4 &EH Calcium-binding EF hand protein
AT3G01830 $545&ER Calcium-binding EF hand protein
AT1GE6400 CML23  §ERTER Calmodulin like

ATEG3ITTT0 TCH2  §54%&EH Calcium-binding EF hand protein
AT3G29000 55 & EH Calcium-binding EF hand protein
ATEG42380 CML37  #§ERiRTTEH Calmodulin like

AT1G15580 1AAS EHRFER AUXIAA protein
ATEG16530  PINS EHRFNE Audin eflux carrier

AT4G12410 SAUR35 EHREWMEEH Auxin-responsive protein
AT1G43040 SAURSE £ HZFWMEER Auxin-responsive protein
ATEG43890  YUCS EREFEEH Auxin synthesis

AT4G36110 SAUR9 EHFEWMEER Auxin-responsive protein
AT2G21210  SAURS ERFWMEER Auxin-responsive protein

ATEGE5980  PIN-LIKEST H£4RFMEE Auxin efiux carrier

ATEG21482 CKX7 s HERNLE Cytokinin oxidase
AT4G35190 LOGS MM EESR Cytokinin synthesis
ATEG03270 LOGS M HESH Cytokinin synthesis
ATEG26140 LOGY M HESHE Cytokinin synthesis
AT2G35990 LOG2 i HESM Cytokinin synthesis
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Fig. 5 Differential expression analysis of high pH responsive genes (a) Ion transport,
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