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Metabolome and transcriptome analysis reveal molecular response to drought
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Abstract: Drought is one of the most significant factors affecting agricultural production. In this study, the physiological indexes,
hormone metabolites, and gene expression regulation network of drought response were analyzed for the high grain quality fra-
grant rice Fuxiangzhan. After drought stress, Fuxiangzhan exhibited higher drought survival rates and antioxidant enzyme activity
compared to restorer lines Minghui63, Minghui86, and the drought-sensitive line Lijiangxintuanheigu, while showing lower
membrane iron leakage and less peroxide accumulation. Five hormone metabolites (IAA, ICA, ABA, c¢Z, and SA) increased,
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whereas 11 hormone metabolites, including tZ, DHZ, GAl, and JA, decreased. A total of 6118 differentially expressed genes
(DEGs) were identified, including 2615 up-regulated and 3503 down-regulated genes, which are involved in biological processes
such as photosynthesis, energy metabolism, transcriptional regulation, REDOX, and ion binding, as well as molecular functions
related to amino acids, sugars, fatty acids, hormones, and other anabolic metabolism and plant hormone signal transduction.
KEGG pathways involving plant hormone signal transduction, zein biosynthesis, carotenoid biosynthesis, and tryptophan metabo-
lism were identified from hormone metabolites and transcriptome analysis. Differentially expressed gene regulatory networks of
the four pathways were constructed. The expression levels of 28 drought response genes related to transcription factors, antioxi-
dant enzymes, and osmotic regulation were all up-regulated after drought stress in Fuxiangzhan. Our conclusion is that the hor-
mone levels in Fuxiangzhan change after drought stress. The expression of anti-stress genes, including transcription factors, anti-
oxidant system genes, osmoregulation, and other drought tolerance genes, were up-regulated. These changes lead to alterations in
the activity of antioxidant enzymes and other physiological indexes. These results are helpful for further exploration of
drought-resistant genes and serve in rice drought resistance breeding.
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Fig. 1 Effects of drought stress on four rice varieties

Ar TEIARTRSEKEHEHIEE; B: FAER,; C: i3, D: BB, E: & WrE; F: S S0 Em; G W H: J&
RS & I NBT Yo, FXZ: HiA 4 MH63: WK 63; MH86: WITK 86; LTH: WRYLHTHI B4, CK: XHiH; DS: +R4b3E; B ¥k F
BEPRAEDE (n = 3), ARG FRERIRTE 0.05 #EHR K25 B35

A: plants morphology before drought stress and after rehydration; B: survival rate; C: leaf relative electrical conductivity; D: activities of
superoxide dismutase; E: peroxidase; F: catalase; G: malondialdehyde concentration; H: hydrogen peroxide; I: NBT staining. FXZ:
Fuxiangzhan; MH63: Minghui 63; MH86: Minghui 86; LTH: Lijiangxintuanheigu; CK: control; DS: drought treatment. Data are presented as
mean =+ standard deviation (n = 3), different lowercase letters indicate significant differences at the 0.05 probability level.
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Fig.2 Hormone metabolite analysis of Fuxiangzhan under drought stress and normal conditions
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Pl QR B 1 T T, 5 AR T /N Y R R 208 B 1 BRI, B G TR R R 22 SRR EOR log, M91E, X IR BIR 5 AVl #K);
CK: *}1#; DS: T 543,

A: OPLS-DA score chart (x axis represents the difference between groups, y axis represents the difference within groups, and the parameters
of the model are marked below the chart); B: volcano map of differential metabolites (each point in the volcano map represents a metabolite,
x axis represents the value of log, for the multiple change of each substance in the group, and y axis represents the value of log;, for the
P-value of #-test); C: differential metabolic clustering heat map (x axis is each sample, y axis is the quantitative value of metabolites stan-
dardized by Z-score after hierarchical clustering, and the color bar above distinguishes different groups); D: KEGG enrichment network
diagram of differential metabolites (light yellow nodes are pathways, and the small nodes connected to them are specific metabolites anno-
tated to this pathway, and the depth of color indicates the fold change value of log,, which shows five pathways); CK: control; DS: drought
treatment.
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Fig. 3 Transcriptome analysis of Fuxiangzhan under drought stress and normal conditions
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] s /MRS b B AR R R B, R B ¢ (H); CK: W DS: T b3

A: the heatmap of transcriptome; B: volcano plot of genes; C: the number of differentially expressed genes; D: GO enrichment of DEGs (the
vertical axis represents go entries, the horizontal axis represents —log;o (Q-value), and numbers represents the number of enriched genes in the
terms); E: KEGG enrichment of DEGs (the vertical axis represents the enriched KEGG pathway, the horizontal axis represents the ratio of
enriched genes, the dot size represents the number of enriched genes in the pathway, and the color represents the O-value); CK: control; DS:

drought treatment.
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Fig. 4 Correlation analysis of hormone metabolite and transcriptome
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CK: control; DS: drought treatment.
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Fig.5 Hormone biosynthesis and signal transduction regulatory of Fuxiangzhan in response to drought stress
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Red indicates up regulation and purple indicates down regulation. CK indicates untreated; DS indicates drought treated. The heat map shows
up-regulated gene expression in red and down-regulated gene expression in purple. Small circles represent metabolites, red up-regulated,
green down-regulated. The boxes represent gene products, with red representing up-regulation, green representing down-regulation, and blue
representing both up-regulation and down-regulation. CK: control; DS: drought treatment; TAM: tryptamine; IAN: indole-3-acetonitrile;
TAAIld: indole acetaldehyde; IPyA: indole pyruvate; IAOX: indole acetaldehyde stain; IAM: indole acetamide; Trp: tryptophan.
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The black column represents the FPKM value of RNA-seq, and the red line represents the relative expression of qRT-PCR. The left vertical
axis is the FPKM value of RNA-seq, and the right vertical axis is the relative expression of qRT-PCR. CK: control; DS: drought treatment.
Data are presented as mean + standard deviation (n = 4), different lowercase letters indicate significant differences at the 0.05 probability level.
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Fig. 7 Changes of hormone-related metabolic pathway gene expression in Fuxiangzhan and Lijiangxintuanheigu before and after
drought treatment
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FXZ: Fuxiangzhan; LTH: Lijiangxintuanheigu; CK: control, DS: drought treatment. Data are presented as mean + standard deviation (n = 4),
different lowercase letters indicate significant differences at the 0.05 probability level.



3008 £ ¥ 2= 5 50 &
PRIG AR A 7 A VT A DA 3 3R A DA R gt 3 i 25 [ Gene ID LS - DS log, (FC)  Symbol  Z-score
F A AT B 25, R roc oszszso RN 0493 OsbzIP23 If
e X LOC Os06g10880 1877 OsbzZIP46
APORIL, TR T RIRE I, 00 0 .=. W oz
25 WMENEXBEERRESHT LOC 0s05g36160 B 0.828  OsbZIP40 I i
AR T 5 CK DS b3 rf K RS i 52 oy 2 3G LOC 0s08g38990 ..= 7 2522 oswrkY30 Il -
e A TR - PN LOC 0s01g66120 N 209 osvacs
HEILR R RGBT TR () 8). Hih L E 11 AN Loc_ossgsonso M 5097 OSNACO
KA T IR, 4 4> bZIP $ 5T OsbZIP23, L0C 0s06g03670 RIS 5958  OsDREBIC
OsbZIP46 . OsbZIP71 £ OsbZIP40, 1 > WRKY #%5% LOC_0s01g07120 .= 1427 OsDREB24
"N : LOC 0s08g31580 l. 0992  OsERF48
K75 OsWRKY30, 2 > NAC #¢5% K5 OsNAC6 Al Loc ososgsi1s0 [ " o8 oscars
OsNAC9, #13 AP2/EREBP ¥ 5% K- OsDREB1C , Loc 0s03g17690 (R =r 0458  OsAPXI
OsDREB2A Hl OsERF48; 7 5 7% P48 [ 33515 LOC_0s04g14680 [N | 6045 0sdPX3
Ny N LOC Os12g07820 0506  OsAPX6
BB R BN, OsCATB. OsAPXI. OsAPX3. LOC 0505525850 1822 MaSODI
OsAPX6. MnSODI. RSODB F1 RSODA; 3 1~ 5 i & LoC_0s07g46990 [N 2272 RSODB
A ARG IE IR, (0 RS- B IERE ML Loc w2210 [ B 0375 RsoDA
] S A b [ roc os03g+4150 SR W 1797 osoar
OsOAT Al ”t!:ﬂ%uﬁ( 5 g\“@& H ﬁy‘% OsP 5C‘Sj]‘ L0C 050538150 [MMMEL I | 2460  OsPSCSI
OsP5CS2; 1 ANEEERE G A SCHE Y, MEBENE-6-0E1R  Loc oso1g62000 ...= 4137 OsP5CS2
SHEIER OsTPSII; 2 Wi ik G & 4 75 1 3 LOC 050920990 ==. 1328  OsTPSII
1 AR N - LOC 0s05g46480 ) 9141 OsLEA3
OsLEA3 M OsLEA3-2; 1’ ZELREES SR LoC 0s03g20650 [ 5284  OsLEA3-2
OsSAPS; 2 1~ RING % E3 12 L MHE N OsRDCPI  10oc os6g41010 [l 2396 0sSAPS
1 OsSDIRI; 1 /Nt F2 56K OsRCI2-5; 1 A WALE =S LOC_Os04g44820 .Bj 1014  OsRDCPI
e i S L LOC 0s03g16570 0.592  OsSDIRI
%ﬁﬁ% OST?Kb i 7 X SRR A T roc_0s03g17790 RIS 4727  OsRCI2-5
SRS B F LOC 0s07g01810 N 3309  OsTPKb

3 itie
3.1 FEEERE &£

TREMT, Y@L A BLAE . SRR
B AR R 2R . D& AL A D K o ik 2 O X
WK A BRI E, BRI & K & D
FER T 5. AR AR SN AT 5 I IR Bl v R
W Y S R Bkl T R . 4ot — BEmE A TR, MK
SR A TG R 9 B oy EE R R T RAF I R . 7R
WK b, 55 5 02 2 i 2 0 R T 8 5 iy 9 A
P A, il kPR A R G R R A R R
A, FF IR Bl Ak il ok B 1k 2 20 B A 40 A A g
R SE R SRR A o A T R A B, &
IKIG T RAEE 355 71.9%, = TR 63 (42.2%)F1H]
K 86 (24.4%). PLAAEEER SOD G PEAL T WK e,
POD Fil CAT #f iy, il S8 fb Wi & B 28
RN o T 5EA7 15 MR B S AR AR 22 0 1 1) 4 A
b B T 52 2 K 63 FIHIAK 86 T SL1if A2 1,
T30 0T Rk & T R A AR 8 AR R
AR %

B8 TEMETHMENZXBEERZEKFERE
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OsPP48. OsPP108 Fl bZIP Z KK OsbZIP23 .
OsbZIP46., OsbZIP72 31k, 7T 5/ABA {55
T R 24 1 BBt Il B0 OsbzIP46 52T % | %
. AR . ABA SFZANAEAEYINAES, IE IR
T5, fmEE et KW OsbZIP24 TEERIAH
5T, HEM AT AEL5 K RS T R HUEAR 5% . Mathan 2502
WF9E 2 W OsbZIP72 it 5 OsSWEETI3 1 OsSWEETI 5
() Bl 25 6 JF s LR 3k, DT 145 JREME 1442
Foy A Lhme i AR AE B iihan, A3 B T AE T SRR B an
YR KRS . AR, REEE LT 5
WS OsbZIP72 FRik T W%, {HJE OsSWEETI3 Fil
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OsSWEETIS5 F&ihHI#R i (log,FC 43514 2.11 F
9.26), ULHIIX 2 A RENERL I5 85 1 g 3k DR I A7 A H
fl Ry AE, RS T RhurE T KRN .
34 BN TEREXRBEERERIE L

MW TEAYIL RS R EE EEEN,
bzIPP3 34 | NACP*%  WRKYP” | AP2/EREBPP®
M MYBPISE LR SEH TS S T YT 2 bl
RN s T RS, 24T Rk L,
T Ao 2 i PR S0 S o T T SR R B SRk, 28
PP RN . PUAE S OsCATB. OsAPXI .
OsAPX3. OsAPX6. MnSODI . RSODB #1 RSODA 1r.
DS rh&iha ) i, X 54 & DS H SOD. POD
Fl CAT Fd M L F . i S e & L —2. HAR
i DS AP B 1L SRR, RUIAE T LT
AALEE R AR H T Rk h R AR, BRIR TR
o2 A WAL, AR T XA A AL YRR . AE e At
TEAMN G IR . B2 . /a2 RR5E, Bn
YRR RE ST, BB BT EN . A5 DS th
il & IR A B AH OG 1 BE I OsOAT . OsP5CSI
OsP5CS2, M3HEhiA ML H OsTPS11, LEA 5 H 4t5
K OsLEA3 #l OsLEA3-2 ¥ FiRZek, 2m THRE
A PTR M. OsTPKD ik 3n, TPKb fE0% i As
AN KR, 6T IR i KRS T 2,
T T 5 i 2 g 2 0

BT A A G sk 500 7T R hia 5
AR AT 7 A AR AR . R AR R SR R R ik
P, TR G AR B E KT TR,
PUWAH IR AP BT Boaf i 25 i) 5 PR A 45 7 o
. PrEfb RGN | BB Py B At 52 A
Feik LA, B AR I M A B AR bR R AR U . TR
TREOKFMT, @by A BALEE, (REFE T 40
WA ). A e Al — 2o T R A 4
Gert i AR AR, 20 A N B
PR LA . AR HANOOKBIL . PriditeLr, HAERE
I U R i 1k A R B R AF, HETC A=
LR, RfEEa Rl TR, 238 KRRRM
o AIRIRILE S DR . e R i e S L
PER, W AR SR BT UR, EAT KRS B4 R B
il M dn Fh s E

4 ZEig

WA 2 TR0 )5, SOD. POD fil CAT %541
FEACHEE R, S ARy &= LT, 1M

W BRI A S AL B A B S 0 ok 3R
KiHE MREGMN . CERIU SAE Y E S 5 T8 2%
& 4 NA I KEGG UlHEH; #WH# T 4 4 KEGG
PR3 5 11 25 S B R SE PR A I 455 28 AN TR
AL EAR A ST R R Rk L. AR
R R R, B H A KO R A B AR
b, B2 .
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Table S1 qRT-PCR primer sequence

BB FENTT 5 MsbiEiL7) TSI
Gene ID Gene symbol Forward primer (5'-3") Reverse primer (5'-3")

LOC _Os01g63770 OsAUX1 TGATGGTCGTCATGGCTTATAA GAGGAATCGCCGATTACAATTG
LOC_0s03g08850 OsAFBS5 CTGATAAATAGCCAGCCTGAGA GACTCCAGCTATCTTACCTTCC
LOC_0s01g53880 OsIAA6 ACCTGATCTTAACTCCGTGTTT TTCTACACTCAACTTAGGCTGG
LOC 0s04g56850 OsARF11 CAGCCTGTCATTGATTCGATTT TACTGTTTTGCTCCGAAGTACT
LOC 0s01g69920 OsHk3 GTTTCATGGACATACAGATGCC ATAGCCATCCATTTCGCTTTTC
LOC _0Os07g25710 OsPHR2 TCTTCAGTTTCAAGCAATGAGC CCAGCTGCAATAGAACTGTTTT
LOC_0s05g38290 OsPP2C49 CGTGATCCGCCATTATTATTGG ATCGCAGGAGTAAATTAGGAGG
LOC_0s05g49730 OsPP2C51 CGAAGTTGTAGTAGCCGGAG CTTCACCGACCGGATTCTCTTC
LOC_0s01g64970 OsSAPK4 GTTTGTGTGCAGCTATTGTGTA CGCCAAACAGAAGCAAATTTAC
LOC 0s07g25590 OsTDC2 ATTGTTTGCCCTTCGAGTATTG TCAAACGACCTAACCCACTAAA
LOC Os11g43900 OsTCTP CGTTCAAGGAGCTATTGATGTG GTCACAAACTGCTTCTTGTCAA
LOC _0s07g25540 OsYUCCA6 CTCAAGGGAAGTGACTTCTTCA TTGTGAAGCCAACAGAGTAGAG
LOC_0s01g07500 OsTAR2 CTTCTGCAACTTCACCAAGGAG AATCCTCCACATCCTCCCTATC
LOC_0s04g31040 OsVDE GGTGAAACAGGACTTGATGAAC TTACTTGTTGCCTTGTACTTGC
LOC_0s07g05940 OsNCED4 GCGACAAGCTTAGCTCAAATTA GCTAAACTATTTCAACTCCCTAGC
LOC 0s02g47510 OsNCED1 AGCACCAATGATACAAACCAAC TGTGTGCACTTATACTACGTGT
LOC Os12g42280 OsNCEDS5 TTTGCTTTGCTTGTACAGACAG CACTGCAACTATCCCTATCACT
LOC_0s06g39880 OsCYP734A4 GCTAGCTAGGAAAAGACAGGAA GTACCACTAGTCTGTTAGCGAG




