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Abstract: Fasciclin-like arabinogalactan protein (FLLA), a class of highly glycosylated proteins, are
widely involved in plant growth, development and stress responses, yet their functional mechanisms
in wheat remain unclear. To investigate the members and biological roles of FLA in wheat, this study
conducted genome-wide identification and systematic analysis of the wheat FLLA family using bioinfor-
matics approaches. The RNA-Seq and gqRT-PCR were employed to examine the expression patterns of
TaFLAs across tissues and under abiotic stresses, while haplotype analysis was performed to explore

the association between candidate genes and kernel weight-related traits. A total of 71 TaFLAs were
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identified in wheat, distributed across 17 chromosomes and designated TaFLAI to TaFLA7I. Phylo-
genetic analysis classified these genes into eight subfamilies, with members within the same subfamily
exhibiting conserved gene structures and motifs, suggesting functional similarity. Intraspecific synte-
ny analysis revealed 85 segmental duplication pairs(30 interchromosomal and 55 intrachromosomal du-
plications), while interspecific synteny highlighted closer evolutionary relationships between TaFLAs
and BAFLAs from Brachypodium distachyon. The RNA-Seq and qRT-PCR results demonstrated
widespread expression of TaFLAs across tissues and under stress conditions. Notably, TaFLAI5 ,
TaFILLA34 and TaFLA62 showed high expression in spikes and grains, while TaFLAS5, TaFLAIS ,
TaFILA34 and TaFLA62 were upregulated under PEG 6000 treatment; TaFLAS5 and TaFLA34 were
induced by NaCl stress. A SNP molecular marker developed for TaFLA62 revealed, combined associ-
ation analysis and geographical-temporal distribution studies, that the TaFLA62-Hap [[ haplotype sig-
nificantly enhances kernel weight and has undergone positive selection during wheat breeding. Over-
all, the gene structure of wheat TaFLAs is similar, and most of them can respond to adversity stress,
and its TaFLAG62-ap [l haplotype can be used to improve wheat yield traits.

Keywords: Wheat; FLA gene family; Gene expression; Haplotype analysis; SNP marker; Thousand-

kernel weight
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L) 54 % (Solanum tuberosum 1.) F T i
(Solanum Lycopersicum L. )43 H H 4 &



%5 10 30 T REE N FLA S R 530 % 8 ok 1 H OG 5% R 84 2 43 #r .+ 1295 -

P SO 0 3 R S o HG v 4 5 D) 4 S R R S
T T A R 4 PR 43 BT, & SO TR IS )
it FLA 28 F 5 B A # RG bR, R HM-
MER S fil Pfam 5 (PF02469) 3K BU4S ¥ F (1
FLA KGO E B B E N E<1.0Xe 7,
T R0 R v O A A 0 R L X O S 3
(& 1 51 4 5148 1 NCBI CDD, InterPro Al
SMART #EAT 8544 73 e 3 25 (L 0 6 1 3 4K
P P vh S B M Y FAS 25 Myl i & 1L 0 E Tl i
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Table 1 Websites of software used in bioinformatics analysis

A i 4 41k
Software Function Website
BT 25 Ry 184 . . . .
NCBI CDD %Eeﬁf?lﬁgjiﬂ domainsanalysis https://www. ncbi. nlm. nih. gov/Structure/bwrpsb/bwrpsb. cgi
B (14 0 B BT ‘ , ‘
Inter Pro Protein structural domainsanalysis https://www. ebi. ac. uk/interpro/
SMART FREE i http://smart. embl-heidelberg. de/smart/set_mode. cgi? NORMAL
b Protein structural domainsanalysis =1
A BT 1 4 B . . .
ExPaSy Protein physicochemical properties analysis https://web. expasy. org/compute_pi/
. ’ I K 235 44 43 Bt
[23] ¥ . << _ /
GSDS Gene structure analysis http://gsds. gao-lab. org/
AL SN
ChiPlott2] ﬁ&gfﬁmc analysis https://www. chiplot. online/chitree. html
S 2 i 5 A T

N - [25]
Gpos-mPLoc Subcellular localization prediction

http://www. csbio. sjtu. edu. ecn/bioinf/Gposmulti/
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INFZAE R ZERE I AR (25 RO AR I 59 4 R K Ak
JG 5 d 10 d.15 d.20 d.25 d.30 d BkFRL, WK AHE
R i A7 T AR KA (— 80 OO T A
RNA $2H, R0 3 RAEY)¥EE

1.3 & RNA BJ#REUAN cDNA & /%

i TIANGEN® RNAprep Pure Plant Kits
& (R AR A R A AL b mO $2 1. 2
R A A7 B A A RNAMY . Al NanoOne #
P2 O BE T UM AR T AL AR A FR 2 W), BT D
D RNA e B, I3 5 BrOIR W B e Pl DK A I RNA
Fift, F TIANGEN® FastKing gDNA Dispelling
RT SuperMix &7 & (R MR A= A 52 A R 2 7]
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Table 2 Primers used in this study

514 %

Primer name

ElE7b2])

Primer sequence(5'—3")

i

Purpose

TaFLAS-gRT-PCR-F
TaFLAS-gRT-PCR-R
TaFLA15-qRT-PCR-F
TaFLA15-qRT-PCR-R
TaFLA34-qRT-PCR-F
TaFLLA34-qRT-PCR-R
TaFLA62-qRT-PCR-F
TaFLA62-qRT-PCR-R

CAAGTCCGGCTCCCTCAAT

Pl sE 7 PCR
Fluorescent quantitative PCR

GACGTTGAGCGGGTACTTG
TGTTCTGCCCCGAAGACAAA
GATGGCGTGGCTCTTGTTG
TCGACTGGGTGTCGGTGAA
CTCTTCGGACACCGTTTTGGT
GTACTGCAAGAGCTTCGCG
TGGCCGTCAGGTTCTTGTAC

TaGAPDH-F GACCCAGACAACTCGCAAC qRT-PCR 4 (4141) 132
TaGAPDH-R GGAATCCATGACCACCTAC gRT-PCR reference gene (for tissue)
TaACTIN-F CCTTCCGTGTTCCCACTGTTG qRT-PCR N (Jii8) 133
TaACTIN-R ATGCCCTTGAGGTTTCCCTC gRT-PCR reference gene(for stress treatment)

1.5 TaFLAs EERBIRIESH

PL 1.3 s 20 iy b [ A 4 v A ) UREE
Y0 AL BT B9 cDNA SRR, Fl I TIANGEN®
FastReal qPCR PreMix(SYBR Green) % J: i€ &
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SH m PR E )i, TaGAPDH ™ I TaAC-
TIN P NS 5N B 3 RAEY»EE,
R 2722 PR R X R ik,
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edu. ecn/ WheatUnion/)H R EL 1 769 13 /N 22 ¥4 kLAY
PP 5 Tk 1.5 rh i B 3 1 E Bl RTORE R
1 R IK M TaFLA J& P BEAT BA% A R 22 254 Csin-
gle nucleotide polymorphism, SNP) 43 # #1 3 (A
RGBT . FIE AT R RN 122 3 /N EFPETGE
YRR T 7 B (thousand-kernel weight, TKW) ¥ K
(kernel length, KL) 7% (kernel width, KW)
Fki B (kernel thickness, KT) iy 32 8 2 32 X &
AT B R TaFLA JE R EAT OGB4 0707, 78
WheatUnion 1. 0 B¥8 E P ik 2k A 14 & 0
Aest HA e TR LR T EVE LK,
L PG BV L O] PG R BT R D Y 328 iy
Fofr T 5% A o FH HC PP Al AN [a] B 20 A o [ A 2 2 )

i Horp 86 1y BA B A 0y - T PEAL A [6) o f%
RUAE A7) 75 s 30 1) o B0 %
1.7 #iEse

FIF Excel 2021 3 B85 .  SPSS Statis-
tics 25. 0 FEAT LR R Iy 2240 M Ml ¢ K3, 1 Ori-
gin 2016 £: /4,

2 HEXRGAM

2.1 MNEFLARKERASGREZEEELER
T

A HMMER # 7% L X 8L 5 IF 5 K 5 1
FLA HH P /NE FLE H 47 Blastp 25 H
) 5 e X o DA /INAE 4 B TR A B0 o AL % e B 71
ANTaFLAs MG I AE e (a4 b 19 43 A HIR fif 44
K TaFLAl~ TaFLA71, 71 4~ TaFLAs # &
FAS 4550 CRL 6 N o (9 H1 458 50 C i i
H2 RAFIIRESS #1380 . I ExPaSy 73 Hr & 1111
AR R, & B TaFLAs S0 R 01 0 & 3L K
AT 214(TaFLA27) ~ 483 aa(TaFLA63) ./ T
AT 19. 370 (TaFLA21) ~51. 262 kDa(TaF-
LA64), & A T 4. 53 (TaFLA15) ~ 9. 93
(TaFLA70), Xf TaFLAs & 14 i 37 40 jg 5 7 T
MR, 17 AL T Ak, 16 A8 A T,
8 ANEN TN R, 11 A E AL T M-Sk v, 9 4
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PL 71 A~/NAE TaFLAs.29 4~ k% HvFLAs,
29 P RS BAFLAs.28 /K F§ OsFLAs Fl
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22 ML E 3T AtFLAs, 24 A% i SIFLAs F1 29
A5 g% B StFLAs AE S B 7 m AU 3%, F
MEGA11 W ZGE AR, 4550 (B D BoR, i
AHFLAEHT R 9 DT (Group | ~1X).,
Hip,Group | #¥%A TaFLA W 5704 Group
I~XHai&H 6.12.6.10,7.5.10 F1 15 4
TaFLA W51, 5HAMP AL, TaFLAs fE—4%

Group,

R B FLA F AT 2% % @) — o i % o K A

il

WG ECE B L, HE Group V H1,/NEA 10 4>
WMo, KA 3 A, JooKFE R Bl IF B 0t 7
Group VIt . /NER 7T WG, REFR 24>,
R A 1A AINERFEANMGEREY I 34>
(] 050 56 R %o o AR AR AR ) OR A RN ABL R 1) T A
1 AR MASHIZEAE Group VAT Group VI % A%
A RIKFEABIFE ST FLA 851,
2.3 /MZE TaFLA KRB R # & B R 5F & HiE F
HEELEMSH

BT RGEHAW (B DAL 71 4> TaFLAs
8 T 8 AW (B 2A) . 3@ ik MEME 7£ 28 /4 il
XF 71 A TaFLAs #E47T & 38R 7 51 23 #7 , 3L 2
H 20 > motif, Hod motif 1.motif 2 Fl motif 4 7£7E

B JB{H: Bootstarp values
*=0.50
0.51~1.00

T E TS

Different colour blocks indicate different subclasses of the FLLA gene family; *; Triticum aestivum ; .; Brachypodium dis-

tachyon ; *: Hordeum wvulgare ; *: Oryza sativa ;

Solanum lycopersicum.

: Zea mays; <: Arabidopsis thaliana ;

. Solanum tuberosum ;

B 1 FLASMRZEZEW
Fig. 1 Phylogenetic tree of FLAs
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T A TaFLAs & AT 4 BOR SF 25 48 15
FAS (#0004 Hod motif 1 J2 40 H1 A9 £
BHEFE smotif 2 Z 4 H2 ) F 5 3%, motif 4
EAMIYF JH 19 £ 257 (K 2B, toh, Al —
WY TaFLA 55 BAT AL motif , B 41 TaF-
LAs FEHM Group I~ X WiEH 439 &A 12,10,
10.4.6.6.5 fil 5 A4 ) motif,

BT RGEHAK 73 2455 % TaFLAs A [
V% 3 K R GSDS 78 28 W 3l 1E 47 ¢ 51 45 44 43
Wro 5B BN, Group Il #1 Group V W% W 11 fir
AIHE A 2 DS EF A1 AN E T Group
% . TaFLA66, TaFLAG2, TaFLA56, TaF-

A
TaFLA24 - .- —
TaFLA37 —H-. —
TaFLA25 —HE-EE.- —
TaFLA26 § —semm—wm-m —
TaFLA36 2  —SEmEE-mE-—m- —
TaFLAl7 S -iHE-EE—E-—
TaFLA1S = —HE-mE—a- —
TaFLA27 - —
TaFLA7 - .- —
TaFLA12 - . —
TaFLA33 —a R —
TaFLA23 @ —Em—emme- —
TaFLAl6 ¢ —m—mEmm- ——
TaFLA71 § #+——m—wmme — -
TaFLA34 = S——EEERRE—
TaFLA15 —_— am- - —

- TaFLA35 — . —
TaFLA2]l @ —+Em-mmas 85—
TaFLA40 3§ —+am-mmes 2——
TaFLA31 & —HE-EE-——
TaFLAGQ - - .— - ——
TaFLAS4 =  am-wem— ——
TaFLAS51 - - — - -
TaFLAS52 —HEE -
TaFLAS58 -- - — - - —
TaFLA32 @ #es—u- — e .-
TaFLA22 — - - .
TaFLA41 & -Has—m — - ——a.-
TaFLAGO o SEm—m- —  E-Em .-
TaFLA62 4 - - -
TaFLA56 W+ — - — -
TaFLAS53 - -
TaFLAS59 B e o o
TaFLA64 S- — - - . - .
TaFLA70 — - - —
TaFLA68 ———EEEEEE—
TaFLAG) o —— - - —
TaFLA6l & —mmEE— a—
TaFLA65 ¢ —EmEE—E 1—
TaFLAS5 ©, —emmE—= 8—
TaFLA30 & -—eseE—m -5— -
TaFLA39 - E— -
TaFLA20 S S— -

—TaFLA29 — . ——

TaFLAS50 —E—- - — -
TaFLAM §  =mm—m — -EEeE—w —
TaFLA47 (€| —m—m-r— - —a—
TaFLA2 © —am—a— - ——a—
TaFLALl [ ———-———_—-———
TaFLA6 — — - - - —-
TaFLA42 —amem- - —
TaFLA45 S - a—
TaFLA48 S— -
TaFLA10 -— - o —
TaFLA1 —— - .
TaFLAS - —
TaFLA9 @ F— s -
TaFLA4 g A EmEEEEE-
TaFLA14 & 4—EmaE—a .-
TaFLA43 o —-emmE — a—
TaFLA49 - — a—
TaFLA46 — T — —
TaFLA3 — o — —E.
TaFLA13 S—s — —E—
TaFLAS8 S— o —
TaFLA38 - - .
TaFLA2S (S| -
TaFLA19 (S| - — - - -
TaFLA63 8 S — SIS —.
TaFLAS7 = -I— I — - - -
TaFLA67 S— T - .

LA53.TaFLA59 MTaFLA64 &4 2 A4 R 1 H
1 N F. TaFLASL, TaFLA52, TaFLASS,
TaFLA32,TaFLA22 M TaFLA41 {U&H 1 A 4h
B AHRSFER T WAL Group IV &, B
T TaFLA2 Ak, HA g 518 R BA 1 A4+
Group VI.Group VI 1 Group X W iEH, HA 1
A4 F 5 Group W %, B T TaFLA29 il
TaFLA68 BA 1 MWETH 2 N4+ LLAh,
g 5t HEA 1AM F(E 2 O, [F—W %
1Y K 22 B0 D B A AR, I 45 0, HE 0 5 AR L
Tae A [6) By W J 22 18] N 3 B A ] oA
[F] . 3X m] BE 2> 4 i H I e 31k .

—a I motif 20
- I motif 11
—a Il motif 5
B I motif 1
o= I motif 4

N motif 12
motif 2
motif 14
I motif 17
— motif 10
. I motif 3
I motif 6
———— motif 7
— Bl motif 19
- Bl motif 15
- I motif 9
- I motif 18
- motif 8

I motif 13
Il motif 16
S EF Exons
b 3R 4575 X Noncoding region
oy — W& F Intron

motif 1

aa 5’ 3/

0 50 100 150 200 250 300 350 400 450 500 Okb 1kb 2kb 3kb 4kb S5kb6kb 7kb

2 /NE TaFLAs LR R (A) RFEF (B)IEEEM(C),
Fig. 2 Phylogenetic relationships(A), conserved motifs(B) and gene structure(C) of TaFLAs in wheat
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2.4 INETaFLAs W BESHFEL DT
Yo AR R, 71 A /INE TaFLAs W5 4y
MAE 17 &Pk b, Hrp 4B.4D.7A 7B, 7D 4%
ENE] 1 ATaFLA JEH L 3A . 3B.3D % E N5 3
ANTaFLAs 5K, 1A 5D & E (i 8] 4 4> TaFLAs

FN L IBID 5B & E ML #] 5 AN TaFLAs 3EH L, 5A
FENLE] 6 A~TaFLAs HEH, 2A AL 8] 8 4> TaF-
LAs 3, 2D Ei 5] 9 NTaFLAs KN, 2B & i
F) 10 N TaFLAs 3, BAh, TaFLA71 R
FEAL T E G AR F(E 3D,

i ChrlA  ChrlB  ChrlD  Ch2A Chr2B  Chr2D  Chr3A Chr3B  Ch3D
-0 = = = - P pe = g =
3 - | TaFLA33 TuFrA42) - TuFLA48
F100Mb || TuFLAI TaFLA10 | JEERA I oy g0s FAELAS - TaFLA4S
- TuFLAS “TaFLAI7 S\ TaFLA24| | TaFLA36
-200 Mb TaFLAI8 - Tarr 25| | TaFTA37
TaFLA26)
F300 Mb TFLA27E TuFLA38 I
| 400 Mb TuFLAIl | ~TaFLA19 | | TAFLA28
 JpErAls - TORTAA0 | rarraas . TP g 450
FsooMb | TAFLAZ gy SRR AR TaFLA4I
- TaFLA3 TuFLA20 " 1aFLA3] =
L600Mb — TaFLA4 = ~TaFLA21 -TuFLA32| TaFLA44 =
| TaFLA47 = TaFLA47
laFLAS ~TaFLA22 -
1 700 Mb = TaFLA9 = = =
800 Mb - e =
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Fig. 3 Distribution of TaFLAs genes on wheat chromosomes
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stresses(A) and expression profile analysis(B—1)
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