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Identification of the sucrose transporter gene family in oats and its response to
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Abstract: Sucrose transporters (SUT) are critical transmembrane carriers in higher plants, responsible for the long-
distance transport of sucrose from source to sink organs, and sucrose loading and unloading. They play vital roles in
plant growth, development, and stress resistance. In this study, we employed bioinformatics methods to identify 9
AsSUTs gene family members in the oat (Avena sativa) genome and analyzed their physicochemical properties,

gene structures, chromosomal distributions, phylogenetic relationships, promoter cis-elements, and expression
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patterns under various abiotic stresses. It was found that the encoded AsSUTs proteins ranged in length from 490 to
687 amino acids, with predicted molecular weights (Mw) of 52.51—73.45 kDa and theoretical isoelectric points
(pI) of 6.13—9.72. The genes are distributed across eight chromosomes, with promoter elements primarily
involved in hormone response, growth and development, and abiotic stress response. The gene and protein
structures of AsSUT members exhibit high conservation. Expression pattern analysis revealed that expression levels
of AsSUTs family members under drought and alkaline stress were generally higher than under salt stress. Under
drought stress, except for AsSUTE6, all other AsSUTs family members showed significantly higher expression in
stressed leaves compared to normal leaves. Under salt stress, AsSUTI, AsSUT4, and AsSUTG6 exhibited
significantly higher expression in stressed leaves than in normal leaves, while under alkaline stress, all AsSUTs
members except AsSUT7 showed significantly elevated expression in stressed leaves. Notably, AsSUTI
demonstrated stronger responsiveness to various abiotic stress environments, suggesting its potential critical role in
oat stress resistance. These findings provide a theoretical foundation for further research on the SUT family members
in oats and their response to environmental stresses.
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i TBtools 34 X e &2 Jk [K] 20 B 48 #F 47 Blast Lo X, 0 € L BRUCAR P 41 o ¥ 0 16 )5 19 28 1 ¥ 91 428 52 & Pafm-
InterPro(https://www. ebi. ac. uk/interpro/) i#f — il 1 fR 5 G5 WU HIE . )5 L {8 FH Expasy-protparam (https: //
web. expasy. org/protparam/) 53 #T #e & SUT & [ 9 #3855 H1 55 (isoelectric point, pI) .43 i (molecular weight,
Mw) , Fl Hf WoLLF PSORT 78 4% W 346 43 #f SU'T 25 11 1% 3748 i 5 137 (https : //wolfpsort. hge. jp/)"™
1.2 #®ESUTAR Rk &G & Hian

FIHAELE T H SOPMA (https://npsa. lyon. inserm. fr/cgibin/npsa_automat. pl? page=/NPSA/npsa_sopma.
html) F0I 2 F1 5T — 0454, 808 RGBOAE . FITTTEZL T H SWISS-MODEL (https: //swissmodel. expasy.
org/) W 1 5T = 24458 . A STRING 7E £k [ 3 (https: //cen. string-db. org/) UMl #6 4 SUT M H AR HEH ,
Il i Cytoscape 3. 10. O # 4 xF HAR AL .
1.3 X EZSUT 2%eyitfs 2 & Mo

AR T /NZE K E K (Zea mays) 1) SUT & 1155 5132k A JGI-phytozome 8 4 F& X 5% U5 4 95 &
(https://phytozome-next. jgi. doe. gov/) . KB SUT Kk 5 H ALY FRa 1) R #E46 L R MEGA 11
AR Pk AR By 22 SUT JP 8 54U It /N2 KRS A1 B oK I 28 BT 9 2547 ClustalW 22 77 41 Foxt, AR 48 be Xt
S5 ffi | MEGA 11 H 9 4B 3% % (neighbor-joining, NJ) ¥4 # & 48 & & W™, # H £ 4 T H ITOL (https: //itol.
embl. de/)BEAT AL, i — 2543 T SUT ZE 5 A AE R AR b 1 #E 46 C R L 76 TBtools B4 Hh LS #8242 il —
i iR M 47 (Avena longiglumis) VU5 AR HEZE (Avena insularis) \/NF¢ Je F oK 2 [A] (1 3k R XL 264 IF oE 47 v W 1k
POELIN
1.4 A SUTK W S H# & AR Z AL HT

FIFAMEGA 118 H #4 5e KABL#& 7 (maximum likelihood , ML) ¥ W N R 46 % & ™. MR 4G e 22 L 1M 40
TR SO gff3, AR MU SUT JE A i 41 1 FUN 3% T 454915 B, FIH TBtools FAF #EA7 3L P 25 M T Ml AL o ff I AE 2R M)
3 MEME (http: //meme-suite. org/tools/meme ) % 5& #g 2 SUT 4 1 577 91 19 £ 57 3 7 (motif) , 25 ) W08 H iy
10, KRS HOR H R G 8ONE™, [ B A TBtools 3¢ Ye (a0 (07 8 4647 FT AL .
1.5 & SUT BT &R XAF A T 57

WA M SUT 3 P B 46 7 +0 B3 2000 bp 9 J8 3l 7 17 41, #J H] PlantC ARE (http: //bioinformatics. psb.
ugent. be/webtools/plantcare/html/ ) 7£ 28 (¥ 3 43 #7 Ji 8l A9 AR FH e #F =, 3548 FH T Btools A4 #E 47 7T B4k .
1.6 A& SUTRR & KABX 5

AR T 2025 4F 1 A 7E P4 R ROFE K22 B0 SE 30 AR AR K G 9 2 0 AT, LA a2 WA “ BILIC il e okt 3k
VEARL I HOR /N — @ Fh - A5 R &b R 2F 7 d R B R B AR ME Hoagland ¥ WROK 35 R g8 rh  #Hi AE K S 25 °C/
18 CEW G, FI X8 B 65% ~75% , e BB 58 BE 200~250 umol-m “+s ', W FE B M —.0 )5 , JEAT A 4b B, 43
FE & 15% & £ — W 6000 (polyethylene glycol 6000) 150 mmol-L " NaCl 1 0. 9% NaHCO, i) Hoagland %
WX R AR AT T 5 R AR 3E A B B A HE 10 E A, 23 AR A OCCK) (6,12 F 24 h J& SR AR S [A] JBh 38 2%
AR B Gy R AR R A RS VRS S BIORAE T — 80 CukAR A -

T B 0(CK) (6,12 F1 24 h i 2 ity AR 28 RE i Ze FE AL 50 i R BB B0y A R W) 47 7 5% 2 )
Jo A ORE S 3 AE W A A . FITR 4.4 TERPE R SRIBOR 1 58 T e 2 SUT JEPRIFE AN [R] 20 2L K3k 2 %
it EAT X B AL R o Ak B 3R 2S00 B A ] IR AR AR AR

F FAE £k T & Primer 3. 0 plus(https://www. primer3plus. com/index. htm1) % 31 #E 3 SUT 3 H 19 51 ¥ 5 51
(% 1). K H RNAprep Pure Plant Plus Kit i 7] & (BUES A JERF BB A R 2 6] 20 00 £ BT 5 88 R g i 30 40 31 0
(CK) .6.12 F124 h iy & il B RNA, {# H ToloScript ALL-in-one RT EasyMix for qPCR &7 & ( I ¥ it 52 # A4
YR A RS ) 35 5 cDNA L R JH 2X Q3 SYBR qPCR Master Mix( Universal) i 7] & (|- ¥ it 52 4k 4= 9 B
A BR 2y /) #E 47 9L HF 2% % 52 1 PCR (quantitative reverse transcription polymerase chain reaction, RT-qPCR) 5
UE, B FE R SR AW &, QuantStudio™ 3 Real-Time PCR System ( Thermo Fisher Scientific, 5& [# ) #F
194 . R AsFPGSYER NS I H 27k B S A X Rik i .
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Table 1 Primers for RT-qPCR

FL[H Gene 1E 1851 Forward primer (5" —3") JZ 161514 Reverse primer (5 —3")
AsSUTI GCCCAATTGCTGGCTTAGTG CACCTCCTTGGCGAAGATCA
AsSUT2 GCGCCATCATCGTCTACCTC CCAGTCGGTGTCAAAGAGGA
AsSUT3 TTGCTGGCCTAGTGGTTCAA CCACTTGTGCCAGTTGTTTGT
AsSUTH4 TACTGTGCAAGGTCCAGCTC AGGCCAGTTACAAGGAGCAC
AsSUTS TCATCGTCTACCTCATCGGC CCCATCCAGTCGGTGTCAAA
AsSUT6 CAGTACAAGGACCTGCTCGT CTAAAACCGCTCCTGGTCCA
AsSUT7 ATACCACTGAGCACTGCAGC GAGACATTGTTTGTGTCCGCA
AsSUTS GACTCTAGGAATAGACCATGCCA GACAGCCATCCATGAGCAGA
AsSUTY GATTCTGGCTCCTCGACGTC CTCCCTCGGTAGATCTCCCG
AsFPGS AGGACCGAGATTGTTCTTTA AGAATCTTTCGAGATTTGCC
1.7 H¥ESH

K SPSS 27 A U4 PR 2 0 22 001, B/ i 3 2 5 1 (least significant difference, LSD) #1712 & L4,
& FH Origin 2024 %1 & .
2 ERESW
2.1 AsSUTA R Rk i o9 %52 547

A S A5 3 22 R 20 B8 P v 3 M8 AR B 9 AsSUTs 2 [H 5 5 i 57, 3778 Pafm-InterPro %45 7 b 46 I 15
HASSUT R 51 & T MFES_1(PF07690) Al MFS _2(PF13347) {# 57 &5 ¥ 3k, 9 4~ AsSU T's W%, 51 ¥ 2% A Sucrose/
H' symporter (IPR005989) 2% #4 3k . 4R 45 U € 1k 7 & 5 4ii , ¥ AsSUTs fiv £ A AsSUTI~AsSUTI (3 2) .
AsSUTs % i 52 3 R 7 91 < JBE Sl 490~687 aa, Hoh AsSUTS & 3 B2 K B it K, N 687 aa, AsSUT4 Fe /N AL K
490 aa. HEH M5 T (Mw)l 52. 51~73. 45 kDa, AsSU Ts % il 51 9 HE 25 1 5 (p1) M 6. 13~9. 72, Hirp{X
AsSUT6(6. 13) FI AsSUT7(6.49) {4 pI/NT 7, 555 R 1M 3 HeAR U0 pI ¥ KT 7, it 2 11 o I 200 i A5 39 00 235
RN AsSUTs ¥ F BB b, 5 55 H s R4S & 8 PR A — 30

F2 HMEASUTEERREKEMRRER
Table 2 Information of oat AsSUT gene family members
B HE R R ST ONET A HFRE Physiological properties A V2 5 AL
Gene Gene annotation (ID) Exons Introns ¢ pe Length (aa) 4+ T-i Mw (Da) pl Subcellular location
AsSUTI AVESA. 00001b. r3. 1Dg0003257 1554 11 517 54824. 20 8.68 J5 JiE Plasma membrane
AsSUTZ  AVESA.00001b. r3. 4Ag0000477 1794 4 597 63701. 01 9.26 i i Plasma membrane
AsSUT3 AVESA. 00001b. r3. 4Ag0002269 1563 11 520 54981. 37 8.67 J5 [ Plasma membrane
AsSUT4  AVESA.00001b. r3. 4Cg0001270 1473 11 490 52507. 81 8.93 Wi fi Plasma membrane
AsSUT5  AVESA. 00001b. r3. 4Dg0000827 1713 4 570 60921. 90 8.90 J5 [ Plasma membrane
AsSUT6  AVESA. 00001b. r3. 6Ag0002163 1833 14 610 65306. 96 6.13 i fi Plasma membrane
AsSUT7 AVESA. 00001b. r3. 6Cg0001159 1839 13 612 65052. 66 6.49 J5 [ Plasma membrane
AsSUTS  AVESA. 00001b. r3. 6Dg0001824 2064 13 687 73448. 24 7.88 i fi Plasma membrane
AsSUT9  AVESA. 00001b. r3. 7Cg0003044 1803 4 600 64428. 00 9.72 J51 [ Plasma membrane

Mw : Molecular weight; pl: Isoelectric point.
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2.2 AsSUTHR B Rk M5 3 R 24 597

3 3 TS 9 AsSUTs 521 I 53 4 B 114 2 14
J0T AR A Y o-MBE B A A A A T R 0 4 it
AR (F3) . Hid AsSUT4 1) o120 5 i £,
54,695 5 7o L A il o5 bR £ 02 AsSUTS, 2l
50. 95% 5 JE {45 oY th fe 2 12 AsSUTY, ly 13.47%
I 7E 2 T B SWISS-MODEL i il AsSUTs 5 % i
U R B g g A Y AsSUT2 Fil AsSUT3.,
AsSUT1 Fl AsSUT9 . AsSUT6 Fl AsSUTS Hy # ) Ji
B HEW LT e B — o AR UM, R R
RAE I RE B2 SRR (E D),

F I TBtools AT W Ak, 718 A2 & PR 21 14 ¢ S8, 43
AsSUTs F 5 I R e Y Ak 1m0 & 43 #i (K 2) |, K2 31
94 AsSUTs G2 U 43 A 78 8 Ak Y Ak I, FEH 401
TE 4565 Yk b, chrdA 5 Y (o (K17 16 2 4 3
R ARG R 25 0T 14>, W e AsSUT K% I
SR ML R G AR R R AsSUT Z 5 # 4k %
LRI BE I A B S50 . 1B 3T
13, AsSUT ZR I G AT #0030 34 2 vh AsSUT 45
YRR 5 & B W R 25 1 m AL . MEME B i)
10 MR SF I FE T A AsSUT A P YA 43 4 . Horp
AsSUT6  AsSUTS Fl AsSUTI 14 57 3 ¥ 15 HAth 5 54
A HC B 2 £ — A motif 7. Motif 9 76 20 2 F 3 th i1
SR REPERIAL 1 h 25 R K . AsSUT K W 51 18 S
fih [X. (coding DNA sequence, CDS) 1 4F i % X (un-
translated region, UTR) %% #) 176 AN [7] 4 2 8] AY 22 57 4%
R IUFHR A 2 A LD A7 A B 22 1) W 1Y) 4 5 X, 190
144>, 413 P A A 5t it IX 50— 30, IR b B
54 M 1M B 12 HG X, FiREE R R As-
SUT Z2 15 1 5% 25 46 5 2 AL 328 B v o AR X RS
2.3 SUTHARRhA2%#ENH EEBAZEG LK
R

BT 9ONME 9N EIT 5A/INE S KFEH 6
ANFEK B SUT 8 H1 55 81, R <8 42 3k (NI # 2 &R
GBI AR FE SUT B 3e & . anfEl 4 B
IR SUT G5 AT W53 Ry A4 E 2530, 2 R0 T
WA P AU R T SUT 5805 B 53 7 #E AR 1 4% 43 3 b A
XA ST, R B H 5 B R SUT R R4 6 &

R3 BEASUTERRKNEBR_-REHTN
Table 3 Prediction of secondary structure of oat AsSUT gene

family proteins ( %)

A - it BHE S o2 76 B0

Gene Alpha helix =~ Betaturn  Extended strand Random coil

(H,) (T) (E) (C)
AsSUTI 52.80 1.55 12.57 33.08
AsSUT?2 44.22 1.17 13.07 41.54
AsSUT3 49.42 1.54 12.88 36.15
AsSUTH4 54.69 1.63 13.47 30. 20
AsSUTS 44.91 1.40 11.23 42.46
AsSUT6 41.97 1.64 10. 82 45.57
AsSUT7 44.12 1.47 10.29 44.12
AsSUTS 38.28 1.16 9.61 50.95
AsSUT9 46.50 1.67 11.17 40. 67

AsSUT7
1 #&EASSUT EH R =R TM
Fig. 1 Prediction of protein tertiary structure of oat AsSUT

AsSUTS8 AsSUT9

AR o T ARABL 5 AP 9 SUT %05 i 51 R R R BN H I, 1 R W SUT FKR A 5 WAy kAL g

HRAR G PR 5
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Fig.2 Chromosome distribution of oat AsSUT gene family
chr R g A, HE B9 B R RN B 4 5, 52 FF S 40 56 3 B 41K U chr is chromosome, the following number represents the homologous group, and the

letter represents the ancestral genome of origin.
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Fig. 3 Phylogenetic tree, conserved motifs, and gene structure analysis of oat AsSUT gene family
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A MR LG e A R AT SLERAE LU (18] 5) o S SRAT AL T A% RIiE 22, DU IAIHE 22 S M2 1) SUTs i 5% HAT B iy
AIILL L, SUT ZR N A AR e 2 | DUAG (A A M h X E 2 A T 45 M6 5 e ik b o /A FE K
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Fig.4 Neighbor-joining (NJ) phylogenetic tree of SUT gene family

TR E A longiglumis CEENANEED GEEDANED GENSARED

M A sativa @B 1@

£ K Z mays
5 ZYFHSUTEE K EHE L ESR
Fig. 5 Interspecies collinearity analysis of SUT gene families in multiple species
BN Py b BT AR 3 G R TR UR B g, o BE AR 2 AH 8 BE 41K R For each species, the number represents the homologous group, and the letter

represents the ancestral genome from which it was derived.
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AtSUT, F FIFEZE M 2 STRING ## AsSUT A AR M %%, W58 LT AE PR 2 R 265 . 45 R B, 64 AsSUT HH H
55 8 4 HE %% 32 3 11 (sugars will eventually be exported transporters, SWEET) | .4 & 1/ 2 1 (maltose-signaling
and sensor protein, MSSP1 #1 MSSP2) it 7K i )i JG {4 45 4 & 11 (dehydration-responsive element binding protein,
F12L6. 16)tH BEAE M AFfF HEE LR, M EEAEH TH Y% iz (K 6) . 5 5B /K i [ & H (early-responsive to
dehydration protein, ERD6) #§#% iz #5 [ (sugar transporter protein, STP) 48 ¢ R4 Ry % U1, ol ag 3 7] 2 5 4HY) 0
WA N o AR LR OT ASUT 5342 AsSUT & H#ELSE R, AtSUTL 5 AsSUT7, AtSUT3 15 AsSUTO R4 56 R
L
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W
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AN
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Fig. 6 Interaction prediction and analysis of oat AsSUT protein

SWEET : i #hHE#% 12 2 11 Sugars will eventually be exported transporters; STP: ## % iz & 1 Sugar transporter protein; SUGTL4: 2538 & A
Sugar transport protein; UMAMIT21: % 3 i §% i & H Usually multiple acids move in and out transporter; CAR3: C2 2543 ABA X HEH C2
domain ABA-related proteins; PCMP-H43: # ¥ 41 & 1 ¥t & (4 Plant combinatorial and modular protein; MSSP: il & i 2 1 Maltose-signaling and
sensor protein; ERD6: Bl 7K 175 5 5. ] i % % [ Early responsive to dehydration protein; ERDL6: it 7K 75 5 5. jij 2 [R] Ji 2& [ Early responsive to
dehydration-like; INVD: ## 3t 7K f# fi Glycosyl hydrolase; DTX22: £ 24§ Fl f B 1L & ¥ 4 #F % i & (1 Multidrug and toxic compound extrusion
transporter protein; ARPC2B: L 8 & 1 # 3¢ 8 1 Actin-related protein; SFP2: #E # & [ §| i & 14 Sucrose fermentation stimulating protein;
F121.6.16: B 7K Wi 1 oG 14 45 4 8 FH Dehydration-responsive element binding protein; T9J23.17: $#4%3i2 % {4 Sugar transporter protein.

2.4 AsSUT AR Rk B 3 K B0 XA A A+ 07

ST AsSUT 2% L 51 137 2000 bp J& 8l 7 DX AE FH Tl . S5 R anE 7 s , 25 AsSUT T RE ) 7T
P EZ SO N AR A Y A K R E IR A A 1528, Hoh S RO ST R, SRR A OC
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Fig. 7 Analysis of promoter region cis acting elements of oat AsSUT gene family
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