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Genome-wide identification of GAD genes in aurantioideae and their ex-
pression in Poncirus trifoliata plants

Yin Sirong', Xu Yuemei', Hu Yawei', Yao Fengxian"?, Liu Guidong"*
('College of Life Sciences, Gannan Normal University, Ganzhou 341000, Jiangxi, China; *National Navel Orange Engineering Research
Center, Ganzhou 341000, Jiangxi, China)

Abstract: [Objective] y-Aminobutyric acid (GABA), a four-carbon non-protein amino acid, plays cru-
cial roles in plant growth, development, and stress responses. Its primary biosynthesis pathway in plants
involves the irreversible decarboxylation of glutamate, catalyzed by glutamate decarboxylase (GAD), a
pyridoxal phosphate-dependent enzyme. Suppression of GAD activity is known to reduce endogenous
GABA accumulation, impair reactive oxygen species (ROS) scavenging capacity, disrupt hormone inter-
actions, and consequently restrict plant growth. While the GAD gene family has been characterized in
various plant species such as cotton, rice, maize, soybean, and sweet orange, a comprehensive genomic
analysis within the aurantioideae subfamily remains limited. This study aimed to systematically identify
GAD gene family members across 10 aurantioideae species, Atalantia buxfoliata, Citrus clementina, Cit-
rus grandis L. Osbeck ‘Wanbaiyou’, Citrus ichangensis, Citrus medica, Citrus reticulata, Citrus sinen-
sis, Fortunella hindsii, Poncirus trifoliata, and Citrus grandis L. Osbeck cv. ‘Cupi Majiayou’, and to
investigate their evolutionary relationships, gene structures, and expression patterns, particularly in Pon-
cirus trifoliata in response to exogenous GABA. [Methods] GAD protein sequences from Arabidopsis

thaliana were used as queries to identify putative GAD members in the 10 target species using TBtools,
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based on the hidden Markov model profile of the GAD conserved domain. Identifications were subse-
quently verified using the NCBI Conserved Domain Database. The physicochemical properties of the
identified GAD proteins, including molecular weight, theoretical isoelectric point (pl), instability index,
and grand average of hydropathicity (GRAVY), were predicted using ExPASy. Subcellular localization
predictions were performed with WoLF PSORT. Protein secondary and tertiary structures were predict-
ed using SOPMA and SWISS-MODEL, respectively. Potential phosphorylation sites were identified us-
ing NetPhos-3.1. A phylogenetic tree was constructed with MEGAT11, incorporating GAD sequences
from the aurantioideae species and other plants. Gene structure, conserved motifs, promoter cis-acting
elements, and collinearity relationships were analyzed using TBtools, MEME, PlantCARE, and Ad-
vanced Circos, with results visualized accordingly. The tissue- specific expression patterns of GAD
genes in Poncirus trifoliata and their transcriptional responses in roots following exogenous GABA
treatment were analyzed using quantitative real-time PCR (qRT-PCR). [Results] A total of 21 GAD
genes were identified from the genomes of the 10 aurantioideae species. Notably, Poncirus trifoliata
possessed three GAD members, while all other species contained two each. Segmental duplication was
inferred to be responsible for the additional gene in P. trifoliata. All 21 deduced GAD proteins con-
tained the conserved Glu-decarbox (GAD) domain. Their protein lengths were 494 or 498 amino acids,
with molecular weights ranging from 56.194 to 56.294 kD and theoretical pl values between 5.44 and
5.97. With the exception of PtrGAD] (instability index 40.27), all proteins were predicted to be stable
(instability index << 40). The GRAVY values (-0.296 to —0.236) indicated hydrophilic nature, and the
aliphatic indices ranged from 85.68 to 88.38. Subcellular localization predictions suggested a cytoplas-
mic localization for all GAD proteins. Secondary structure analysis revealed a predominance of alpha-
helices and random coils, with a minor proportion of beta-sheets. Tertiary structure modeling of the
PtrGADs indicated high similarity among the three proteins, all potentially forming homomeric hexam-
ers. Additionally, each GAD protein was predicted to contain approximately 40 potential phosphoryla-
tion sites. Phylogenetic analysis classified the 21 GAD genes into three distinct subfamilies, each con-
taining members from multiple species. All genes shared a conserved structure of 6 exons and 5 introns,
and 10 GAD-specific conserved motifs were identified. Promoter analysis revealed an abundance of
hormone-responsive cis-elements. Abscisic acid (ABA) responsive elements were present in all 21 pro-
moters. Methyl jasmonate (MeJA) and auxin (IAA) responsive elements were widely distributed, found
in 19 (all except CmGAD?2 and PtrGAD3) and 20 (all except CiGAD?2) promoters, respectively. Salicyl-
ic acid (SA) and Gibberellin (GA) responsive elements were less common, present in only 11 and 13
genes. Various abiotic stress-responsive elements were also identified, suggesting potential roles for
GAD genes in hormone signaling and stress adaptation. qRT-PCR analysis demonstrated differential tis-
sue-specific expression of the three PtrGAD genes in P. trifoliata. PtrGADI and PtrGAD3 showed the
highest expression in stems, whereas PtrGADZ2 was predominantly expressed in leaves. Furthermore, ex-
ogenous GABA treatment significantly induced the expression of all PtrGAD:s in roots, but with distinct
kinetic patterns: PtrGADI and PtrGADZ2 exhibited sustained upregulation in roots, while PirGAD3 ex-
hibited a fluctuating pattern of an initial decrease, followed by an increase and a subsequent decrease.
[Conclusion] The GAD gene family within the aurantioideae subfamily is relatively conserved in evolu-
tion. The expansion and potential functional diversification of the family in Poncirus trifoliata, likely
via segmental duplication, may contribute to its adaptation to complex regulatory requirements. The dis-
tinct tissue-specific expression patterns and differential transcriptional responses to exogenous GABA

suggest that individual PtrGAD genes play specialized roles in the growth, development, and GABA-
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mediated stress responses of Poncirus trifoliata. This study provides a valuable foundation for further

functional characterization of GAD genes in citrus and related species.

Key words: Citrus; GAD; y-Aminobutyric acid; Glutamate decarboxylase; Gene expression
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Gene name Forward primer (5'—3") Reverse primer (5'—3")

PtrGADI1 GACTGTTCAATGCTCCACT TGTTCTGCCACTTTCTTTT
PtrGAD2 GCTAGTGGTGGCTTCATT GTTCATCAGGCAAGTCTTCT
PtrGAD3 GAATATGATTGCCCACCTA TTGCCTCTGATGAACCTAC

ACTIN CCAATTCTCTCTTGAACCTGTCCTT TGACTGATGAGAACTGCCAGAAG

Xf ik &, fd H SPSS 26.0 B 4 34T B 4 i
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T

2 ERE55¥
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Table 2 Physicochemical properties of GAD genes in aurantioideae

RS  BRD IR TR A ARGERMC CPSORIERE RAK  WAREA
Gene name  Genome 1D Number of Molecular  Isoelectric  Instability Grand average of ~ Aliphatic Subcellular

amino acids/aa weight/kD point index hydropathicity index localization
AbGADI  sb25848.1 494 56.238 5.46 39.23 -0.291 87.98 4MfJ5 Cytoplasm
AbGAD2  sb28931.2 498 56.195 5.75 35.37 -0.243 85.88 )i Cytoplasm
CelGADI  Ciclev10015017m.1 494 56.196 5.47 39.62 -0.296 87.59 4R Cytoplasm
CelGAD2  Ciclev10019831m.1 498 56.248 5.86 38.35 -0.236 87.05 4N Cytoplasm
CgGADI  (g2g028560.1 494 56.194 5.46 38.63 -0.285 88.38 4L Cytoplasm
CgGAD2  (Cg8g017180.1 498 56.281 5.86 37.02 -0.256 85.68 4L Cytoplasm
CiGADI Ci059240.1 494 56.237 5.51 39.18 -0.287 87.39 )5t Cytoplasm
CiGAD?2 Ci192080.1 498 56.280 5.97 37.02 -0.256 85.68 ZH)5i Cytoplasm
CmGADI ~ Cm065140.1 494 56.244 5.47 38.28 -0.294 86.80 4HH)5i Cytoplasm
CmGAD2  Cm060520.1 498 56.235 5.92 36.36 -0.237 88.23 4L Cytoplasm
CreGADI ~ MSYJ273350.1 494 56.196 5.47 39.62 -0.296 87.59 4L Cytoplasm
CreGAD2 ~ MSYJ073500.1 498 56.248 5.86 38.35 -0.236 87.05 4IPS Cytoplasm
CsGADI  Cs_ont 2g014610.1 494 56.240 5.47 39.62 -0.295 87.59 4HffL )i Cytoplasm
CsGAD2 ~ Cs_ont 5g029050.1 498 56.281 5.86 37.02 -0.256 85.68 4AL)5i Cytoplasm
sjgGADI  5jg280680.1 494 56.196 5.47 39.62 -0.296 87.59 4L Cytoplasm
5jgGAD2  5jg055910.1 498 56.289 5.86 36.72 -0.242 87.05 YU Cytoplasm
PtrGADI ~ PtUn023160.1 494 56.294 5.45 40.27 -0.289 87.39 YU Cytoplasm
PrGAD2  Pt2g017480.1 494 56.280 5.44 39.10 -0.289 87.39 AU Cytoplasm
PtrGAD3  Pt3g017640.1 498 56.275 5.97 37.80 -0.249 87.05 IR Cytoplasm
CmgGADI  CMJ chr2 013810.1 494 56.194 5.46 38.63 -0.285 88.38 YA Cytoplasm
CmgGAD2  CMJ _chr5 025740.1 498 56.281 5.86 37.02 -0.256 85.68 4MfJ5 Cytoplasm

VE: Ab W UFH ; Col. 70 BL2 T HG : Cg. e Al Ci. BB R s Cm. UM s Cre. %6 B2A  Cs. ST s sjg. LAl s Per. A7 Cmg. B 5. T .
Note: Ab. Atalantia buxfoliata; Ccl. Citrus clementina; Cg. Citrus grandis L. Osbeck.cv. Wanbaiyou’; Ci. Citrus ichangensis; Cm. Citrus medica;

Cre. Citrus reticulata; Cs. Citrus sinensis; sjg. Fortunella hindsii; Ptr. Poncirus trifoliata; Cmg. Citrus grandis L. Osbeck. cv. ‘Cupi Majiayou’. The

same below.
3 HEBLRMEY) GAD EFE ZRLEMMBEBUALS
Table 3 Secondary structure and phosphorylation site of GAD genes in aurantioideae
LR 4T a-15 e LA A5 LL A BB Lt TEHLIN A 22 IR KT HARNLE BRI
Gene name Alpha helix Extended' Beta turn Ra_ndom coil Nu_mbelf of Numbgr of ] Number Qf
ratio/% strand ratio/% ratio/% ratio/% serine site threonine site tyrosine site
AbGADI 41.90 13.97 6.07 38.06 17 15 8
AbGAD2 41.97 15.06 5.62 37.35 16 17 9
CclGADI 40.89 14.78 6.48 37.85 17 14 8
CclGAD2 41.57 14.06 5.82 38.55 19 17 9
CgGADI1 41.50 13.97 6.68 37.85 17 13 8
CgGAD?2 41.16 14.06 6.63 38.15 17 18 9
CiGADI 40.48 14.78 6.48 38.26 15 15 8
CiGAD?2 41.16 14.46 6.23 38.15 17 18 9
CmGADI 40.49 16.19 5.87 37.45 17 13 8
CmGAD2 42.17 15.26 6.02 36.55 17 16 9
CreGADI1 41.09 14.37 6.48 38.06 17 14 8
CreGAD?2 41.57 14.26 6.22 37.95 19 17 9
CsGAD1 40.69 13.97 6.48 38.86 17 14 8
CsGAD?2 41.36 15.26 6.63 36.75 17 18 9
sjgGADI 40.28 14.37 6.28 39.07 17 14 8
sjgGAD2 41.56 14.46 6.63 37.35 17 17 9
PtrGADI1 39.47 14.78 5.87 39.88 16 15 8
PtrGAD?2 41.90 15.79 6.07 36.24 16 15 8
PtrGAD3 40.76 15.86 6.03 37.35 18 15 9
CmgGADI 40.28 14.17 6.28 39.27 17 13 8
CmgGAD2 41.16 14.06 6.63 38.15 17 18 9
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baiyou’; Cmg. Citrus grandis L. Osbeck. ‘ Cupi Majiayou’; Ab. Atalantia buxfoliata; Ci. Citrus ichangensis; Ptr. Poncirus trifoliate. The same below.
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Fig.2 Phylogenetic tree (A), motif (B) and conserved domain (C) of GAD genes in aurantioideae
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