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Abstract

under salinity stress.

tolerance

Background Glutaredoxins (GRX) are key oxidoreductases that modulate protein redox states during plant develop-
ment and stress responses. Alkaligrass (Puccinellia tenuiflora) is a highly salt-tolerant forage grass, but its GRX gene fam-
ily (PutGRXs) remains uncharacterized, unlike those in Arabidopsis and other plants.

Results We identified 25 PutGRX genes in the R tenuiflora genome. Phylogenetic analysis revealed close evolutionary
ties to monocotyledonous rice (Oryza sativa). Based on gene structure and conserved domains, PutGRXs were classi-
fied into three groups: five CGFS-type, eleven CPYC-type, and nine CC-type GRXs. Promoter analysis identified numer-
ous cis-acting elements linked to abiotic stresses (e.g., light, drought, heat, cold) and hormone responses, suggesting
a pivotal role in stress adaptation. Tissue-specific expression profiling showed differential PutGRX expression in roots,
leaves, stems, flowers, and sheaths, with most genes responding to NaCl, NaHCO;, and Na,CO; stresses. Functional
characterization of chloroplast-localized PutGrxS12 demonstrated its importance in plant growth and ROS scavenging

Conclusion This study offers the first comprehensive genomic and functional analysis of the PutGRX family in P ten-
uiflora, highlighting its conservation, classification, and stress-responsive roles. Our findings advance understanding
of GRX-mediated stress tolerance and provide potential targets for engineering salt-resistant crops.
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Introduction

Alkaligrass (Puccinellia tenuiflora) is a monocotyledon-
ous halophyte widely distributed in China’s Songnen
Plain. This species demonstrates exceptional salt-alkali
tolerance, surviving under extreme conditions of 600 mM
NaCl and 150 mM Na,CO; (pH 11.0) [1]. As a pioneer
species in saline environments, alkaligrass serves both
as a valuable pasture for soil remediation and as a model
organism for studying alkali tolerance mechanisms.

The recently assembled chromosome-level genome of
P tenuiflora (1.50 Gb) encodes 38,387 protein-coding
genes and contains 54.9% transposable elements, pri-
marily long terminal repeats [2]. Comparative genomic
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and transcriptomic analyses have uncovered thousands
of salinity-responsive genes in this halophyte [2]. Quan-
titative proteomic studies have systematically quanti-
fied stress-induced alterations in protein abundance and
post-translational modifications under diverse condi-
tions including salt stress (NaCl, Na,CO,, and NaHCO;),
low temperature, and oxidative stress [3—10]. Integra-
tive multi-omics analyses demonstrate that P tenuiflora
employs unique adaptive strategies for salinity tolerance,
particularly through the dynamic regulation of its sophis-
ticated reactive oxygen species (ROS) scavenging antioxi-
dant systems [3, 11].

Salinity stress triggers excessive ROS production,
inducing oxidative damage that compromises cellular
integrity and protein function. This oxidative stress pro-
motes modifications of reactive protein thiol groups,
including sulfenylation (protein-SOH), S-nitrosylation
(protein-SNO), and S-glutathionylation (protein-SSG).
The glutathione/glutaredoxin (GSH/GRX) system plays
a crucial role in maintaining protein redox homeosta-
sis under these conditions, serving as a key regulatory
mechanism for stress adaptation [12].

Glutaredoxins (GRXs) are multifunctional proteins
involved in iron-sulfur (Fe-S) cluster assembly and pro-
tein redox regulation [13—15]. The GRX family varies in
size across species: ~30 members in higher plants [16],
six in the green algae Chlamydomonas reinhardtii [17],
and three in the cyanobacterium Synechocystis spp [18].
Land plants (including bryophytes) possess three GRX
subclasses defined by active-site motifs: CGFS-, CPYC-
and CC- types [16]. The CGFS-type GRXs feature a con-
served CGFS motif enabling [Fe,S,] cluster binding and
transfer, though they lack oxidoreductase activity [19].
Chloroplastic GrxS14/S16, homologous to bacterial/
yeast/human GRXs, form [Fe,S,]-bridged heterodimers
with BolA proteins and deliver clusters to SufAl and
ferredoxin (FDX) [20]. Mitochondrial AtGrxS15 (essen-
tial for embryogenesis) and cytosolic AtGrxS17 (regu-
lating heat tolerance) also bind [Fe,S,] clusters [21, 22].
CPYC-type GRXs (C[P/S]Y[C/S] motif) exhibit oxidore-
ductase activity and are represented by Escherichia coli
Grx1/3 [23], yeast GRX1/2 [24], and mammalian GRX1/2
[25]. In plants, Populus trichocarpa PtGrxS12 (CSYS
motif) and Arabidopsis thaliana AtGrxS12 (CSYC motif)
regulate substrate redox via deglutathionylation (e.g.,
PtA4-GAPDH, AtMSRB1) [13, 26-28]. Unlike PtGrxS12,
AtGrxC5 forms [Fe,S,] homodimers [13, 26]. The CC-
type GRXs (CC[M/L][C/S/G/A/I] motif) are plant-spe-
cific and function in development (e.g., ROXY19 in petal
morphogenesis [29], detoxification [30], and salicylic acid
(SA)- or jasmonic acid (JA) -mediated disease resistance
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[31, 32]. ROXY11-13 and ROXY15 additionally modu-
late nitrate-responsive primary root growth [33].

In this study, we identified 25 PutGrx genes in Puc-
cinellia tenuiflora through genome-wide screening. We
analyzed their phylogenetic relationships, chromosomal
distribution, gene structures, conserved functional
domains, and subcellular localization. Furthermore, we
characterized PutGRX expression patterns across differ-
ent tissues and under various salinity stress conditions.
Phenotypic and physiological analyses of Arabidopsis
atgrxs12 mutants and PutGrxS12-overexpressing lines
demonstrated that PutGrxSI2 plays an essential role
in plant growth and ROS scavenging during salt stress
adaptation.

Materials and methods

Identification and cloning of PutGRX genes in Puccinellia
tenuiflora

To determine the GRX family of alkaligrass, we down-
loaded the genome from the genomic data of Puccinellia
tenuiflora  (http://www.xhhuanglab.cn/data/alkaligrass.
html). We used 31 AtGRX protein sequences from Arabi-
dopsis as queries to search the Puccinellia tenuiflora
genome database using BLASTp, setting a cutoff value
of 1E71% for the expected value (e-value). To confirm the
conserved domain, we submitted the candidate PutGRXs
to the NCBI web CD-search tool (https://www.ncbi.
nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi). The coding
sequences (CDSs) and protein sequences of PutGRXs
were displayed in Supplemental Table S1 and S2.

Phylogenetic analysis of GRXs from different plant species
The phylogenetic tree of GRXs in alkaligrass and three
other plant species including Arabidopsis, rice (Oryza
sativa), and poplar (P trichocarpa) were constructed
with MEGA-X by the neighbor- joining (NJ) method and
1,000 bootstrap replicates. The protein sequences of 31
Arabidopsis AtGRXs [16], 28 rice OsGRXs and 38 poplar
PtGRXs [34] have been reported previously.

Chromosomal distribution of PutGRX genes

The positional information of the PutGRX genes on the
chromosome were obtained from the Alkaligrass Base
(http://www.xhhuanglab.cn/data/alkaligrass.html). ~ The
chromosome distribution, length, and the start and end
positions were visualized using MapGene2 Chrom web
v2 (http://mg2c.iask.in/mg2c_v2.0/).

Collinearity analysis of GRXs between alkaligrass and other
plants

The collinearity analysis of GRXs between the Arabidop-
sis, rice, and poplar homologs was verified and visualized
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using One Stem MCScanX and Dual Systeny Plot for
MCScanX in TBtools software, respectively.

Analyses of gene structure and conserved motif

of PutGRXs

The exon—intron structure was examined using TBtools,
based on the genomic sequence and CDS of each Put-
GRX. The conserved motifs of PutGRXs (with a maxi-
mum of 15 motifs) were identified by MEME (https://
meme-suite.org/meme/tools/meme) and visualized with
TBtools.

Identification of putative cis-regulatory elements

in PutGRXs promoters

The promoter sequences (2,000 bp before the start
codon) of all PutGRXs were extracted from the alka-
ligrass Base (http://www.xhhuanglab.cn/data/alkaligrass.
html), and were analyzed by using the PlantCARE (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/)
tool and visualized by TBtools.

Plant materials and RT-gPCR analysis

The seeds of Puccinellia tenuiflora were collected from
the AnDa Experimental Base of the Alkali Soil Natural
Environmental Science Center, Northeast Forestry Uni-
versity (AnDa, China). Alkaligrass seedlings were grown
in a modified Hoagland’s solution under controlled con-
ditions of 25 °C and 75% relative humidity. The seedlings
were exposed to 300 umol m~2 s ~! of light for 13 h, fol-
lowed by 11 h of darkness, on a daily basis for a period of
30 days [3].

For the tissue organ expression analysis of PutGRXs,
three-week-old alkaligrass seedlings were subjected to
a modified Hoagland’s solution comprising 50 mmol
L~! Na,COj, 100 mmol L™! NaCl, and 100 mmol L™*
NaHCO, (pH 9.0) for 24 h, respectively. The leaves and
roots were harvested immediately after the treatments,
frozen in liquid nitrogen, and stored at — 80 °C for future
analysis.

The RNA was extracted from the alkaligrass leaves
using TRIzol™ LS reagent (Invitrogen, USA). Genomic
DNA was eliminated through DNase treatment of total
RNA, which was subsequently reverse transcribed into
c¢DNA using the PrimeScript RT kit (Takara, Japan). For
RT-qPCR analysis, the SYBR Premix ExTaq II kit (TRAN,
China) was used with PutActin serving as an internal
control. The primer pairs used were specifically designed
through the Primer3 Web tool (http://bioinfo.ut.ee/
primer3/) (Supplemental Table S3). RT-qPCR analyses
were performed using three independent biological rep-
licates, and the data were normalized using the 2744Ct
method [35].

Page 3 of 16

Prediction of the Subcellular Localization of PutGRXs

The subcellular localizations of 25 PutGRX proteins
were predicted using four online analysis tools, the URLs
of which are given below, along with the screening cri-
teria for credible localization results. (1) Plant-mPLoc
(http://www.csbio.sjtu.edu.cn/bioinf/plant-mpLti/)
tool does not require screening parameter, and the out-
put results are credible localization prediction results.
(2) iPSORT Prediction (https://ipsort.hgc.jp/) does not
require screening parameters, and the output results
are the credible positioning prediction results. (3) WoLF
PSORT (https://wolfpsort.hgc.jp/) requires the’nearest
neighbors’parameter to be >5 in order to achieve a
plausible localization prediction result. (4) TargetP- 2.0
(http://www.cbs.dtu.dk/services/TargetP/) prediction
results are deemed credible if the ‘reliability class’ is <3.

PutGRX protein 3D structure prediction
The AlphaFold database was utilized to predict the 3D
structure of the PutGRX protein. The automatic mode-
ling mode was selected in the analysis interface of Alpha-
Fold database. The predicted 3D structures of proteins
were visualized using Pymol software.

Subcellular localization of PutGrxS12

The open reading frame of PutGrxS12 and its three
cysteine mutations (PutGrxS12°785,  PutGrxS12¢1365
and PutGrxS12€785/€1365) yyere inserted into the plant
expression vector pCAMBIA1300-GFP, resulting in the
production of a PutGrxS12 fusion protein under the
control of CaMV 35S promoter. The derived plastids of
pCAMBIA1300-PutGrxS12-GFP and the empty vector
pCAMBIA1300-GFP were transferred into Arabidopsis
protoplasm cells, respectively. Protoplasts were isolated
from Arabidopsis leaves via enzymatic digestion using
cellulase (Yakult, Japan) [36]. The resulting GFP signals
in these cells were visualized using an Olympus FV3000
confocal laser scanning microscope (Olympus, Japan).
The subcellular localization of PutGrxS12 in these cells
was subsequently determined by the observation of the
GEFP green fluorescence signals, in conjunction with their
merged images displaying chlorophyll fluorescence and
bright field signals.

Vector construction and plant transformation

The pCAMBIA1300-GFP plasmid was subjected to dou-
ble enzymatic cleavage (BanHI and Xbal). The target
CDS fragment was prepared using alkaligrass cDNA as a
template, and the pCAMBIA1300-GFP vector was then
ligated with the PutGrxS12 gene fragment by homolo-
gous recombinase at 37°C for 30 min. The recombinant
product was then transformed into DH5a E. coli. The
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sequenced monoclonal positive strain was then trans-
formed into EH105 for expression. Agrobacterium
tumefaciens strain EHA105 cells containing the pCAM-
BIA1300-PutGrxS12-GFP plasmid were transformed
into Arabidopsis WT seedlings by the floral dip method
to obtain PutGrxS12-overexpressed seedlings. The trans-
formed seedlings were screened on 1/2 MS agar medium
containing 40 pg/mL Hygromycin, and the PutGrxSI2
levels were subsequently assessed in several independent
homozygous T3 strains by RT-qPCR with gene-specific
primers (Supplemental Table S3).

Salinity tolerance analysis of PutGrxS12 transgenic
Arabidopsis

The T-DNA insertion mutant Arabidopsis grxsi2
(SALK_121961 C) was purchased from Arashare Sci-
ence (https://www.arashare.cn/index). The homozygous
mutant plants were identified through PCR-based geno-
typing. The primers used in this study are listed in Sup-
plementary Table S3. The WT, afgrxsl2 mutant, and
PutGrxS12-overexpressed Arabidopsis seedlings were
cultivated for four weeks. The four-week-old Arabidop-
sis seedlings were used for phenotypic observation. We
quantified the area of the seventh and eighth leaves and
inflorescence length in four-week-old plants. Four-week-
old plants subsequently treated with 150 mmol L™! NaCl
for a period of nine days in a light incubator (22 °C 16
h of light/20 °C 8 h of darkness, 65% relative humidity).
Photographs were taken after treatment.

Staining assay of superoxide anion (0,:7)

The accumulation of O,-~ in the leaves from the plants
was detected by the NBT staining methods according to
the previous methods [7]. Excised leaves were immersed
in tubes containing fresh NBT staining solutions over-
night in the dark. For proper visualization of the staining,
the leaves were immersed in absolute ethanol to remove
chlorophyll and then boiled for 10 min. The leaves were
then placed in 10% glycerol and were photographed using
a stereomicroscope [7].

Results

Comparative phylogenetic analysis of GRXs in alkaligrass
and model plants

An un-rooted phylogenetic tree was constructed to
explore the evolutionary relationships between alka-
ligrass GRXs (PutGRXs) and their orthologs in with
other proteins. The protein sequences of 25 PutGRXs, 31
GRX from Arabidopsis (A. thaliana) [16], 28 from rice
(Oryza sativa) [37], and 38 from poplar (2. trichocarpa)
[34] were utilized to construct the phylogenetic tree.
The 25 PutGRX sequences were retrieved from the
alkaligrass genome database using BLASTp searches.
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Among these, twelve PutGRX genes were experimentally
cloned and sequenced from alkaligrass genomic DNA.
Sequence verification revealed errors in four genes (Put-
GrxC2, PutROXYS, PutROXY7, and PutROXY8) from
the genome database, which were subsequently cor-
rected (Supplemental Table S1). The remaining 97 ref-
erence GRX sequences from Arabidopsis [16], rice [37],
and poplar [34] were obtained from previously published
studies.

A total of 122 GRXs were categorized into four groups:
30 CPYC-type, 19 CGFS-type, 40 CC-I-type, and 33 CC-
II-type (Fig. 1A). Among the 25 PutGRXs identified in
alkaligrass, 11 were CPYC-type, five were CGFS-type,
and nine were CC-I-type, with no PutGRXs belonging to
the CC-II-type (Fig. 1A). Phylogenetic analysis revealed
that GRXs are highly conserved between monocotyle-
donous and dicotyledonous plants. Most alkaligrass Put-
GRXs showed strong sequence similarity to rice OsGRXs
within each group, with nine PutGRXs and 16 OsGRXs
clustering together in the CC-I-type subgroup (Fig. 1A).
The CC-type GRXs are characterized by a conserved
CC[M/L][C/S/G/A/I] motif, which appears to be exclu-
sive to land plants. Further studies are needed to deter-
mine whether monocot-specific CC-type GRXs have
specialized functions. Sequence analysis demonstrated
that all 11 CPYC-type GRXs contain the canonical C[P/S]
Y[C/S] active site, essential for oxidoreductase activity.
Similarly, the five CGFS-type GRXs possess a conserved
CGFS motif, likely involved in [Fe,S,] cluster binding and
translocation.

Chromosomal distribution analysis of PutGRXs
Chromosome distribution analysis revealed that 25 Put-
GRXs exhibited an uneven and non-random distribution
across the seven chromosomes in alkaligrass (Fig. 2A).
Chromosome 6 harbored eight PutGRXs, while chromo-
somes 5 and 7 each contained four PutGRXs, and chro-
mosome 3 had three PutGRXs, with chromosomes 1 and
2 each having two PutGRXs (Fig. 2A). The distribution
of CPYC-type GRXs was localized across chromosomes
1 to 6, while CGFS-type GRXs were exclusively present
on chromosomes 1, 5, and 7. Notably, the distribution of
CC-type GRXs was confined to chromosomes 6 and 7,
suggesting a potential specific association with these par-
ticular chromosomes (Fig. 2A).

Collinearity analysis of GRXs between alkaligrass and other
plants

A collinearity analysis was performed to make a com-
parison between the homologous GRX genes in alka-
ligrass, Arabidopsis, poplar, and rice (Fig. 2B). The results
revealed that alkaligrass PutGRXs had one, five, and 19
homologous gene pairs in Arabidopsis, poplar, and rice,
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Fig. 1 Phylogenetic analysis of glutaredoxin (Grx) from Puccinellia tenuiflora and three other representative plants. The phylogenetic tree was built
based on the amino acid sequences of the Grxs by MEGA4-X with the maximum likelihood method, which indicated the phylogenetic relationships
among 122 GRXs from alkaligrass (Puccinellia tenuiflora), poplar (Populus trichocarpa), Arabidopsis thaliana, and rice (Oryza sativa). The colored ranges
indicated the total Grxs proteins classed into four distinct categories: CPYC-type, CGFS-type, CC-l type, and CC-ll type. The CC-type, CPYC-type

and CGFS-type correspond to the alpha, beta, and gamma groups, respectively, as designated by Xu et al. [32] in their nomenclature. Various
shapes represented different plant species. The accession numbers, coding sequences (CDSs), and amino acid sequences of the Grxs were listed

in Supplemental Table S1 and S2. Bootstrap = 1000

respectively (Fig. 2B). Among them, alkaligrass Put-
GrxC9 (Put_Chr0601903) exhibited conserved synteny
across all four species. Furthermore, PutGrxS13 and
PutGrxS17 demonstrated particularly close linkage with
rice OsGrxG4 (Os10g35720). These findings indicate that
alkaligrass GRX genes share stronger phylogenetic rela-
tionships with rice orthologs than with other species,
and certain PutGRX members (particularly PutGrxC9)

exhibit exceptional evolutionary conservation (Supple-
mental Table S4) (Fig. 2B).

To investigate gene duplication events in the Put-
GRXs family, a covariance analysis was conducted using
MCScanX. This analysis identified three highly homol-
ogous gene pairs (PutGrxC2/PutGrxC3, PutGrxC8/
PutGrxC9, and PutROXY5/PutROXY4) that exhibited
high levels of homozygosity, with sequence identity of
98.45%, 55.50%, and 90.82%, respectively. In addition, the
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B Collinearity analysis of GRXs among alkaligrass (P, tenuiflora), poplar (Populus trichocarpay), Arabidopsis thaliana, and rice (Oryza sativa). Gray lines

in the background indicated the collinear blocks within P tenuiflora and other plant genomes, while the red lines highlighted the syntenic Grx gene

pairs

non-synonymous substitution rate (Ka) over the synony-
mous substitution rate (Ks) (Ka/Ks values) of these gene
pairs were less than 1 (Supplemental Table S5). These
findings demonstrate that these gene pairs originated
through segmental duplication events and subsequently
experienced strong purifying selection, indicating func-
tional constraints on their protein-coding sequences [38].

Gene structure and protein function domain analysis

of PutGRXs

The PutGRXs were categorized into three distinct
groups (CC-type, CPYC-type, and CGFS-type) based
on their amino acid sequences. The CC-type GRXs

comprised nine GRXs from PutROXY1 to PutROXY?9,
the CPYC-type GRXs encompassed 11 GRXs from Put-
GrxC1 to PutGrxC10 and PutGrxS12, while the CGFS-
type GRXs included five GRXs from PutGrxS13 to
PutGrxS17 (Fig. 3A).

To predict the evolutionary features and functional
diversification of PutGRXs, the exon—intron organiza-
tion of 25 PutGRX was analyzed. All the CC-type GRXs
and three CPYC-type GRXs (PutGrxC8, PutGrxC9, and
PutGrxC10) lack 5’UTR and 3'UTR (Fig. 3B). In con-
trast, three CGFS-type GRXs (PutGrxS14, PutGrxS15,
PutGrxS16) and CPYC-type PutGrxC7 have only
3'UTR (Fig. 3B). The remaining seven CPYC-type GRXs
(from PutGrxC1 to PutGrxCé6 and PutGrxS12) and two
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Fig. 3 Phylogenetic tree, gene structure and conserved motifs of PutGRXs. A Phylogenetic tree of PutGRXs constructed by the Neighbor-Joining
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CGFS-type GRXs (PutGrxS13 and PutGrxS17) possess
both 5’UTR and 3’'UTR (Fig. 3B).

Four CC-type GRXs (PutROXY1, PutROXYS,
PutROXY7 and PutROXY8) and two CPYC-type GRXs
(PutGrxC9 and PutGrxCI0) contain only one exon
(Fig. 3B). Conversely, five CC-type GRXs (PutROXY2,
PutROXY3, PutROXY4, PutROXY6, and PutROXY9),
CPYC-type PutGrxC8, and CGFS-type PutGrxS16 pos-
sess two exons, while the remaining 12 PutGRXs exhibit
multiple exons (Fig. 3B). The observed diversity of introns
and exons suggests that alternative splicing in PutGRXs
is likely to be important for GRX functions in regulating
alkaligrass development and stress responses.

Conserved motif analysis revealed that 20 different
motifs were unevenly distributed across the 25 PutGRXs
(Fig. 3C). Motif 1 was the most conserved motif, being
present in 24 PutGRXs with the exception of PutGrxS15
(Fig. 3D). Importantly, motif 2, motif 14, and motif 4

(D), motif 2 (E), motif 4 (F), and motif 14 (G)

contain the conserved amino acid sites belonging to the
CC-type, CPYC-type, and CGFS-type PutGRXs, respec-
tively (Fig. 3E, F and G). In the CGFS-type GRXs, Put-
GrxS15 has only motif 4, PutGrxS14 and PutGrxS16 have
motif 1 and motif 4, while PutGrxS13 and PutGrxS17
contain 16 motifs (Fig. 3C).

Analysis of cis-acting elements in PutGRXs promoters

To investigate the potential functions of PutGRXs, a pre-
diction of cis-acting elements was made in 25 PutGRX
promoter regions and a schematic map was created of the
prevalent distributions of stress and hormone responsive
cis-acting elements (Fig. 4A). A total of 988 cis-acting
elements in PutGRXs were predicted, which were asso-
ciated with various abiotic stresses, including light (194
elements), drought (312), heat (108), anaerobic condi-
tions (60), wounding (25), cold (18), and phytohormones
(270) (Fig. 4B and Supplemental Table S6). Among these,
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Fig.4 Analysis of cis-acting elements in the promoter region of the PutGRXs gene. A The cis-acting elements distribution in PutGRX promoter
regions. B The names and numbers of cis-acting elements in PutGRX promoters. The heatmap in grid and the color columns indicated the numbers
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certain elements responsive to drought (e.g., DRE, MYB,
MRS, MYC, and MBS), light-responsive elements (e.g.,
DRE, MYB, MRS, MYC, and MBS), and heat-responsive
elements (e.g., CCAAT-box, STRE, and AT-rich), and
phytohormones together account for a significant por-
tion of the total in each of the PutGRX, some of which are
conserved among the 25 PutGRXs (Fig. 4B). These find-
ings suggest that PutGRXs play vital roles in responding
to drought, light, heat, and hormonal signals. It is note-
worthy that a total of 312 drought-responsive elements

were identified, containing 154 MYBs, 95 MYCs, 16
MBSs, and 48 DREs. Additionally, 270 hormone-respon-
sive elements were detected, including 115 ABA (also
known as ABRE), 106 methyl jasmonate (MeJA) (specifi-
cally TGACG and CGTCA motifs), and 12 salicylic acid
(SA) (identified as TCA element), 18 gibberellin (GA)
(specifically P-box and TATC-box), and 27 auxin (specifi-
cally TGA-element and AuxRR-core) (Fig. 4B). The con-
served elements found in the promoter region indicate
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that PutGRXs plays a crucial role in responding to abiotic
stresses and phytohormone treatments.

Predicted subcellular localization of PutGRXs

To predict the subcellular localization of PutGRXs, all
25 protein sequences of PutGRXs were submitted to
four internet tools (Fig. 5A, Supplemental Table S7). The
results of the prediction indicated that all of the nine
CC-type GRXs (PutROXY1 to PutROXY9) were cyto-
plasm-localized, and two of them were also localized in
the nucleus (PutROXY2) or the plastids/chloroplasts
(PutROXY3) (Fig. 5A). In addition, all of the 11 CPYC-
type GRXs and four CGFS-type GRXs were localized
in the plastids/chloroplasts, while a CGFS-type Put-
GrxS15 was specially localized in the mitochondrion.
Among them, five PutGRXs (i.e. PutGrxC2, PutGrxC5,
PutGrxC6, PutGrxC8, PutGrxS16) were simultaneously
localized in the plastids/chloroplasts, while PutGrxC6
and PutGrxC8 were also localized in the nucleus or cyto-
plasm (Fig. 5A). Furthermore, PutGrxC7, PutGrxS14,
PutGrxS13 and PutGrxS17 were localized in the cyto-
plasm or nucleus in addition to the plastids/chloroplasts
localization (Fig. 5A).

Tissue and organ specific expression analysis of PutGRXs

To obtain a more profound comprehension of the spe-
cific expression of the 25 PutGrx genes, an extraction of
the complete RNA was conducted from the roots, leaves,
stems, flowers, and sheaths of alkaligrass. The transcript
levels of PutGrx genes were evaluated using RT-qPCR
analysis (Fig. 5A, Supplemental Table S8). When com-
pared with roots, the CC-type PutROXY2, five CPYC-
type GRXs (PutGrxCl, PutGrxC2, PutGrxC3, PutGrxCS5,
and PutGrxC6), and two CGFS-type GRXs (PutGrxS14
and PutGrxS15) were highly expressed in all the other tis-
sues and organs (i.e., leaves, stems, flowers, and sheaths)
(Fig. 5A). Furthermore, the relative expressions of Put-
GrxS12 and PutROXYS5 were higher in stems, flowers,

(See figure on next page.)
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and sheaths, while PutROXY6, PutGrxC8, and PutGrxC9
were enriched in flowers and sheaths (Fig. 5A). Con-
versely, PutGrxCI10 and PutGrxC7 exhibited lower levels
in all other tissues and organs when compared with those
in roots (Fig. 5A). This finding indicates that these Put-
GRXs may possess distinct biological functions in diverse
tissues and organs.

Salinity response of the representative PutGRXs in leaves
and roots

To investigate the salt response patterns of PutGRXs,
three-week-old alkaligrass seedlings were treated with
100 mM NaCl, 100 mM NaHCO;, and 50 mM Na,CO,
for 24 h, respectively. Twelve PutGRXs that had been
successfully cloned by us were selected as representative
genes. These expression levels of these genes were then
evaluated using RT-qPCR analysis (Fig. 5B and C, Sup-
plemental Table S9 and S10).

In leaves, PutGrxS12 and PutGrxC1 were significantly
induced under all salt stress conditions, while PutGrxC3
and PutGrxC4 were increased under NaCl and NaHCO,
treatments. Conversely, PutGrxC5 was obviously upreg-
ulated under Na,CO; conditions, yet downregulated
under NaCl and NaHCO; treatments. PutGrxC9 and
PutROXY9 were induced under NaHCO; but reduced
under NaCl and/or Na,COj stresses. In contrast, the
other four PutGRXs (PutGrxC2, PutGrxC6, PutROXY7,
and PutROXY5) demonstrated a significant reduction in
response to all salt stress conditions (Fig. 5B).

In roots, five CPYC-type GRXs (PutGrxC9, PutGrxCé,
PutGrxC2, PutGrxC5, and PutGrxC3) and three CC-type
GRXs (PutROXY7, PutROXY9, and PutROXYS5) were
induced, while three PutGRXs (PutGrxS12, PutGrxCl,
and PutROXY8) were reduced under NaCl treatment
(Fig. 5C). Furthermore, only three PutGRXs (PutGrxC9,
PutGrxC6, and PutROXY7) were upregulated under
NaHCOj, treatment, and three PutGRXs (PutGrxC9, Put-
GrxC4, and PutROXY9) were increased under Na,CO,

Fig. 5 Tissue- and organ- specific expression, salt- and alkali- responsive expression, protein structure, and subcellular localization of PutGRXs. A
Tissue- and organ- specific expression PutGRXs were analyzed in roots, leaves, stems, flowers, and sheaths using RT-gPCR analysis. C: cytoplasm, M:
mitochondrion, N: nucleus, P: plastid. B Salt- and alkali- responsive expression pattern in leaves of PutGRXs. C Salt- and alkali- responsive expression
pattern in roots of PutGRXs. The data represented the expression levels of PutGRXs after treatments of 50 mmol L' Na,CO;, 100 mmol L~ NaCl,

and 100 mmol L™! NaHCO; (pH 9.0) for 24 h, respectively. The RT-qPCR results were calculated via the 2742 method, and the reference gene
(PutActin) was used to correct the expression levels of PutGRXs. The heatmap of PutGRXs expression based on the RT-qPCR data standardized by log2
conversion. The color bar on the right of the heat map was based on the RT-gPCR data. Red and blue colors indicated up- and down- regulated
genes, respectively. D Sequence comparison of amino acids of GrxS12 of Puccinellia tenuiflora, and its homologues from Oryza sativa, Arabidopsis
thaliana, and Populus trichocarpa. The atypical CPYC-motif and the conserved cysteines were marked. E Predicted protein 3D structure of PutGrxS12.
The cysteine 136 and cysteine 78 were marked. The AlphaFold database was utilized to predict the 3D structure of the PutGRX protein. The
predicted 3D structures of proteins were visualized using Pymol software. F Subcellular localization of PutGrxS12 and its three cysteine mutations
(PUtGrxS1278 PutGrxS 12513 and PutGrx§12¢78/C136% jn Arabidopsis protoplasm cells. 355:GFP indicated the vector control. All proteins were
transiently expressed in protoplasm cells from Arabidopsis leaves, and the GFP signal was visualized after 12 h. Bar =40 um
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Fig. 6 The growth and salt-responsive phenotypes of wild-type, atgrxs12 mutant and PutGrxS12-overexpressing Arabidopsis plants. A The
growth phenotypes of four-week-old wild-type, atgrxs12 mutant and PutGrxS12-overexpressing Arabidopsis plants. B, C Leaf area of the 7th
and 8th leaves and inflorescence length of seedlings in (A). D Seed yield per plant of wild-type, grxs12 mutant and PutGrxS12-overexpressing
Arabidopsis. E Salt-responsive phenotypes of wild-type, atgrxs12 mutant and PutGrxS12-overexpressing Arabidopsis plants. Four-week seedlings
were treated with 150 mM NaCl for nine days. F The accumulation of O, in the leaves. The O, levels of leaves from wild-type, atgrxs12 mutant
and PutGrxS12-overexpressing Arabidopsis plants under 0 mM and 150 mM NaCl treatment were detected using NBT staining method

treatment, while the majority of the remaining PutGRXs
were reduced under NaHCO; and Na,CO; treatments
(Fig. 5C).

Protein structure and subcellular localization of PutGrxS12
The PutGrxS12 was significantly induced in leaves, but
reduced in roots under various salt conditions. To fur-
ther investigate the biological function of PutGrxS12,
a multiple sequence alignment analysis was conducted
among the following: alkaligrass PutGrxS12 and its three
homogenous forms from Arabidopsis, rice, and poplar.
The amino acid sequence of PutGrxS12 exhibited similar-
ities with other GrxS12s, featuring a conserved atypical
CPYC motif and a secondary cysteine in the C-terminal
region (Fig. 5D).

The 3D structure of PutGrxS12 was predicted using the
AlphaFold protein structure database (https://alphafold.
ebi.ac.uk/). The 3D structure exhibited that PutGrxS12
contains five a-helixes and four p-folds (Fig. 5E). The
Fig. 5E illustrates the location of two conserved cysteines
(Cys78 and Cysl136) (Fig. 5E). In GRX, the functional
motif cysteine and C-terminal cysteine were demon-
strated to function synergistically in regulating enzymatic
activity [39].

The subcellular localization of PutGrxS12 was per-
formed using Arabidopsis protoplasts. The genetic

fusion of PutGrxS12 and its cysteine site mutations
(PutGrxS12¢7%, PutGrxS12¢'%%5, and PutGrxS12¢78%
C1365) was achieved by fusing them in frame to the 3"-ter-
minus of the GFP reporter gene, with the CaMV 35S
promoter serving as the regulatory element. The tran-
sient expression of the recombinant PutGrxS12-GFD, its
three mutant variations, and the GFP in protoplast cells
revealed that the 35S::GFP signal was visible throughout
the cytoplasm, nucleus, and plasma membrane, whereas
the PutGrxS12-GFP signal was concentrated in the chlo-
roplasts (Fig. 5F). This finding indicates that the recombi-
nant PutGrxS12-GFP protein is localized in chloroplasts/
plastids and that the cysteine mutations do not affect its
subcellular localization.

PutGrxS12 is essential for plant growth and ROS
scavenging

To investigate the biological function of PutGrxS12, we
constructed transgenic Arabidopsis plants overexpress-
ing PutGrxS12 under the control of the CaMV35S pro-
moter. Four-week-old seedlings of Arabidopsis wild type
(WT), atgrxs12 mutant, and PutGrxSI2 overexpress-
ing (OE-PutGrxS12) seedlings were utilized to analyze
the growth and salt stress phenotypes (Fig. 6). The four-
week-old seedlings of the afgrxsl2 mutant plants exhib-
ited slow growth, reduced plant height, decreased rosette
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leaf area, and diminished seed production. Conversely,
the OE-PutGrxS12 seedlings showed accelerated growth,
an enlarged rosette leaf area, elevated plant height, and
increased seed production in comparison to the WT
plants (Fig. 6A-D). This finding suggests that PutGrxS12
is essential for plant growth.

When the WT, atgrxs12 mutant, and OE-PutGrxS12
seedlings were treated with 150 mM NaCl for nine
days, all the salinity-treated plants showed slow growth
and the leaves exhibited signs of wilting and yellowing,
accompanied by water loss (Fig. 6E). The accumulation
of O, in the leaves of various Arabidopsis seedlings was
visualized by NBT staining. The O, level was induced
in atgrxs12 mutant seedlings, but reduced in the OE-Put-
GrxS12 seedlings in comparison to the WT plants under
normal conditions. Following NaCl treatment, O, lev-
els were increased in all seedlings, while the atgrxsi2
mutant showed a significant amount of ROS accumula-
tion (Fig. 6F). This indicates that PutGrxS12 is critical for
ROS scavenging, especially in salt stress conditions.

Discussion

Classification and nomenclature standardization of plant
GRX gene families

GRXs are small, ubiquitous oxidoreductases belonging
to the thioredoxin superfamily. These enzymes, depend-
ent on either glutathione (GSH) or thioredoxin reductase
(TR) for their activity, are present in most eukaryotic
and prokaryotic organisms, with the exception of certain
bacterial and archaeal species [40]. Phylogenetic analy-
ses reveal that the GRX gene family represents a highly
complex and diversified group that has undergone sig-
nificant expansion throughout evolution. This expan-
sion has resulted in variations in GRX classes and gene
content across plant species at different evolutionary
stages—from algae, mosses, and ferns to gymnosperms
and angiosperms [26]. For instance, the model species
Arabidopsis thaliana and rice possess 31 and 29 GRX
genes in their respective genomes [26].

The continuous sequencing of plant genomes and
discovery of new GRXs has led to ongoing evolution in
the classification and nomenclature of GRX gene family
members. Analysis of 58 genomes from prokaryotic and
eukaryotic photosynthetic organisms has established six
GRX classes (I-VI), with only classes I and II demonstrat-
ing evolutionary conservation across all photosynthetic
species [26]. Despite this classification system, significant
inconsistencies persist in plant GRX nomenclature across
studies. Current challenges include the lack of standard-
ized naming conventions for subclasses [26] and multiple
designations for identical GRX proteins [37, 41], poten-
tially leading to misinterpretation in comparative analy-
ses. To address these nomenclature issues, Xu et al. [34]
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conducted a comprehensive evolutionary study of 14
gene families across land plants (spanning bryophytes
to angiosperms), classifying 412 GRX genes into four
well-defined clades: Alpha (CC-type), Beta (CPYC-type),
Gamma (CGFS-type), and Delta (novel group). Their
systematic approach incorporated multiple molecular
characteristics, including gene architecture, expression
profiles, subcellular distribution, catalytic properties,
and substrate recognition [34]. Applying this framework
to Populus trichocarpa, Xu et al. identified and catego-
rized 41 GRX genes [34]. In our current investigation of
alkaligrass, we have classified 25 putative PutGRXs into
three major groups based on amino acid sequence fea-
tures: CC-type (alpha clade), CPYC-type (beta clade),
and CGFS-type (gamma clade) (Fig. 3A). This classifica-
tion aligns with Xu et al’'s nomenclature system, enabling
more accurate cross-species comparisons while resolving
previous terminological inconsistencies.

Evolutionary divergence and functional adaptation of GRX
families

GRXs constitute a crucial component of plant redox sys-
tems, playing pivotal roles in stress responses and devel-
opmental processes. In addition to halophyte alkaligrass
(Puccinellia tenuiflora), GRX gene families have been
characterized in seven other plant species: herbaceous
model Arabidopsis thaliana [16], monocot crop rice
(Oryza sativa) [37], maize (Zea mays) [42], woody peren-
nial poplar (Populus trichocarpa) [34], allotetraploid crop
cotton (Gossypium hirsutum) [43], clonally propagated
fruit banana (Musa acuminata) [44], and legume com-
mon bean (Phaseolus vulgaris) [45].

The evolutionary trajectory of GRX genes has been
profoundly shaped by various duplication events across
plant species, with distinct patterns emerging in different
lineages. Poplar exhibits the most pronounced duplica-
tion rate among the studied species, with approximately
32% (13/41) of its GRX genes resulting from duplication
events [34]. Cotton displays specialized subgenome-
specific retention patterns reflective of its allotetraploid
nature [43]. Both rice and alkaligrass have developed
stress-associated tandem arrays, suggesting adaptive
evolution in response to environmental pressures [37].
Banana stands out with its unique lineage-specific expan-
sions [44], while common bean demonstrates legume-
specific duplication events that may be linked to its
symbiotic nitrogen-fixing capabilities [45]. These diverse
duplication patterns collectively highlight how different
evolutionary pressures and life history traits have driven
the expansion and diversification of GRX gene families
through whole-genome and tandem duplication events in
various plant lineages.
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The GRX gene family comprises three evolutionarily
conserved subgroups that exhibit both conserved fea-
tures and species-specific structural variations. Subgroup
I, characterized by CPYC/CGYC/CPFC/CSYC motifs,
typically contains 4-5 exons across most species, though
cotton displays elongated N-terminal regions in cer-
tain isoforms [43], while alkaligrass has evolved unique
CP[K/R]C variants. Subgroup II (CGEFS) shows more
complex domain architectures, with banana and cotton
possessing multi-domain structures [43, 44], contrasting
with common bean truncated forms that lack character-
istic C-terminal motifs [45]. The CC-type Subgroup III is
predominantly composed of single-exon genes, except in
cotton, with alkaligrass containing novel CCMC variants
and banana exhibiting distinctive fusion proteins incor-
porating F-box domains [44]. These structural variations
reflect both the conserved redox functions and lineage-
specific adaptations of GRX proteins across plant species.

Bioinformatic analysis of promoter regions has identi-
fied both conserved and species-specific cis-regulatory
elements governing GRX gene expression in these plant
species. They maintain core stress-responsive elements
(ABRE, MYB, and W-box) in GRX promoters, indicating
evolutionary conservation of stress regulation mecha-
nisms. Notably, alkaligrass shows significant enrichment
of salt-responsive elements (MYB and NAC), consistent
with its halophytic adaptation. Cotton possesses unique
fiber development-associated motifs, reflecting its spe-
cialized role in cotton fiber formation [43]. Banana con-
tains fruit ripening-related regulatory elements that
correlate with its edible fruit characteristics [44], while
common bean exhibits nodulation-specific motifs, likely
associated with its symbiotic nitrogen-fixing capacity
[45]. These distinct cis-element profiles demonstrate how
GRX genes have acquired lineage-specific regulatory fea-
tures while maintaining core stress-response functions
across plant species.

The GRX gene family exhibits extraordinary evolution-
ary adaptability across plant lineages, with distinct func-
tional specializations emerging in different ecological
contexts. In woody species like poplar, gene family expan-
sion has preferentially maintained chloroplast-targeted
GRX isoforms, likely supporting the enhanced photosyn-
thetic demands of perennial growth [34]. Domesticated
crops such as rice and cotton display characteristic spe-
cialization patterns that reflect human selection pres-
sures during crop improvement [37, 43]. Remarkably,
extremophyte species including alkaligrass have evolved
stress-optimized GRX variants with enhanced protec-
tive functions, while fruit-bearing plants like banana
have developed sophisticated ripening-related regulatory
networks involving GRX-mediated redox control [44].
These demonstrate how the fundamental redox functions
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of GRX proteins have been exquisitely tailored to meet
the specific physiological demands of different plant life
strategies and ecological niches.

Functional differentiation of CC-type and CPYC-type
PutGRXs in salinity response

It has been demonstrated that CC-type GRXs play a reg-
ulatory role in floral organ development (e.g., anthers and
petals) and pathogen defense [46]. In alkaligrass, eight
of the nine CC-type PutGRXs were highly expressed
in flowers, with four showing enrichment in sheaths
(Fig. 5A). This finding aligns with previous reports on
CC-type GRXs in Arabidopsis and rice [46]. In contrast,
CPYC-type GRXs are known to play a significant role in
oxidative stress responses [47]. Salinity stress induces
ROS accumulation in plants, disrupting cellular redox
homeostasis [48]. Our results revealed four CPYC-type
PutGRXs were induced in leaves by NaCl and NaHCOs,
while two responded to Na,CO;. In roots, five were
induced by NaCl, two by NaHCO;, and one by Na,CO,
(Fig. 5B, C). Notably, three CC-type GRXs were signifi-
cantly upregulated in roots under NaCl stress, with two
also responding to NaHCO; or Na,CO; (Fig. 5C). This
suggests that GRXs in alkaligrass play a broader role in
salinity-induced oxidative stress responses compared
to Arabidopsis [47]. Unlike CC- and CPYC-type GRXs,
CGEFS-type GRXs are primarily involved in [Fe-S] clus-
ter assembly [49]. However, we did not clone CGFS-
type PutGRXs in this study, leaving their functional
characterization in alkaligrass for future investigation.
Additionally, molecular genetic studies have shown that
GRXs from various plant species enhance salt tolerance.
For example, overexpression of tomato SIGrxl [50], rice
OsGrx8 [51], and chickpea CaGrx [52] in Arabidopsis
improved salt tolerance. Similarly, overexpression of rice
OsGrx20 and OsGrxC7 enhanced salt tolerance in rice
[53, 54]. Despite these advances, the detailed regulatory
mechanisms remain unclear, warranting further research.

Chloroplast GRXs are essential for plant growth and stress
response

Plant chloroplasts serve as crucial photosynthetic orga-
nelles and primary sites for synthesizing numerous sec-
ondary metabolites. During these metabolic processes,
excess reactive oxygen species (ROS) can oxidize nucleic
acids, proteins, lipids and other cellular components,
disrupting redox homeostasis and metabolic balance.
Chloroplast GRXs play an important role in maintaining
protein redox states and regulating chloroplast metabolic
equilibrium [55-59]. Our results predicted that 16 Put-
GRXs in alkaligrass likely localize to chloroplasts, with
most responding to salinity stresses (Fig. 5A-C). Genetics
analysis indicated that chloroplast-localized PutGrxS12
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was essential for alkaligrass growth and ROS scaveng-
ing (Fig. 6). Arabidopsis chloroplasts contain four GRXs:
AtGrxS14, AtGrxS16, AtGrxS12 and AtGrxC5 [13, 26,
28, 39, 47, 60]. Among these, AtGrxS14 and AtGrxS16
showed widespread expression across Arabidopsis
organs, with particularly high abundance in photosyn-
thetic tissues like young leaves compared to roots and
flowers [61]. While single atgrxsi4 or atgrxsl6 mutant
displayed no obvious phenotypes under normal con-
ditions, double mutants exhibit significantly reduced
rosette weight [61] The chlorophyll contents decreases
in plants lacking AtGrxS14, while overexpressing either
AtGrxS14 or AtGrxS16 reduced the abundances of
NifU-like protein 2 (NFU2) and SulfurE 1 (SufEl)—two
key proteins involved in Fe-S protein maturation [61].
These findings suggest functional redundancy between
AtGrxS14 and AtGrxS16 in regulating Fe-S cluster trans-
fer. Notably, AtGrxS16 possesses a unique domain archi-
tecture, combining an N-terminal endonuclease domain
with a C-terminal GRX domain, potentially linking redox
regulation with chloroplast DNA metabolism [60].

Chloroplast GRXs participate in diverse stress response
pathways. Under high-light conditions, both AtGrxS14
and AtGrxS16 protein levels decrease [61]. However,
AtGrxS14 shows increased expression in response to low
temperature, salt, and drought stresses [61]. Functional
studies demonstrate that overexpression of AtGrxS14—
but not AtGrxSI6—enhances plant growth under high-
light, low temperature, and drought conditions [61].

Both AtGrxS14 and AtGrxSI16 interacted with sele-
nium-binding protein (SBP) to mediate selenium stress
tolerance [62]. Supporting their stress-related functions,
tomato plants with silenced SIGRXS16 expression exhibit
increased sensitivity to osmotic stress [50]. Interestingly,
knockout of GrxC5 in the moss Physcomitrium patens
shows no detectable growth defects or stress sensitiv-
ity, with protein cysteine disulfide formation rates and
S-glutathionylation levels remaining unchanged follow-
ing H,0O, treatment [63]. Our findings indicate that chlo-
roplast-localized PutGRXs contribute to salinity stress
tolerance regulation in alkaligrass. However, the specific
molecular mechanisms governing these PutGRX-medi-
ated responses require further investigation.

Conclusions

Alkaligrass (P tenuiflora) is a highly salt-tolerant forage
species whose evolutionary adaptation to saline environ-
ments may be partially attributed to gene family expan-
sion [2]. As crucial oxidoreductases, plant GRXs play vital
roles in developmental regulation and stress responses.
In this study, we characterized the GRX gene family in
alkaligrass, identifying 25 PutGRXs classified into three
types: CGFS-type, CPYC-type and CC-type. Promoter
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analyses revealed that these PutGRXs likely participate
in diverse stress response pathways. Through RT-qPCR
validation, we demonstrated that most PutGRXs respond
to various saline-alkaline stress conditions. Molecular
genetics experiments further revealed that PutGrxS12
plays a critical role in maintaining plant growth and ROS
homeostasis. Our findings provide important insights
into the redox regulatory mechanisms mediated by Put-
GRXs in alkaligrass. However, the specific protein tar-
gets regulated by GRXs and the molecular mechanisms
underlying GRX-mediated redox regulation of substrate
proteins require further investigation.
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