PG VEY 4R 2025, 46(10): 2299-2313
Chinese Journal of Tropical Crops

ARE AT-hook EFZEMERRENEERNAEE. RIXIE
FOB+=E M4 53 1

IOW, OBEEY, R, FXET, MR, tRT, 2KkEVT,
ﬁlﬂ {%1,2,4**

L. R EPARO R 2R = WFFT B, R =V 572025; 2. FEBAHRBEB T YRR TFFTRT, RS 571101;
3. g KRB, RN 4500465 4. REBGT AL BEBEMEFIFSTRT, WRCE 571339

# E. AT-Hook ®:JFHE(i ( AT-hook Motif Nuclear Localized, AHL ) & H/E MY P Z AN EER T, R
P K & IR R R I rh R R AR RS R R R A 2 AR T E ST, {HR S5 ( Manihot esculenta ) AHL
FIGHFER A 2R AE L SEA LR B SRR TR AT R WIS . AP TR SC205 WS H AL A, Jl i Ak K 20
YE . RGO . LD EER AT DL SRR SRR S . RGN MeAHL FE M HELRAE | LD 388K
R, FRILSEE 41 4 MeAHL JEH, Hrp 40 MRAREE I, AREMREGEN T 188~446 aa Z [0, RGuikfk
AT H2r 9 Clade A Fil Clade B Pi4~43 32, FF7E ChrO1 Fl Chr02 Y2 (A B sk X 3 4 B 2 4> MeAHL JEK#%E . ik
LA TR 2L A G 6 (WGD ) FARIKSN T IEY ki) B2 fbsh 1. AP BR MeAHL K &H
PPC/DUF296 Z5 #4381 AT-hook #£)/%: Clade A E[F& A A Type-1 AT-hook #)%, 1M Clade B KL HA Type-1
Type-Tl BEESF o Ji 2 P AE e BB 78 MeAHL JEB 361 X & 48 60 B e . A 4 38 3 i 1 ook DL B A= 9 /A
AP MRE RN G, BRI RE 2R . 2 AU SR AT R MeAHL B2 307 11 R [R 4140 R B 25 7 Rk
X, BRI R/ AR /A Y i 5 sk i W, #55> MeAHL X§ 15 ( ABA/PEG Ab3# ) | A0
%% ( Xanthomonas axonopodis pv. manihotis ) Al B2 % 4 B BoA W mn, HERS RSN REHEL, &
H HAE R 254347 B R34 MeAHL 7 5 bHLH, NAC. ARF., NB-LRR %52 5 % 7 I8 2 R0 300 855 0 157 A1 56 10 238 9 12 e 2l BE
M, AT 45 R R G AT MeAHL N ZIEHALERE 5 W R AEb, B Hom b S (7] Az 4 27 10 R 0 3 R 3R aA i =X
FIFRSr MeAHL (TSI, SR HZ S0 B K AT AR 0 A TR AL A % -

K AR, AHL BERFIE; AWEBF00r; £RESH; MR

hESES: S533 MRAPRAERD: A

Genome-wide Identification, Expression Profiling and Network
Analysis of AT-hook Gene Family in Cassava

WANG Yu'?, ZHENG Yunfei'*", ZHAO Haixu', LI Meiyingl’z, XIE Zhengnanl’z, YE Xiaoxue'?,
JI Changmian"*"", HU Wei'**""

1. Sanya Research Institute, Chinese Academy of Tropical Agricultural Sciences, Sanya, Hainan 572025, China; 2. Institute of
Tropical Bioscience and Biotechnology, Chinese Academy of Tropical Agricultural Sciences, Haikou, Hainan 571101, China;
3. College of Agronomy, Henan Agricultural University, Zhengzhou, Henan 450046, China; 4. Coconut Research Institute, Chinese
Academy of Tropical Agricultural Sciences, Wenchang, Hainan 571339, China

W B 2025-05-26; BEZHH 2025-06-03

EEWEB WBHEE ARFRARAKATH (No. 2021JJLH0034 ) ;5 EZK ARFHAIEETH (No. 32460528 ) 5 “HEME” #HHA
ABFLWIHH (No. SCKI-JYRC-2023-75)

EEEN £ W (1987—) , Z, Ht, ARG, AF5EOTI . RZDRESLHEA 550 FF M *FSFoTIES : B2 (1999—) ,
4, WA, W E . G B, @G/ (Corresponding author ) : #2444 (JI Changmian) , E-mail:
jichangmian@itbb.org.cn; % i (HU Wei) , E-mail: huwei2013@itbb.org.cn,



2300 o AE A F AR w46 %

Abstract: The AT-hook Motif Nuclear Localized (AHL) protein family is known for its pivotal roles in plant growth
regulation, developmental patterning, and stress signal transduction. Although the gene family has been studied in vari-
ous plant species, the genomic characteristics, evolutionary mechanism, and expression profiles of the AHL family in
cassava (Manihot esculenta) remain unexplored. In this study, we comprehensively investigated the evolutionary fea-
tures and biological response of the MeAHL gene family through genome-wide identification, phylogenetic analysis,
structural characterization, and large-scale transcriptomes based on the cassava SC205 reference genome. We identified
41 putative members through genome-wide identification. Physicochemical property analysis showed that all 41
MeAHLs were hydrophilic proteins, and 40 of them were unstable proteins, with the number of amino acids generally
ranging from 188 to 446 aa. Phylogenetic analysis indicated that the MeAHL family members could be divided into two
clades, Clade A and Clade B. Two MeAHL gene clusters were located in the distal telomeric regions of chromosomes Chr01
and Chr02, respectively. Replication type analysis revealed that the evolution of MeAHLS was mainly driven by
whole-genome duplication (WGD) and dispersed duplication (DSD), with the Ka/Ks values <1. Evolutionary mecha-
nism analysis indicated that whole-genome duplication (WGD) primarily drove the MeAHL gene family expansion.
Gene structure analysis showed that MeAHL genes were mainly composed of 1-10 exons. Analysis of conserved do-
mains and motifs showed that all MeAHLs had the PPC/DUF296 domain and AT-hook motif. Members of Clade A gen-
erally contained one Type-I AT-hook motif. Among members of Clade B, except for SC20508G13380 and
SC20509G13950, which contained one Type-II AT-hook motif, most members contained two AT-hooks (Type-I and
Type-II). Cis-acting element analysis via PlantCARE showed that the cis-acting elements related to light response were
the most abundant in MeAHLSs, such as Box 4, G-box, and they also contained elements responsive to hormones, biotic
stresses, and abiotic stresses, such as ABRE, MBS, W-box, and TC-rich repeats. Tissue-specific expression profiling
revealed distinct expression patterns between two clades of MeAHL across 11 different tissues. Stress transcriptome
analysis demonstrated significant responses of specific MeAHLs to drought (ABA/PEG treatments), cassava bacterial
blight (Xanthomonas axonopodis pv. manihotis), and mite infestation, showing clade-specific regulatory patterns. Pro-
tein-protein interaction (PPI) network prediction suggested some MeAHLs formed functional modules with bHLH, NAC,
ARF, and NB-LRR proteins involved in plant development and stress responses. This study would provide the system-
atic characterization of AHL family evolution and functional diversification in cassava, offering theoretical foundations
for molecular breeding applications.

Keywords: cassava; AHL gene family; bioinformatics analysis; expression analysis; protein-protein interaction (PPI)
network
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HIFEA AR | AN FEEAEA Y E o A [F AP ke
TRy R IR HL#L Clade A il Clade B P
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BEAC N W 5L P R IR R IE 22 57
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AHEAE M2

546 %5
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21 MeAHL EFRFRKHRREERELELY
S

AWFFEFAPIEGIT 29 4~ i AtAHL JE[A
P FFIIME RS, FIH Blastp [RIUR L X £ AR
2 SC205 HHAHE AT A (identify =45%F
E value<IE-5) , %% AHL [FJEIEH , [FIRF, &5
& AHL 3 A ZK & () PPC/DUF296 %% f4 1
(PF03479 ) 5 AT-hook H:FHHFEXf AZE SC205
FHFAMAT AHL FEFRFEM T, &3k
41 > MeAHL ZEM L (32 1) o MeAHL &K
JEAr T R MeAHL Zfid & LR R FEAN T
188~446 aa 2 [a], Hid SC20502G08210 75 |4 K J&#
4 1006 aa. 5K A ERALYE B 404 2 B, 41 1~ MeAHL
FYAEXT 7> F A T 18 645.94~109 150.71 Da 2
), FEIS 4 L S A T 4.94~10.45 2 i), H A SC205-
01G25540 AFREREBUNT 40, BTREEREA,
HAx 40 > MeAHL WA FE FEEN T 40.63~62.23
ZIE, BTFABREEN., 40 T MeAHL & H 75
SERIEKYE/NT 0, 4 F-0.355~-0.271 Z[H], J&
T oK . FIFH WoLFPSORT 7E 4R &5 {4 F5i i
K 41 4~ MeAHL W ANIEEN , K IHA 0 7E
ASTA] 8 IV 201 e X 3k 18 4~ MeAHL &4V 76 4 il 4%
e L AE LR R R SRR S X G R R
MeAHL &N Z 5 AR AEY FidfE, 5O HiE
AHL Zhfg—31,

R1 KEMeAHLBEBREXREER

Tab. 1 Basic information of MeAHL proteins

75 LA ID ’f\%ﬂﬁﬁ[% M/]jliliiiar Isii?jéiic Z;:ftfij‘i? B ERK Subcﬂzeliljli@rﬁizliza-
No. Gene ID Amino acid (aa) weight/Da point index GRAVY tion

1 SC20501G06620 347 35781.71 10.45 47.86 -0.271 I A%

2 SC20501G07550 294 31 094.68 6.84 54.78 -0.503 %

3 $C20501G07590 353 36 140.96 9.49 55.95 -0.228 TSI

4 SC20501G12870 268 28 145.19 9.40 47.64 -0.128 R

BT _ BT

5 $C20501G15380 356 37 239.94 8.90 44.55 -0.345 i A%

6 SC20501G17460 282 29 570.50 9.13 50.60 -0.211 i 5T

7 SC20501G24820 340 34 831.28 10.11 44.31 -0.248 RN

8 SC20501G25490 297 31454.18 6.55 56.39 -0.534 i %

9 SC20501G25540 340 35375.92 8.72 39.52 -0.220 RN

10 $C20502G02120 347 36 031.59 9.88 52.72 -0.388 nagik; B

11 $C20502G02960 293 31 032.70 6.80 53.81 -0.473 i A%

12 $C20502G03000 384 40 067.73 9.37 44.96 0.002 o
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Tab. 1 Basic information of MeAHL proteins (continued)
N = far N £z 4 S AN
P L[ 1D /i%[@ﬁ% Mé(jﬂe%cjar Isfe?:cll‘fr\ic leigiiifi Bk Subcﬂzdiljli%ililiza-
No. Gene ID Amino acid (aa) weight/Da point index GRAVY tion
13 $C20502G08210 1006 109 150.71 6.15 49.84 -0.467 I A%
14 $C20502G10750 358 37 100.50 9.17 49.04 -0.320 I A%
15 $C20502G12840 279 29 965.74 4.94 49.27 -0.278 2 I
16 $C20502G13390 312 32 669.38 6.89 58.06 -0.491 P
17 SC20503G15750 302 31 177.09 5.88 50.52 -0.227 ok
18 SC20504G00910 353 36 101.59 5.05 46.30 -0.239 I A%
19 SC20505G03450 340 34 961.57 10.11 41.28 -0.254 I A%
20 SC20505G04200 307 32 597.63 6.50 58.32 —0.461 SR TREN
21 SC20505G04360 325 33760.20 9.41 46.14 -0.274 SR IREN
22 SC20505G12810 290 29 120.32 9.16 48.71 -0.293 I fUA%
23 SC20505G12910 375 37285.77 10.08 50.04 -0.244 2 fU A%
24 SC20506G12640 386 40 564.04 9.31 40.63 -0.311 E-VN
25 SC20507G11650 301 31 746.00 5.26 57.58 -0.461 E-VN
26 $C20508G02230 390 40 087.53 6.18 53.45 -0.350 EVN
27 SC20508G13380 351 36 347.45 8.80 49.67 -0.455 2 f A%
28 $C20508G13400 285 29 575.05 5.89 50.49 —0.489 EETEN
29 SC20509G05090 364 37761.17 9.17 51.24 -0.402 2 fUA%
30 SC20509G13920 288 29 961.50 5.50 54.54 -0.480 2 fUA%
31 SC20509G13950 377 39 855.75 10.07 46.88 -0.495 2 A%
32 $C20510G02590 337 35685.13 5.55 62.23 -0.740 i A%
33 SC20511G15260 341 35333.68 5.57 50.24 -0.209 i A%
34 SC20514G03200 421 44 875.56 8.62 41.43 -0.350 2 A%
35 SC20515G03600 188 18 645.94 5.19 45.72 0.077 P JBT )
36 SC20515G15920 297 30 795.28 6.03 45.86 —0.344 4 5T
37 SC20515G15930 371 38 266.75 9.51 57.11 -0.444 2 A%
38 SC20517G01110 419 43 832.83 9.80 60.72 -0.565 2 A%
39 SC20517G01140 377 40 278.69 9.24 45.25 -0.194 2 TRUN
40 $C20518G00200 446 45 545.07 9.85 55.40 -0.301 EIREN
41 SC20518G05780 315 32 853.94 8.36 57.93 -0.355 2 i 5T

22 MeAHL ERRGHUXRRLEES T
ED T

R T 578 MeAHL 3 R 55 R 5L b e &
ARG A R A A R T TR 2 L AR L JRR
SRR . EERRE . TMAR 9 AHL 2 (F 53T 2 590 [
XF, A PR AR X XU, B R SR L
BB 1) o Z5 SRR IT . BRI
BRE . A E A AHL 20 Clade A Al
Clade B Wi #E1L 4332, K2 MeAHL 3 [H 5 i
M E A, 19 4N & T Clade A 4332, 22 & T Clade

B /332, R 2 NSO e b R AT
DIfe ol . YR Or & oy i FRAE A AT 2 S an &l 2
Jr7 , MeAHL 3 RN $4) 50 b A 78 R B 3E R4 19
15 &y tafk I, 43%1% Chr01, Chr02, Chr03,

Chr04, Chr05, Chr06., Chr07., Chr08., Chr09,

Chr10. Chrll. Chrl4. Chrl5. Chrl7 #i Chrl8,
Horp) 78 Chr01 Jeafk For4a i) MeAHL % i
%, f1& 4 Clade A W51 fil 54~ Clade B 1%, 51 .
HAH) MeAHL JEH i, 7 AR (4 4 Clade A
134 Clade B) EfifE Chr02 Jefifhk |5 5 45k
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Clade B

Clade A
® RZ (Manihot esculenta) #IREIYT (Arabidopsis thaliana)
= R (Jatropha curcas) BFK (Ricinus communis)

A BRI (Hevea brasiliensis) * TR (Vernicia fordii)

Bl AES5HMS MEEYTH AHL KKK
RERBERSIN
Phylogenetic tree of AHL gene family in cassava
and five closely related species

Fig. 1

(24> Clade A {51 Al 3 4~ Clade B i bt ) &1
fE ChrO5 Jetafhk |5 3 K (14 Clade A W5
12 4> Clade B {51 ) 57 ChrO8 Jefafk |5 3
A (14 Clade A B 52 AT 2 4~ Clade B 51 )
FENIAE Chr09 Yefafhk [ 3 NEH (24 Clade A
BB AT 1A~ Clade B 5% )E (v #F Chrl5 Je @ik |-
A4 2 MeAHL 2K (14 Clade A BLBAT T 4>
Clade B .6t ) 5E{7E Chrl7 F1 Chr18 YLk |-,
HAy 7 £k HA 14 MeAHL 2K, Chr01
F1 Chr02 Je e R iz i X 38530 4 2 1> MeAHL
FHE (K 2) .

Low High

[

%

¥

5 8 8 3 285 83 <SS 0o 9y v v & o
B EEEEEEREECEHSE B8
O 0O O O U O O O O LU LU O O

Clade A A Clade B

2 MeAHL E R 5k i 5 Y 5 & 4 E i
Fig.2 Chromosome localization of cassava
MeAHL gene family

2.3 MeAHL EFEHREEHR KBS

HEE R A RAREEAN AT 41 4
MeAHL &K 3=k H DSD( dispersed duplication,
] ) A WGD ( whole genome duplication,
SEREAR R ), RUIEEHEZHIXAE MeAHL
FIRMTE A BTk (R 2 FIE 3) o KRE&
I 2 AN A EHIFE, FE 1 O A
A e 2 =5t E (WGT-y ) ik ]
1 Wi RFER &L H A S F 1 (lineage-
specific WGD ) PV, 3 B 4 35k DX 41 &2 i F & 1R 1 7S
Al RESE AR AHL BER I IE iy =3 71
L A7) 5 R 201 v 5 DR A o 2 e TR G ke 1) o
FRBR ) 7, SAAF ) i)k DR 5 A8 i 3R Y 2o Ak 4 it

*F 2 KZE MeAHL EFIEFH Ka F1 Ks &

Tab. 2 Ka and Ks values of MeAHL gene duplicates in cassava

A Type F:[A ID1 Gene ID1 F:H ID2 Gene ID2 Ka {f Ka value Ks {H Ks value

DSD SC20505G12810 SC20501G12870 0.42
SC20515G15920 SC20517G01140 0.06 0.35
SC20515G15930 SC20517G01110 0.10 0.45

WGD SC20501G06620 SC20502G02120 0.10 0.38
SC20501G07550 SC20502G02960 0.02 0.23
SC20501G07590 SC20502G03000 0.04 0.33
SC20501G15380 SC20502G10750 0.10 0.46
SC20501G17460 SC20502G12840 0.25 0.55
SC20501G24820 SC20505G03450 0.06 0.32
SC20501G25490 SC20505G04200 0.06 0.28
SC20501G25540 SC20505G04360 0.07 0.36
SC20502G02120 SC20505G03450 0.37 1.53
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Tab. 2 Ka and Ks values of MeAHL gene duplicates in cassava (continued)
27 Type FEH ID1 Gene ID1 FEH 1D2 Gene ID2 Ka {8 Ka value Ks {8 Ks value
WGD SC20502G02960 SC20505G04200 0.16 2.55
SC20502G03000 SC20505G04360 0.24 1.57
SC20502G10750 SC20505G12910 0.29 1.73
SC20502G13390 SC20518G05780 0.08 0.47
SC20503G15750 SC20515G03600 0.04 0.36
SC20504G00910 SC20508G02230 0.55 1.50
SC20505G04360 SC20506G12640 0.31 1.12
SC20505G12910 SC20518G00200 0.16 0.44
SC20506G12640 SC20514G03200 0.14 0.38
SC20507G11650 SC20510G02590 0.13 0.46
SC20508G13380 SC20509G13950 0.09 0.42
SC20508G13400 SC20509G13920 0.05 0.36
SC20508G02230 SC20509G05090 0.16 0.39
SC20509G05090 SC20511G15260 0.48 1.88
SC20509G13920 SC20515G03600 0.17 NaN
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Fig. 7 Analysis of cis-acting elements in the promoter regions of cassava MeAHL family genes
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