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Abstract: The sulfate transporter (SULTR) is responsible for the transport and uptake of sulfate, which
plays an indispensable role in the growth cycle of plants and adaptation to plant stress. However,
there are few reports on the response and regulation of SULTR gene family members in walnuts
(Juglans regia L.) to sodium selenate, low temperatures, high temperatures, and simulated drought
stress. In this study, the whole genome of the SULTR genes family in walnuts was identified and
analyzed by the bioinformatics method. The results show that the walnut genome contains seventeen
JrSULTR genes, which are unevenly distributed on eight chromosomes and can be divided into four
subfamilies. Cis-acting elements that respond to stress and participate in the regulation of plant
hormones were found in the promoter sequence of the [rSULTR genes. The analysis of transcriptome
data showed that the expression of JrSULTR1.2b was significantly upregulated under sodium selenate
treatment, and the results of qRT-PCR analysis were basically consistent with the transcriptome
data. The expression of [rSULTR3.1a and JrSULTR3.4b increased with the prolongation of simulated
drought stress time. The transcription levels of [rSULTR1.2b and JrSULTR3.1a were significantly
increased after low-temperature treatment. After 9 h of high-temperature treatment, the expression
levels of [rSULTR3.1a and JrSULTR3.3 were significantly increased. [rSULTR1.2b and JrSULTR3.1a
showed significant expression specificity under stress treatment. At the same time, we also performed
subcellular localization of these two genes, which was consistent with the predicted results and was
in the cell membrane, and their regulatory functions need to be further studied. These studies laid
the foundation for us to explore the specific function of the [rSULTR genes in alleviating abiotic stress

in walnuts.
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1. Introduction

Throughout their life cycle, plants face various external environmental stresses that
impose significant constraints on their growth and development, thereby reducing their
economic value [1]. Sulfur is one of the six essential elements crucial for plant growth,
development, and stress response, enhancing the plant’s resilience against both biological
and abiotic stresses, while simultaneously influencing plant quality and yield [2]. Sulfur
is not only a key constituent of proteins, lipids, secondary metabolites, coenzymes, and
sulfur-containing amino acids but also plays a crucial role in various physiological and
biochemical processes in plants [3-5]. SO42 is mainly stored in vacuoles, while organic
sulfur is present in various plant tissues and organs [6,7]. Sulfate is involved in the
absorption and transport of sulfur in plants through the sulfate transporter (SULTR).
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The SULTR protein is characterized by a sulfate transport anti-sigma (STAS) domain
at the C-terminus and a sulfur transport domain at the N-terminus, complemented by
12 transmembrane domains (TMDs) [6]. This protein has undergone comprehensive char-
acterization across diverse plant species, including Arabidopsis [7], sorghum [8], wheat [9],
apple [10], Lathyrus sativus [11], Camellia sinensis [12], barley [13], maize [14], tomato [15],
radish [16], and others, wherein the SULTR genes have been successfully cloned. Group I of
the SULTR genes functioned as a high-affinity transporter responsible for sulfate absorption,
primarily expressed in substantial quantities in the roots [17,18]. In contrast, the functions
of Group III SULTR genes remained unclear despite their various types. In Arabidopsis
thaliana, AtSULTR2;1 has been identified as regulating protein activity, while AtSULTR3;1
has been found to participate in the transportation of SO42~ in plants [19,20].

The SULTR genes play a positive role in participating in the stress response under
heavy metal, drought, and low- and high-temperature environments [8,21-23]. By enhanc-
ing the transport of sulfate, the synthesis of glutathione and glucosinolate can be promoted,
improving the tolerance of plants in abiotic stress environments [24]. The mutation in
AtSULTR1;1 conferred selenate resistance in Arabidopsis, making it the only gene in the
Arabidopsis sulfur transporter family known to have possessed this property [25]. No-
tably, the high-affinity sulfur transporters AtSULTR1;1 and AtSULTR1;2 were functionally
equivalent, differing primarily in their capacity to absorb sulfate and their resistance to
selenite [26]. Selenium and sulfur, being homologous elements with nearly identical atomic
sizes, can exhibit both antagonistic and synergistic effects in their interactions [27]. It is
now generally accepted that low selenium concentrations could promote plant growth,
whereas elevated concentrations inhibit it [28]. Studies have shown that SeO42~ could be
transported to plants through SULTR protein [29], and the transport and transformation
of selenate through the sulfate pathway led to the improvement of plant tolerance to sele-
nium [30,31]. Selenium plays an active role in regulating plant metabolism and nutrient
accumulation. An investigation involving 20 wheat lines treated with selenium demon-
strated that selenate increased the content of iron, zinc, sulfur, molybdenum, magnesium,
calcium, and manganese in wheat seedlings, resulting in substantial gains in both plant
growth and nutritional quality [32]. Given the competitive interaction between selenium
and sulfur, SULTR genes have been found to effectively mitigate selenium stress. This
discovery has important implications for optimizing selenium levels in plants and opens
up new opportunities for the development of selenium-enriched products and industries.

Walnut (Juglans regia L.) belongs to the Juglandaceae family. Due to its rich nutrients,
including proteins, fats, unsaturated fatty acids, essential trace elements (Ca, P, Fe), and
various vitamins, such as carotene and riboflavin, it is widely cultivated [33]. At present,
the functions of the AtSULTR members are fully understood, and their roles in sulfur
metabolism have been reported in detail, but the research on the SULTR gene in walnuts
has been limited. In this study, 17 JrSULTR gene members were successfully screened and
identified from walnut genome data by bioinformatics technology. Based on the identi-
fication of SULTR gene family members in walnuts, the phylogenetic tree construction,
physicochemical properties prediction, subcellular localization prediction, gene collinearity,
gene structure specificity, cis-interacting elements, protein network interaction and its
quantitative expression under sodium selenate, low temperatures, high temperatures, and
simulated drought stress were analyzed. The results laid the foundation for understand-
ing the mechanism of JrSULTR genes involved in alleviating selenium stress and other
abiotic stresses.

2. Materials and Methods
2.1. Genome-Wide Identification and Physicochemical Analysis of [rSULTR Genes

Using the model plant Arabidopsis thaliana as the probe sequence, AtSULTR pro-
tein sequences were downloaded from the Arabidopsis genome database (https://www.
arabidopsis.org/, accessed on 15 March 2023), and the walnut protein sequences were down-
loaded from the walnut genome database (http:/ /www.xhhuanglab.cn/data/juglans.html,
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accessed on 15 March 2023). The JrSULTR candidate gene (E value <1 X 10719 was
initially identified by Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 15 March
2023). The conserved structural domains of J[rSULTR, as documented in the Pfam database
(http:/ /pfam.xfam.org/, accessed on 15 March 2023), were used as HMM files (PF00916
and PF01740) for screening. Then, the candidate genes were further scrutinized using the
NCBI-CDD database (https://www.ncbi.nlm.nih.gov/cdd/, accessed on 15 March 2023)
and the Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed
on 15 March 2023). The feature sequences of the SULTR gene family were analyzed to
identify JrSULTR genes.

The physicochemical properties of the JrSULTR gene family were determined by the
online tool Expasy (https://web.expasy.org/protparam/, accessed on 18 March 2023),
and subcellular localization predictions were generated with the Plant mPLoc database
(http:/ /www.csbio.sjtu.edu.cn/bioinf/plant-multi/, accessed on 18 March 2023).

2.2. Phylogenetic Tree and Collinearity Analysis of [rSULTR Genes

The protein sequences of walnut, maize, rice, soybean, cucumber, and Arabidop-
sis thalliana were used by MEGA 7.0 software using the adjacency method (NJ method,
Bootstrap set to 1000, other Parameters are default values), which constructed phylo-
genetic trees. The modification of the evolutionary tree adopts Evolview Evolution
(http:/ /www.evolgenius.info/evolview /#/treeview, accessed on 22 March 2023). To an-
alyze the fragment duplication and tandem duplication of [rSULTR genes in walnuts,
genome information was downloaded from Arabidopsis and walnut databases, and
collinearity analysis and visualization were performed using the One Step MCS-canX
module in TBtools.

2.3. Gene structure, Domain, and Motif Analysis of JrSULTR Genes

The gene structure and coding sequence (CDS) of JrSULTR genes were analyzed
utilizing GSDS2.0 (http:/ /gsds.cbi.pku.edu.cn, accessed on 25 March 2023). A thorough
examination of protein-conserved motifs within JrSULTR genes was carried out using
the online tool MEME (https://meme-suite.org/meme/, accessed on 25 March 2023).
Subsequently, the conserved motifs of [rSULTR genes were mapped and visualized using
Tbtools, with default parameters set to identify up to 10 conserved motifs, while the
remaining parameters were maintained at their default settings.

2.4. Analysis of Cis-Acting Elements in the Promoter of [rSULTR Genes

The promoter sequences of 17 JrSULTR genes (upstream 2000 base pairs from the ATG
start codon) were extracted using Tbtools v2.069 software and submitted to the PlantCARE
online program (http://bioinformatics.psb.ugent.be/webtools/plantcare /html/, accessed
on 27 March 2023) to predict cis-acting elements. Visualization was performed using
TBtools software, and further analysis was carried out.

2.5. Transcriptome Data Analysis of the JrSULTR Genes

We opted for the transcriptome data derived from walnuts subjected to varying
concentrations of sodium selenate (0.4 mmol-L~! and 0.8 mmol-L~!) to investigate the
expression patterns of [rSULTR genes under selenium stress. The outcomes of this analysis
were subsequently compared with our qRT-PCR results. The walnut transcriptome data
utilized in this study were obtained from the NCBI SRA database under accession number
PRJNA1067374.

2.6. The Expression Analysis of the JrSULTR Genes under Different Abiotic Stresses

To investigate the expression patterns of the [rSULTR genes under various abiotic
stresses, the “Qingxiang” walnut was taken as the research object. The seedlings were soil-
cultured in artificial greenhouses with the following parameters: 25 °C, full spectrum lamp
fill light, light intensity of 600 mol/(m?-s), light 12 h a day, darkness 12 h, and humidity
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60%~70%. After seedling growth for half a year, walnut seedlings with the same growth
activity were selected for experimental treatment. Selenium stress was induced by foliar
application of varying concentrations of sodium selenate (0.4 mmol-L~! and 0.8 mmol-L~1)
to walnut leaves, administered once weekly for a total of five. In addition, sampling was
conducted one week after the final application. We also carried out high-temperature,
low-temperature, and simulated drought stress on walnut seedlings that were half-year old.
Low-temperature stress at 4 °C and high-temperature stress at 38 °C were performed in an
intelligent incubator (PGX-350D, Ningbosafe, Ningbo, China). Using a 20% PEG solution to
simulate drought stress, the prepared solution was poured on the roots of walnut seedlings
with 50 mL, and a tray was placed outside the seedling basin to prevent the loss of the
solution. Low-temperature, high-temperature, and simulated drought stress were sampled
at0, 3, 6,9, 12, 24, and 48 h after treatment, respectively. In each treatment group, 10
seedlings were selected, and the leaves were quick-frozen in liquid nitrogen after collection
and stored in a refrigerator at —80 °C for later use.

Total RNA was extracted by an RN38-EASYspin RNA Plant Mini Kit (Aidlab Biotech-
nology Co., Ltd., Beijing, China) kit. cDNA was then synthesized using a PrimeScriptTM
RT kit (TaKaRa, Kyoto, Japan) for qRT-PCR (FQD-96A, Bioer, Hangzhou, China). Three
biological replicates were performed for each treatment group, and the reference genes
were GAPDH and 185 rRNA. The standard error statistical method was used for qPCR
data, and the CT method (2~ 22CT) was used to determine the relative expression level
of genes, which were analyzed for significant differences using IBM SPSS 27 and finally
visualized using Graphpad Prism 9.5.

2.7. Subcellular Determination of [rSULTR1.2b and JrSULTR3.1a

To verify the subcellular localization of [rSULTR1.2b and JrSULTR3.1a, the coding
sequence of [rSULTR1.2b and JrSULTR3.1a was first amplified, and then the green fluo-
rescent protein (GFP) was constructed to fuse with the C-terminus of JrSULTR1.2b and
JrSULTR3.1a. The JrSULTR1.2b-GFP and JrSULTR3.1a-GFP vector was generated. The
plasmid pSoup-p19 carried by Agrobacterium tumefaciens GV3101 was injected into the to-
bacco epidermal cell system, and then the nuclear marker FIB2-mCherry was co-expressed
in tobacco cells [34]. Finally, the subcellular localization of [rSULTR1.2b and JrSULTR3.1a
fluorescence was observed under a confocal microscope (Leica, Germany).

3. Results
3.1. Identification and Physicochemical Property Analysis of the [rSULTR Genes

Based on the identification of the walnut genome, 17 [rSULTR genes belonging to
the SULTR genes were identified as JrSULTR1.1a to JrSULTR4.1 (Table 1) based on their
phylogenetic relationship with AtSULTR members. The amino acid number distribution
of SULTR gene members in walnuts was as follows: the longest amino acid JrSULTR4.1
was 690aa, and the shortest amino acid [rSULTR3.5b was 626aa. The maximum molecular
weight of the [rSULTR3.5b gene was 69.11 kDa, and the minimum molecular weight of
JrSULTR4.1 was 75.70kDa. In the JrSULTR protein, the lowest isoelectric point was 8.43 for
JrSULTR2.1 and the highest isoelectric point was 9.41 for [rSULTR3.4b, suggesting that
they were all alkaline proteins. Additionally, the average hydrophilicity coefficient of the
JrSULTR genes proteins varied from 0.312 (JrSULTR1.2b) to 0.595 (JrSULTR3.4c), and the
results show that these proteins were mainly hydrophobic (Table 1). According to the
prediction analysis of subcellular localization, most members of the JrSULTR genes are
located in the cytoplasm. Notably, [fSULTR 4.1 exhibited a relatively unique localization in
the chloroplast, suggesting its potential involvement in chloroplastic functions.
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Table 1. Analysis of physicochemical properties of JrSULTR genes.

Gene ID Gene Name Qflnr:;;f‘(‘:; wﬁ;ﬁcﬁg a) Theoretical pI Hydrophilic LE::fi lz':fi((i)n
JreChr06G11410 JrSULTR1.1a 646 71.10 9.3 0.376 Cell membrane
JreChr06G11416 JrSULTR1.1b 654 72.07 9.3 0.352 Cell membrane
JreChr05G11871 JrSULTR1.2a 642 70.85 9.32 0.363 Cell membrane
JreChr06G11781 JrSULTR1.2b 658 72.66 9.02 0.312 Cell membrane
JreChr03G10342 JrSULTR2.1 683 73.86 8.43 0.537 Cell membrane
JreChr05G11869 JrSULTR2.2 661 71.94 9.17 0.488 Cell membrane
JreChr08G10436 JrSULTR3.1a 642 70.76 8.53 0.461 Cell membrane
JreChr07G10637 JrSULTR3.1b 656 72.31 8.47 0.385 Cell membrane
JreChr01G12210 JrSULTR3.2a 649 70.98 8.5 0.455 Cell membrane
JreChr02G10983 JrSULTR3.2b 650 7142 8.89 0.445 Cell membrane
JreChr05G11381 JrSULTR3.3 664 72.44 8.87 0.376 Cell membrane
JreChr01G12720 JrSULTR3.4a 657 72.05 9.15 0.528 Cell membrane
JreChr01G12712 JrSULTR3.4b 639 70.03 9.41 0.538 Cell membrane
JreChr02G11304 JrSULTR3.4c 655 71.70 9.1 0.595 Cell membrane
JreChr03G12216 JrSULTR3.5a 660 73.84 9.1 0.343 Cell membrane
JreChr04G11407 JrSULTR3.5b 626 69.11 8.75 0.423 Cell membrane
JreChr02G11621 JrSULTR4.1 690 75.70 8.29 0.359 Chloroplast

3.2. Phylogenetic Tree Analysis of the [rSULTR Genes

We selected the protein sequences of the SULTR genes from plants that have been
identified and analyzed, such as Arabidopsis, rice, soybean, cucumber, and maize. These
sequences were combined with [rSULTR gene sequences in walnuts to construct an evo-
lutionary tree and reveal the developmental evolution and functional characteristics of
SULTR genes among different species.

Multiple alignments were performed on the protein sequences encoded by the selected
17 JrSULTR genes, followed by a comprehensive evolutionary analysis. It was found that
these JrSULTR genes can aggregate into four subgroups (Figure 1). Among these branches,
the Group III branch has the most genes, containing 10 JrSULTR genes. In contrast, the
Group IV branch has fewer genes and contains only one JrSULTR gene. The differences in
gene distribution across clades highlight potential differences in the evolutionary signif-
icance and functional roles of JrSULTR genes in different phylogenetic groups. The first
subfamily contains four members of JrSULTR genes, including JrSULTR1.1a, [rSULTR1.1b,
JrSULTR1.2a, and JrSULTR1.2b. The second subfamily contains two members of JrSULTR,
namely [rSULTR2.1 and JrSULTR2.2. The third subgroup contains 10 J¥rSULTR members,
including JrSULTR3.1a, [rSULTR3.1b, JrSULTR3.2a, JrSULTR3.2b, J[rSULTR3.3, JrSULTR3.4a,
JrSULTR3.4b, JrSULTR3.4c, [rSULTR3.5a, and [rSULTR3.5b. Finally, the fourth subfamily
consists of a single member, JrSULTR4.1.

3.3. Chromosomal Localization and Collinearity Analysis of the [rSULTR Genes

The distribution of 17 JrSULTR genes was uneven across chromosomes 1, 2, 3, 4, 5,
6, 7, and 8 (Figure 2). Specifically, three [rSULTR genes are contained on chromosomes
1,2,5,and 6, and only [rSULTR2.1 and JrSULTR3.5a are on chromosome 3. Furthermore,
chromosomes 4, 7, and 8 each harbored one JrSULTR gene.

Fragment duplication analysis showed that out of the seventeen [rSULTR genes, a
total of six [rSULTR genes were found to form three tandem gene clusters (Figure 2).
On chromosome 1, JrSULTR3.4a and [rSULTR3.4b formed a tandem gene cluster. On
chromosome 5, [rSULTR1.2a and JrSULTR2.2 formed a tandem gene cluster. [rSULTR1.1a
and JrSULTR1.1b formed a tandem gene cluster on chromosome 6. [JrSULTR also had
segmental duplication, with a total of eight pairs of fragment duplication gene pairs,
including JrSULTR3.2a and JrSULTR3.4c; JrSULTR3.4a, JrSULTR3.4b, and JrSULTR3.4c;
JrSULTR2.1, JrSULTR1.2a, and JrSULTR2.2; [rSULTR3.5a and JrSULTR3.5b; JrSULTR3.3 and
JrSULTR1.2b; JrSULTR1.2b, JrSULTR1.2a, and JrSULTR3.4b; [rSULTR3.2a and JrSULTR3.1b.
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The duplication of the JrSULTR3.2a and JrSULTR3.2b segments may indicate a similar
function of the two genes. Additionally, there was a large fragment duplication between

JrSULTR3.1a and JrSULTR3.1b.

G‘ o“p ‘

Figure 1. Phylogenetic tree analysis of SULTR genes in walnut, Arabidopsis, rice, maize, soybean,
and cucumber. Group I is the first subfamily, Group II is the second subfamily, Group III is the third
subfamily, and Group 1V is the fourth subfamily. The darker part is the JrSULTR genes.
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Figure 2. Chromosomal localization and collinearity analysis of the [rSULTR genes. The inner line
represents the JrSULTR tandem cluster, different colored lines represent clusters of different genes.
The heat map of the inner square represents gene density, and the outer blue rectangle represents

chromosome position.
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Interspecific collinearity analysis of SULTR genes in walnut and Arabidopsis thaliana
was performed to explore their evolutionary association and differences. There are
five orthologous gene pairs between walnut and Arabidopsis (Figure 3). This finding
underscores a close homologous relationship between SULTR genes in walnut and
Arabidopsis, providing valuable information about the evolutionary conservation and
divergence of these genes across plant species.

. . . At-chrs At-chr3 At-chrd At-chrl Al-chr2
Arabidopsis thaliana X T ,
Juglansregia ) ) = ¢ f———} ) ) ¢ [ e aams e e s &S
Jr-chrg Jr-chr? Jr-chrg Jr-chrs Jr-chré  Jrchrig Jr-chr3 Jr-chr1 Jr-chrd Jr-chrt Jrehr2 Jrehr13 Jr-chr2 Jr-chrl4 Jrchrl§ Jr-chr1@

Figure 3. Collinearity analysis of SULTR genes in Arabidopsis and walnut. The orange part represents
the Arabidopsis chromosome and the green part represents the walnut chromosome. Red lines
indicate colinear SULTR gene pairs in Arabidopsis and walnut. Gray indicates interspecies collinearity
on other genes in walnut and Arabidopsis.

3.4. Gene Structures and Conserved Motif Analysis of the [rSULTR Genes

In the analysis of the JrSULTR gene’s structural features, it was found that the char-
acteristic regions of motifs 1, 2, 3,4, 7, and 9 appeared in all 17 SULTR protein sequences,
indicating that these regions are highly conserved functional motifs shared by JrSULTR
genes. (Figure 4A). Domain analysis revealed that all JrSULTR genes have the core structure
of sulfate transporters, which is characterized by the Sulate_Transp domain (Figure 4B).
In addition, a high degree of conservation in domain composition was observed between
members of the same subfamily. This finding suggests that [rSULTR genes, which are in
the same evolutionary branch, have maintained relative stability during evolution. Gene
structure analysis revealed that the JrSULTR genes had a large number of exons. Specifically,
JrSULTR4.1 comprised 17 exons and JrSULTR3.5b comprised 11 exons, while the remaining
JrSULTR consisted of varying numbers of exons ranging from 12 to 16 (Figure 4C). Fur-
thermore, it was observed that [rSULTR genes belonging to the same evolutionary group
shared similar gene structures. These results suggest that gene structure is conserved in a
given population.

3.5. Analysis of Cis-Acting Elements in the Promoter of [rSULTR Genes

The cis-acting elements within the 2000bp region upstream of the [rSULTR genes were
analyzed. The promoters of [rSULTR genes were found to consistently contain TATA box
and CAAT box elements (Figure 5). Beyond the fundamental core promoter elements,
the JrSULTR genes also identified some action elements related to the regulation of plant
hormones in response to abscisic acid, auxin, and gibberellin. Cis-acting elements involved
in stress response were also revealed, including MYB transcription factor binding sites
associated with low-temperature response and drought induction. Meanwhile, the JrSULTR
gene promoter region also contains other response elements related to plant growth, stress
response elements, MYB regulators, and maize metabolic proteins. The most common
among them were photoresponsive elements, which were distributed among 10 JrSULTR
gene promoters, indicating that their expression may be induced by light. Drought and
low-temperature response elements were found at JrSULTR3.4b and JrSULTR3.5b, and
defense and stress-acting elements were identified in JrSULTR3.4b and JrSULTR3.1a, which
suggests that they are highly likely to respond to plant drought, low temperatures, and
other stressful environments. It is speculated that [rSULTR genes are involved in the
hormonal regulatory signaling network in the stress response of walnuts.
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Figure 4. Analysis of conserved motifs, conserved domains, and gene structure of [rSULTR genes.
(A). Conserved motif. (B). Conserved domain. (C). Gene structure. In (B), gray is the exon and blue is
the SULTR protein domain.
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Figure 5. Cis-acting elements analysis of the promoters of [rSULTR genes.
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3.6. Expression Patterns of the JrSULTR Genes in Transcriptome under Sodium Selenite Treatment

Published transcriptome data were used to explore the regulation of [rSULTR gene
expression patterns by sodium selenate treatment. When treated with 0.4 mmol- L-sodium
selenate, the expression of [rSULTR1.2b was significantly increased compared with the
control group, and as the sodium selenate concentration increased to 0.8 mmol-L~!, the
expression levels of JrSULTR1.2b, JrSULTR1.2a, and JrSULTR3.1b showed a downward
trend (Figure 6), indicating that these three genes were more sensitive to low concentrations
of sodium selenate than other genes. The expression levels of [rSULTR2.2, [rSULTR3.2a,
JrSULTR3.3, JrSULTR3.5a, and JrSULTR4.1 were upregulated with the increase of sodium
selenate concentration. However, the expression levels of other genes were less different
compared to the control group. Significantly, [rSULTR1.2b emerged as the most prominently
expressed gene under sodium selenate treatment, signifying its potential pivotal regulatory
role in selenium stress.

N JrSULTRI.2b 450

JrSULTR4.1 400
) JrSULTR3.3 g;z
JrSULTR2.2 2.50
JrSULTR3.2a 2.00
JrSULTR3.4a 133
JrSULTR3.4c 0.50
JrSULTRI.1b 000
JrSULTR3.1b
i JrSULTRI.1a
JrSULTR3.4b
JrSULTR3.1a
JrSULTR3.5b
CK

JrSULTR2.1

JrSULTR3.5a
JrSULTRI.2a
JrSULTR3.2b

A B

Figure 6. Expression profile of [rSULTR genes under sodium selenate in the transcriptome. The color
scale indicates the FPKM value. The color of the red block indicates a high stacking level and the
light blue block indicates a low stacking level. CK is the control group. A and B represent walnuts
under 0.4 mmol-L~! and 0.8 mmol-L~! sodium selenate treatment, respectively.

3.7. The Expression Level of JrSULTR Genes under Different Abiotic Stresses

The expression level of [rSULTR genes under sodium selenate treatment was deter-
mined by qRT-PCR technology (0.4 mmol-L~!, 0.8 mmol-L~!). The expression level of
JrSULTR1.2b significantly increased under sodium selenate treatment at 0.4 mmol-L~!
compared to the control group, aligning with the transcriptome (Figure 7). The expression
of JrSULTR1.2b, JrSULTR1.2a, and JrSULTR3.2b were upregulated under the treatment
of 0.4 mmol-L~! sodium selenate, while the expression of [rSULTR1.2b, [rSULTR1.2a,
and JrSULTR3.2b were downregulated under the treatment of 0.8 mmol-L~! sodium se-
lenite. This suggested that these genes respond more strongly to treatment with low
concentrations of selenium. However, the expression levels of [rSULTR3.5a, JrSULTR3.5,
JrSULTR2.1, [rSULTR2.2, and JrSULTR3.3 showed an upward trend with increasing sodium
selenate concentration.

To study the response of JrSULTR genes to abiotic stress, the expression levels of
JrSULTR genes under drought (20% PEG), low temperatures (4 °C), and high temperatures
(38 °C) were analyzed. Under simulated drought stress (20% PEG), the expression levels of
JrSULTR3.1a and JrSULTR3.4a showed an upregulation trend with increasing treatment
duration, reaching their peaks at 48 h (Figure 8). The expression levels of [rSULTR1.2b,
JrSULTR1.2a, J[rSULTR3.3, JrSULTR4.1, JrSULTR3.5a, and JrSULTR2.1 first increased to
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a peak at 9 h and then began to decrease. The expression levels of [rSULTR3.2a and
JrSULTR3.2b increased in the first 6 h post-treatment, stabilizing thereafter. The significant
upregulation of JrSULTR1.2b, JrSULTR3.1a, and JrSULTR3.4a under simulated drought
stress indicated their crucial regulatory roles in walnuts under drought conditions.

Under low-temperature treatment, the expression level of the [rSULTR3.1a gene
reached a peak at 9 h after treatment and then began to decrease (Figure 8). JrSULTR1.2b
showed an expression pattern of an initial increase followed by a decrease, reaching its
peak at 6 h. The expression of [rSULTR3.4c rapidly increased in the first 3 h post-treatment,
indicating a strong early response to low-temperature stress. The expression level of
the JrSULTR2.1 gene increased with treatment duration, reaching its maximum at 48 h.
Notably, [rSULTR3.1a and JrSULTR1.2b exhibited the most pronounced response to low-
temperature stress, suggesting their likely involvement in the reaction of the walnut under
low-temperature stress.

Under high-temperature treatment, the expression levels of JrSULTR3.1a, JrfSULTR2.1,
JrSULTR4.1, JrSULTR3.3, JrSULTR3.1b, and JrSULTR3.2a significantly increased at 9 h
post-treatment (Figure 8), followed by a subsequent decrease, indicating heightened sen-
sitivity of these genes during the early stages of high-temperature treatment. Notably,
the expression level difference of [rSULTR3.1a was markedly higher than that of other
genes, suggesting that [rSULTR3.1a likely played a crucial regulatory role in walnuts under
high-temperature stress.
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Figure 7. Expression pattern of [rSULTR genes in the context of sodium selenate. Different lowercase
letters represent significant differences (p < 0.05). CK is the control group. A and B represent walnuts
under 0.4 mmol-L~! and 0.8 mmol-L~! sodium selenate treatment, respectively.
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Figure 8. Expression of [rSULTR genes in walnuts under drought (20% PEG), low-temperature (4 °C),
and high-temperature (38 °C) stress. Different lowercase letters represent significant differences
(p < 0.05).
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3.8. Subcellular Determination of [rSULTR1.2b and JrSULTR3.1a

JrSULTR1.2b and [rSULTR3.1a were highly expressed under selenium and abiotic
stress, and stress-related cis-acting elements were identified in this gene. To further deter-
mine the subcellular localization of JrSULTR1.2b and JrSULTR3.1a, the fusion construct of
JrSULTR1.2b-GTP and JrSULTR3.1a-GTP carried in the pICH86988 vector and the nucleo-
lar marker FIB2:mCherry were transiently co-expressed on the cell membrane of tobacco
leaves by the Agrobacterium tumefaciformis mediated method. By confocal fluorescence
microscopy, it was found that the fluorescence was mainly on the membrane of pro-
toplasts (Figure 9), indicating that JrSULTR1.2b and JrSULTR3.1a were localized in the
cytoplasmic membrane.

Bright JrSULTR1.2b-GTP FIB2:mCherry Merge

Bright JrSULTR3.1a-GTP FIB2:mCherry Merge

Figure 9. Subcellular localization of JrSULTRI1.2b and JrSULTR3.1a in tobacco epidermal cells.
Green fluorescence indicates the location of the GFP fusion protein. Red fluorescence represents
FIB2:mCherry staining localization. The overlap of the bright, green, and red channels is shown as a
merge. The scale bar represents 25 um.

4. Discussion
4.1. Functional Diversity and Physicochemical Properties of [rSULTR Genes

Throughout the growth and development of walnuts, they are frequently exposed
to diverse abiotic stress conditions, drought, low temperatures, high temperatures, and
other adverse environments that can impact their growth [8,21-23]. At present, the research
and development of selenium-rich products is more and more extensive; by exogenous
spraying, selenium can be rapidly enriched in plants. Studies have shown that foliar spray-
ing of selenate can promote the selenium content of crops, such as potato [35], rice [36],
soybean [37], onion [38], buckwheat [39], and carrot [40]. However, an excessive concen-
tration of selenium solution will cause damage to walnut plants, so SULTR was studied
to alleviate selenium stress. SULTR proteins play a crucial role in plant stress tolerance,
exhibiting regulatory functions across various stress environments [12,41]. This increased
activity in the sulfate transport pathway may serve to alleviate selenium stress, enhancing
the plant’s tolerance to selenium [42,43]. The findings provide a crucial theoretical basis
for the treatment of selenium-rich products with exogenous selenium, offering insights
into potential strategies to improve plant tolerance and mitigate the effects of selenium
stress [44—46].

In recent years, bioinformatics analysis of SULTR genes has been performed in a
variety of plants; for example, there were twelve SULTR genes have been reported in
Arabidopsis and rice [10], eleven SULTR genes in sorghum [8], ten SULTR genes in wheat [9],
nine SULTR genes in apple [10], and eight SULTR genes in tea [12]. However, there are
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few reports on SULTR genes in walnuts. In this study, 17 [rSULTR genes were retrieved
and identified in walnuts. The subcellular localization was predicted and analyzed, and
the majority of these JrfSULTR proteins were located in the cell membrane. Hence, it can
be inferred that these JrSULTR proteins likely exert their transport functions in the cell
membrane. The subcellular fluorescence of [rSULTR1.2b and JrSULTR3.1a was localized on
the cell membrane, which was consistent with the prediction that both JRSuITR1.2b and
JRSULTR3.1a were located in the cell membrane. This result aligned with the subcellular
localization findings of SULTR proteins in species such as maize [47] and common bean [48],
indicating a conserved or similar functionality of SULTR proteins across different species.

4.2. Phylogenetic Relationship and Functional Exploration of [rSULTR Genes

Based on the phylogenetic tree analysis encompassing Arabidopsis, walnut, maize,
cucumber, soybean, and rice, the JrSULTR genes can be categorized into four groups, with
closely related JrSULTR genes exhibiting highly similar gene structures. These findings
aligned with the clustering results of the SULTR gene family reported in previous studies
involving Arabidopsis [3], common bean [48], tea, and maize [12,47]. Promoter sequence
analysis unveiled a significant presence of light-responsive elements within the JrSULTR
genes. Additionally, beyond the fundamental core promoter elements, the promoter region
of the JrSULTR genes includes elements that respond to plant hormones, such as abscisic
acid, salicylic acid, auxin, and gibbus. Cis-acting elements involved in stress response
were also revealed, including MYB transcription factor binding sites associated with low-
temperature response and drought induction. Notably, these elements exhibited an uneven
distribution among the various JrSULTR genes. The most common among them were
photoresponsive elements, which were distributed among 10 JrSULTR genes, indicating
that their expression might be induced by light. ABA-responsive elements were identified
in two JrSULTR genes, implying a close association with ABA-dependent abiotic stress
adaptation processes [20,49]. MeJA-responsive elements were identified in three JrSULTR
gene promoter regions, indicating their simultaneous involvement in MeJA-related signal-
ing pathways. The presence of low-temperature response elements in the [rSULTR3.5b gene
indicated that this gene probably responds to the regulation mechanism of low-temperature
stress in plants. Similarly, [rSULTR3.4b containing drought-responsive elements indicates
its potential role in simulated drought stress. Previous studies in maize have shown that
except for ZmSULTR3;3, other ZmSULTR can respond to abiotic stresses, such as drought,
high salt, and high temperatures [47]. These findings suggest that SULTR genes may
respond to various abiotic stress regulatory mechanisms in plants.

4.3. Expression Analysis of JrSULTR Genes to Selenium Stress

Selenate, being structurally similar to sulfate, can be assimilated by sulfate transport
systems, leading to its uptake by plant roots [3,29,50]. This common uptake mechanism
highlights the interplay of sulfate and selenate transport processes in plants to promote
the accumulation of Se elements in Se-rich plants [6]. The consistency between transcrip-
tome data and qRT-PCR analysis revealed a significant upregulation in the expression of
JrSULTR1.2b in leaves treated with sodium selenate, and the expression of JrSULTR1.2b
reached its highest level under 0.4 mmol-L~! sodium selenate treatment. When the concen-
tration of sodium selenate increased to 0.8 mmol-L~!, the expression decreased, suggesting
that [rSULTR1.2b was particularly responsive to or regulated by lower concentrations of
sodium selenate. The elevated expression of [rSULTR genes indicates that [rSULTR1.2b
responds more positively when plants encounter selenium stress.

Each subfamily member of the SULTR gene family exhibits distinct expression char-
acteristics. The high-affinity subfamily I member was primarily responsible for sulfate
absorption [17], whereas AtSULTR1,2 has been reported to also absorb selenate salts [26].
Studies have shown that when the soil sulfur content is low, the overexpression of Gm-
SULTR1,2b in soybean can enhance the tolerance of soybean to sulfur deficiency stress,
thereby improving crop yield [51]. According to homology analysis (Figure 2), it was
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observed that JrSULTR1.2b shares homology with AtSULTR1,;2 and belongs to subfamily
L. This suggests that [rSULTR1.2b may absorb and accumulate sodium selenate in plants
through high-affinity sulfate transporters. Members of the low-affinity subfamily II mem-
ber are primarily responsible for sulfate transport from the root system to the ground [3].
Under selenium stress, the expression levels of [rSULTR2.1 and JrSULTR2.2 increase with
the increase of sodium selenate concentration; these two genes may have some selenium
transport function. These observations suggest that these specific genes within the sulfate
transporter family respond to increasing sodium selenate concentration, which may be
related to the adaptive changes of plants to selenium stress [6,26,52]. In particular, Jr-
SULTR1.2b exhibits a particularly strong response to selenium, suggesting that it may be a
key factor involved in selenium stress in plants.

4.4. Response and Function Analysis of [rSULTR Genes to Drought, Low-Temperature, and
High-Temperature Stress

During simulated drought stress, the expression trends of the JrSULTR3.1a and Jr-
SULTR3.4b genes increased with the prolonged duration of simulated drought stress. The
homology analysis between walnuts and Arabidopsis reveals (Figure 2), that both the Jr-
SULTR3.1a gene and Arabidopsis SULTR3 members belong to subfamily III. The subfamily
III of sulfate transporters, including SULTR3;1, SULTR3,2, and SULTR3;3, is specifically
expressed in leaves [19]. Previous studies have shown that SULTR3 members in Arabidop-
sis and alfalfa exhibit a strong response to abiotic stress, especially SULTR3;1, which was
upregulated under drought and salt stress [24].

Under low-temperature stress, compared with the normal control group, the expres-
sion levels of [rSULTR3.1a and JrSULTR1.2b were significantly increased, and both showed
a trend of initially rising before declining (Figure 8). Under high-temperature stress, the
expression levels of JrSULTR3.1a and JrSULTR3.3 exhibited a significant increase after 9 h of
stress applications, and then it went down (Figure 8). The expression profile of StSULTR3
members indicated that they were engaged in the oversight of plant stress environments,
and the expression of StSULTR3 members was different under conditions such as heat
stress, drought, phytohormones, and salt stress [53]. These findings provide insights
into the dynamic expression feature of J[rSULTR under various stresses, highlighting their
responsiveness to environmental cues [54].

Moreover, under both low- and high-temperature stress, the expression intensity of
JrSULTR3.4c rapidly increased in the initial 3 h of the onset of stress and subsequently
decreased. Additionally, AtSULTR3;4 and MtSULTR3;4a in Arabidopsis and alfalfa also
respond to abiotic stress [49]. Cross-species transformation studies between Arabidopsis
and alfalfa further support the notion that SULTR3 genes exhibit similar characteristics in
responding to abiotic stress [53]. These findings highlight the conserved stress-responsive
nature of SULTR3 genes across different plant species [5]. The analysis results reveal that
the subfamily III of the [rSULTR genes encompasses numerous genes implicated in various
abiotic stresses in plants. Notably, [rSULTR3.1a displays robust response characteristics
under selenium stress, drought, low-temperature, and high-temperature stress. Based on
these observations, it is speculated that the [rSULTR3.1a plays a potent role in coping with
stress defense mechanisms in walnuts.

Furthermore, among closely related JrSULTR genes, not only do they exhibit relatively
similar gene structures but they also show similarities in expression levels. For instance, the
expression of [rSULTR3.2a and JrSULTR3.2b was upregulated under low-temperature stress,
while the expression tended to be downregulated under drought, high temperatures, and
selenium stress. The expression intensity of [rSULTR1.1a and JrSULTR1.1b did not change
significantly under drought, low temperatures, high temperatures, and selenium stress,
indicating that neither gene responded significantly to abiotic stress. The reaction of these
genes to abiotic stress reinforces the idea that the closely related [rSULTR genes may have
the same function and contribute to different aspects of transport within walnut tissues.
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5. Conclusions

This research examined the alterations in [rSULTR genes that were analyzed under
selenium stress and drought, as well as low- and high-temperature stress environments.
The majority of JrSULTR genes exhibited upregulation, indicating their involvement in
abiotic stress response in walnuts. However, the expression feature varied under different
stress conditions, indicating that SULTR genes may have both shared transport functions
in the same plant tissue and play distinct regulatory roles in different transport processes.
Based on the analysis results, it was hypothesized that the JrSULTR1.2b gene may be
involved in the accumulation of sodium selenate in plants, while JrSULTR3.1a serves as a
pivotal element in the defense mechanisms of plants against stress. But, there was limited
existing literature on the participation of [rSULTR1.2b and JrSULTR3.1a in selenium stress,
drought, low-temperature, and high-temperature stress. Additional studies were required
to uncover the specific molecular pathways and regulatory mechanisms involved in the
stress responses of JrSULTR genes under selenium stress, drought, low-temperature, and
high-temperature conditions. This study provided a comprehensive analysis of J[rSULTR
genes and established a theoretical foundation for further investigations into the functions
of these genes. The findings laid a foundation for using molecular breeding strategies to
innovate walnut germplasm resources and also provided a reference for achieving genetic
improvement of walnuts.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/{15040702/s1, Table S1: Gene sequences of [rSULTR genes.
Table S2: Primer sequences used for qRT-PCR. Figure S1: Conserved motifs of JrSULTR proteins
derived from the MEME Suite.
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