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Abstract: Sulfate transporters (SULTRs) are responsible for the uptake of the sulfate (SO+*") ions in
the rhizosphere by the roots and their distribution in plant organs. In this study, SULTR family
members in the genome of the two oilseed crops, Camelina sativa, and Brassica napus, were identified
and characterized based on their sequence structure, duplication events, phylogenetic relationships,
phosphorylation sites, and expression levels. Herein, 36 and 45 putative SULTR genes were recog-
nized from the genome of C. sativa, and B. napus, respectively. SULTR proteins were predicted as
basophilic proteins with low hydrophilicity in both studied species. According to phylogenetic re-
lationships, we divided SULTRs into five groups, in which SULTRs 3 showed highest variation.
Besides, several duplication events were observed between SULTRs. The first duplication event was
predicted approximately five million years ago between three SULTRs 3.1 in C. sativa. Two subunits
were indicated in the 3D structure of SULTRs that the active binding sites differed between C. sativa
and B. napus. According to available RNA-seq data, SULTRs showed diverse expression in tissues
and response to stimuli. SULTRs 3 showed an expression in all tissues. SULTRs 3.1 were more up-
regulated in response to abiotic stresses in C. sativa, while SULTRs 3.3, and SULTRs 2.1 showed an
upregulation in B. napus. Furthermore, SULTRs 3 and SULTRs 4.1 showed an upregulation in re-
sponse to biotic stresses in B. napus. Based on the distribution of cis-regulatory elements in the pro-
moter region, we speculated that SULTRs might be controlled by phytohormones such as ABA, and
Me]JA. Therefore, it seems that SULTR genes in C. sativa have been more influenced by evolutionary
processes and have acquired more diversity.

Keywords: Bioinformatics; Biotic stresses; Regulatory mechanisms; Protein structure; Gene expres-
sion; Evolution analysis

1. Introduction

Sulfur (S) is a macronutrient that is required for the biosynthesis of amino acids such
as cysteine (Cys) and methionine (Met), vitamins, cofactors, glutathione (GSH), as well as
secondary metabolites; thus, (S) is a vital element for plant growth, development and
stress responses [1-3]. Root cells uptake sulfate (5O42) form of (S) through a proton co-
dependent process. The uptake and assimilation of the sulfate resources available in the
environment and sending them to produce essential sulfur (S) metabolites crucial for de-
velopment and stress responses is reported to be very critical in plants and microbes [4].
The soil sulfate content may be modified through some factors such as activities of dis-
similating soil microbes, weathering of S-containing minerals, human activities modifying
deposition of S into the ecosystem, and climate changes [1]. Therefore, the available con-
tents of sulfate can be altered in the soil, because of the plants' root systems development
absorb the nutrient compounds according to their requirements and material accessibility.
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It was reported that in comparison with other micro-nutrients, sulfate seems to contain
only a gentle and limited effect on root structures [5]. To meet the required S-containing
metabolites synthesis, the membrane transport system and their related metabolic en-
zymes should optimize the sulfate uptake, S acquisition, storage, and employment [6].
The uptake and distribution of sulfate throughout the plant are facilitated by a network
of sulfate transporters (SULTRs) encoded by a multigene family [7]. The H*/SO4* co-trans-
porters SULTRs, are reported to contain the 12 membrane-spanning domains, along with
a carboxyl-terminal region, so-called STAS (Sulfate Transporter/AntiSigma-factor) that is
suggested to play the important roles in transporters activity and their interactions with
other proteins [1,8].

The involvement of SULTRs in S-transportation within plants was first reported by
Smith et al. [9]. SULTRs are characterized by 12 transmembrane domains (TMDs) and an
AntiSigma factor antagonist (STAS) domain at C-terminus, which is critical for sulfate
transporter activity [10]. Genomes of higher plants like Arabidopsis thaliana, rice, wheat,
sorghum, and apple were reported to have 12, 12, 11, 10, and 9 SULTR genes, respectively
[11-14]. The SULTR family is well characterized in Arabidopsis, and based on their se-
quence resemblance, function, and location, the sulfate transporters can be divided into
four main groups. The first group includes AtSULTR 1.1, AtSULTR 1.2, and AtSULTR 1.3,
which all are high-affinity (S) transporters [15]. AtSULTRs 1; 1-2 are co-localized in the
root hairs, epidermal, and cortical cells of roots and they both are responsible for sulfate
uptake from the soil [16,17]. Nevertheless, despite their common task AtSULTR 1.1 is pre-
dominantly function under (S) deficiency, while AtSULTR 1.2 function under either sul-
fur-sufficient or sulfur-deficient conditions efficiently [18]. AtSULTR 1.3 is localized
merely in the phloem and cooperates in the source-sink distribution of sulfate [19]. Group
2 consists of two low-affinity transporters; AtSULTR 2.1 and AtSULTR 2.2, which are re-
sponsible for the transportation of sulfate from root to shoot in the vasculature [20]. Group
3 with five members (AtSULTR 3; 1-5) is the largest group. However, their precise function
has not been fully established. It has been reported that SULTR 3.1, which transports sul-
fate into chloroplast, might have a role in helping plants to withstand abiotic stresses [21].
Also, SULTR 3.5 has been reported to co-express with SULTR 2.1 to enhance the uptake
and facilitate the root-to-shoot transport of sulfate under (S)-depletion conditions [22,23].
The group 4 transporters, SULTR 4.1 and SULTR 4.2, demonstrated as tonoplast localized
transporters that release sulfate from the vacuoles into the cytosol [24,25]. Besides A. tha-
liana, many studies have been conducted to characterize SULTRs in other crops function-
ally. For instance, 14 putative SULTR genes were considered for Rapeseed (Brassica napus)
which among all of them, only group 1 and group 4 were induced in response to S-depri-
vation [26]. Twenty eight putative SULTR genes were identified in the soybean (Glycine
max) genome, and GmSULTR 1.2b was confirmed to have an important role in sulfate up-
take and improving plant tolerance to sulfur deficiency stress [27]. In the potato (Solanum
tuberosum) genome, 12 SULTR genes were identified, and members of group 3
(StSULTR3s) were potentially involved in biotic/abiotic stress responses through MYB
TFs, which play crucial role/s in the modulation of StSULTR3s under such circumstances
[28]. Maize (Zea mays L.) genome includes eight putative SULTR genes which all of them
except for ZmSULTR 3.3, were induced by drought and heat stresses [29]. In addition,
various studies have confirmed that SULTRs can be responsive to heavy metals exposure
[30,31]. Despite the progress made in plant SULTRs functional characterization, there are
still more important crops that need to be investigated. In this sense, Camelina sativa is an
oilseed crop of the Brassicaceae family with many qualities such as low input, great adap-
tation and resistance, short life cycle, and easy genetic transformation have turned C. sa-
tiva into an ideal model plant [32,33]. Moreover, C. sativa has growing importance as a
biofuel [34,35], and oilseed plants are typically very (S)-demanding [36], but a study on C.
sativa’s response to various fertilizers showed that seed yield or oil content of camelina
seeds did not affect by sulfur fertilization [37]. Altogether, in order to develop S-efficient
crops and varieties tolerant to S-deficiency, it is necessary to identify and characterize
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SULTRSs, especially in low input crops like C. sativa. To the best of our knowledge, except
for only one study focusing on C.sativa under salinity stress that reported an up-regulation
of SULTR 3.4 in C. sativa under salinity stress [38], there is no available report on genome-
wide analysis of SULTR genes in C. sativa. In this study, these resources have been em-
ployed to distinguish the regulation role of SULTR genes in various cellular processes,
especially in response to stimuli. We focus on the SULTR sequences in the C. sativa and B.
napus genomes and compare and discuss their adjustment and possible engagement in
protection against unfavorable environmental stimuli. We also highlight the potential
properties of these genes to ameliorate sulfate uptake.

2. Results
2.1. SULTR properties in Camelina sativa and Brassica napus

In the current study, 36 and 45 putative SULTR genes were recognized from the ge-
nome of C. sativa, and B. napus, respectively (Table S1). SULTRs were characterized and
compared between two oilseed crops, C. sativa, and B. napus, according to their coding
DNA sequence (CDS) and protein length, exon number, the isoelectric point (pI), molec-
ular weight (MW), the grand average of hydropathy (GRAVY) value, and instability index
(Table S1 and Table 1). Our results showed that the physicochemical properties of SULTR
proteins in the two studied plants are almost close to each other. For instance, MW ranged
from 29.07 to 91.99 kDa in C. sativa, and 28.94 to 83.86 kDa in B. napus. Besides, the pl
value ranged from 7.41 to 9.93 in C. sativa, and 7.11 to 10.71 in B. napus. Moreover, the
GRAVY value varied from 0.271 to 0.624 in C. sativa, and 0.108 to 0.621 in B. napus. Based
on the instability index, 83% and 73% of SULTR proteins were predicted as stable proteins
in C. sativa, and B. napus, respectively. In addition, the exon number varied from 4 to 20
in C. sativa, and 4 to 19 in B. napus (Figure 1, Table 1). Overall, SULTR proteins were
predicted as basophilic proteins with low hydrophilicity.

Table 1. Summary of SULTRs properties in Camelina sativa and Brassica napus. Full details of SUL-
TRs properties are provided in Table S1.

Attributes C. sativa B. napus
CDS length (bp) 801 — 3428 878 — 3428
Protein length (aa) 266 — 829 264 - 758
Exon number 4-20 4-19
pl 7.41-9.93 7.11-10.71
MW (KDa) 29.07 - 91.99 28.94 - 83.86
GRAVY 0.271-0.624 0.108 — 0.621
Instability index 83% stable 73% stable

2.2. Phylogenetic analysis and classification of the SULTR gene family

In the present study, a phylogenetic tree of SULTR proteins was performed, includ-
ing 45 SULTRs from B. napus, 36 SULTRs from C. sativa, 28 SULTRs from Glycine max, 12
SULTRs from Oryza sativa, and 12 SULTRs from Arabidopsis thaliana (Figure 1). The studied
SULTRs were classified into five main groups. All SULTRs 4.1 and 4.2 including 16 SUL-
TRs were located in group I, and SULTRs 2.1 and 2.2 were clustered in group IL Besides,
30 SULTRs from class 1.1, 1.2, and 1.3 were found in group III. SULTRs class 3 were sep-
arated in group IV and V that SULTRs 3.3 and 3.4 including 28 proteins located in group
IV and 34 SULTRs from class 3.1, 3.2, and 3.5 located in group V (Figure 1). SULTRs from
monocot model plant, rice, showed a high distance from dicot samples. Moreover, SUL-
TRs from C. sativa and B. napus were evaluated and compared according to the conserved
motifs. Ten conserved motifs were recognized in the protein sequence of SULTRs, in
which the motif 6 was not observed in SULTRs 4.1 and 4.2, group I (Figure 2). Ten con-
served motifs were identified in SULTRs 2.1 and 2.2, except a SULTR 2.1 from C. sativa
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showed eight conserved motifs. Besides, SULTRs from class 1.1, 1.2, and 1.3 as well as
class 3.1, 3.2, and 3.5 showed high diversity based on patterns of motifs distribution (Fig-
ure 2). Motifs 7 and 2 were frequently observed in SULTR proteins and showed a potential
to screen members of this family.
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Figure 1. Phylogenetic tree of SULTRs from Camelina sativa, Brassica napus, Arabidopsis thaliana, Gly-

cine max, and Oryza sativa. The number of exon for each of the SULTR coding genes is shown in blue
bar.
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Figure 2. Distribution of conserved motifs in the SULTRs from Camelina sativa, and Brassica napus.
Grouping is based on phylogenetic tree.

2.3. Evolutionary process in MGT genes in Citrullus lanatus, and Cucumis sativus

In this study, to investigate the duplication events in the SULTR gene family in C.
sativa and B. napus, the values of the synonymous (Ks), non-synonymous (Ka), and Ka/Ks
of each duplicated gene pair were calculated and presented in Figure 3 and Table S2. The
Ks value of SULTRs in C. sativa was frequently observed between 0.6 and 1.0 (Figure 3a),
and Ka/Ks was frequently observed between 0.7 and 0.9 (Figure 3b). In contrast, the fre-
quency of Ks and Ka/Ks of SULTRs from the B. napus genome differed from C. sativa,
whereas the Ks value was frequently detected between 1.2 and 1.6 (Figure 3c), and Ka/Ks
was frequently observed ranging from 0.3 to 0.5 (Figure 3d). In C. sativa, the first duplica-
tion event between SULTRs was predicted around five million years ago (MYA) between
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three SULTRs 3.1, including Csa069026100-Csa04g037720 and Csa093058940-
Csa04g037720, while the first duplication in B. napus was approximately occurred three
MYA between two SULTRs 3.1, BnaA03¢41530 and BnaA09¢35200 (Table S2). Several
synteny blocks were observed between SULTRs from C. sativa and B. napus. However
three SULTRs of class 1.3, Csa17¢029070, Csa14g027370, and Csa03g026040, four from Class
3, Csal3g054450, Csa08g050710, Csa02g005990, and Csa08g012360, and a SULTR 1.1,
Csa089034630, from C. sativa showed less synteny relationships with SULTRs from B. na-
pus (Figure 4).
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Figure 3. Frequency of Ks value and Ka/Ks in SULTRs. Frequency of Ks value (a), and Ka/Ks (b)
between SULTRs of C. sativa (Cs). Frequency of Ks value (c), and Ka/Ks (d) between SULTRs of
Brassica napus (Bn). Full details of duplicated SULTRs are provided in Table S2.
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Figure 4. Synteny relationships between SULTRs from Camelina sativa, and Brassica napus.

2.4. Transmembrane structure of SULTRs

SULTR proteins from different groups were compared based on their transmem-
brane structure in C. sativa and B. napus (Figure 5). In group I, 12 transmembrane helices
and 11 pores were predicted in all SULTRs. However, SULTRs in B. napus showed similar
structure based on position of transmembrane helices while in C. sativa, they were diverse.
Besides, the number of transmembrane helices in SULTRs of group II ranged from 10 to
12in B. napus and 8 to 10 in C. sativa. Most SULTRs in B. napus showed ten transmembrane
helices with nine pores, except for BnaC07g18000D with seven transmembrane helices,
while the number of transmembrane helices varied between 8 and 11 in C. sativa. In group
IV, SULTRs of B. napus predicted to have ranging 6 to 11 transmembrane helices while in
C. sativa, the number of transmembrane helices ranged from 9 and 13. SULTRs in group
V showed high diversity based on transmembrane structure, and between 4 and 14 trans-
membrane helices were observed in their structure.
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Figure 5. Transmembrane structure of SULTRs in C. sativa and B. napus. Grouping is based on phy-
logenetic tree.

Transmembrane Bl

2.5.3. D structure analysis of SULTRs

Prediction of the 3D structure revealed that SULTRs in C. sativa and B. napus have
two subunits that the active binding site can be located in small or large subunits (Figure
6). These results showed that SULTRs are diverse between C. sativa and B. napus (Figure
6). In the candidate SULTRs of group I, valine (VAL), proline (PRO), phenylalanine (PHE),
asparagine (ASN), lysine (LYS), glycine (GLY), and serine (SER) amino acids were fre-
quently identified in binding sites of candidate SULTR from C. sativa, while PHE, GLY,
and leucine (LEU) were frequently observed in pocket sites of candidate SULTR from B.
napus (Figure 6). In the candidate SULTRs of group II, PHE, GLY, and alanine (ALA) were
more recognized as binding sites in C. sativa, while PHE, SER, and isoleucine (ILE) were
frequently observed in B. napus. Besides, six amino acids including SER, aspartic acid
(ASP), LYS, ILE, ALA, and tyrosine (TYR) were more recognized in pocket sites of candi-
date SULTR in C. sativa from group III, while in the candidate of B. napus, PHE, and thre-
onine (THR) were frequently observed in binding sites. In the candidate SULTRs from
group IV, SER, GLY, histidine HIS, and TYR were more identified as binding sites in C.
sativa, while LEU, ILE, glutamate (GLU), and arginine (ARG) were frequently observed in
pocket sites of B. napus. In the candidate SULTRs from group V, SER, PHE, ILE, ALA,
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Csal3g016180

VAL, LEU, and TYR were more recognized as binding sites in C. sativa, while ALA, ILE,
methionine (MET), VAL, and THR were frequently observed in pocket sites of B. napus.

Csa07g050660 [ oL Csa13g041750

Group IIT

Group V

Figure 6. Three-dimensional docking analysis of candidate SULTRs in C. sativa and B. napus. Ligand-

binding sites are highlighted in red, and list of pocket sites are provided beside the protein struc-
ture..

2.6. Expression analysis in SULTRs

In this study, the expression patterns of SULTRs in C. sativa and B. napus were illus-
trated in different tissues and response to stress (Figure 7 and Figure 8). Two SULTRs from
class 3.5, Csa209030350, and Csa13g022560, and two genes of class 1.2 including
Csa09g084780, and Csa07g050670 more expressed in roots of C. sativa, while three SULTRs
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from class 3.1 including Csa06g026100, Csa09¢58940, and Csa04g0377720 and three SUL-
TRs 2.1 (Csa13g011940, Csa08g054410, and Csa20g015450) showed a high expression in
stem tissues (Figure 7a). In leaf tissues of C. sativa, three SULTRs from class 3.3 including
Csa17g030170, Csa14g030330, and Csa03g026970, two genes from class 2.2, Csa16g042230,
and Csa09g084770, and a SULTR 4.1, Csa20g018910, showed high expression (Figure 7a).
In response to abiotic stresses, SULTRs 3.1 were induced in C. sativa (Figure 7b). For ex-
ample, Csa06026100 and Csa04g037720 were more expressed in response to cold and salt
stress, and Csa09g058940 was more induced in response to drought, cold, and cadmium
stress. In addition, Csa20g018910 as a chloroplast SULTR 4.1 was more expressed under
cold stress (Figure 7b). Besides, SULTRs of B. napus showed a diverse expression in tissues
and response to abiotic and biotic stresses (Figure 8). Two SULTRs 2.1, BnaA02g00410D,
and BnaC02g00440D, a SULTR 3.4, BnaC01¢35550D, and a SULTR 3.5, BnaC02g08870D,
showed high expression in root tissues of B. napus, while two SULTRs 3.2,
BnaC09g00110D, and BnaA09g01000D, two SULTRs 3.1, BnaA03g41530D, BnaC07¢32580D,
a SULTR 3.3, BnaC05¢18450D, and a SULTR 2.2, BnaC06g38470D, expressed in seed (Fig-
ure 8a). In stem tissues of B. napus, two SULTRs from class 3, BnaA03g41530D, and
BnaC04428500D, showed high expression and three SULTRs from class 3, BnaA09¢32410D,
BnaA07¢10140D, and BnaC07¢13290D, a SULTR 2.1, BnaC09¢46440D, and a SULTR 4.1,
BnaA03g04410D, expressed in leaf tissues (Figure 8a). Furthermore, two SULTRs 3.3,
BnaC05¢18450D, and BnaA09¢30120, and two SULTRs 2.1 including BnaA10922050D and
BnaC09¢46440D were more upregulated in response to PEG, NaCl, and ABA treatment
(Figure 8b). Interestingly, two SULTRs 2.1, BnaC06g38470D, and BnaA07¢33850D, were
differentially expressed in response to cold stress in B. napus. However, BnaA07g10140D,
as a SULTR 3.3, and BnaC09g46440D, as a SULTR 2.1, were also upregulated under cold
stress. In response to biotic stresses, two SULTRs 4.1, BnaC03305940D, and
BnaA03g04410D showed upregulation in response to a fungal pathogen, Leptosphaeria mac-
ulans. In addition, a SULTR 3.4, BnaC01¢3550D, and a SULTR 3.3, BnaA07¢10140D, were
more induced in response to Sclerotinia sclerotiorum and Bacillus thuringiensis strain 4f5,
respectively (Figure 8b).

a b
[ I N N Csa03g026040 Csa08g012360
r I N N Csa17g029070 @ @
JL:———— Csa14g027370 13 09 F T B 22079050660
||—____ Csa08g050710 [0 I N N T csa15g016450 6.00
i  E— | —;| — Csa00634s010 10.00 . Csa14g027370 5.00
J':__ Csa13g054450 I Csa00634s5010 i
| - [ Csa02g005990 8.00 I Csa13g054450 4.00
I N csa13g041750 6.00 N Cs2089050710 1.00
I N N ©s5a08g034630 I Csa03g026040 :

I
[ I I N N Csa17g029070 2.00

O N csaz0g030350 4.00

- | [ csa09g084780 S [ e I Csa13g041750
1 B 52079050670 : . Csa01g018620 | 1.00
— I csa13g022560 0.00 1 [ Csa019013600 e
\_’* I csa16g042240 . [ | Csa199022820 3

— I csa08g012370 I [ Csa08g054410
[ P csa08g012360 N Csa08g012370
£ | Csa01g018620 | I [ csa08g034630
4 L& Csa15g020720 ] Csa16g042230
= I Csa08g054410 Csa13g022560
I csa19g022820 Csa16g042240
[ — BN csa01g013600 Csa20g015450
_ | [ csa15g016450 Csal14g030330
[ Csa13g011940 Csa20g030350
o | Csa06g026100 Csa13g016180
e | I csa20g015450 Csa07g050670
S I P R csa09g058940 Csa13g011940
I N csa04g037720 Csa09g084770
= [ Csa07g050660 Csa17g030170
E [ | Csa16g042230 Csa09g084780
— Csa09g084770 _ Csa15g020720
P csa209018910 " Csa06g026100
E i . ] Csal17g030170 Csa04g037720
— ] i Csal4g030330 Csa09g058940
== — Csa03g026970 Csa03g026970
| I Csa08g005450 Csa08g005450
i Bl ] Csal13g016180 Csa20g018910

> & » S
1 GJ.@ {(\6& Q‘o


https://doi.org/10.20944/preprints202210.0317.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2022 d0i:10.20944/preprints202210.0317.v1

11 of 19

Figure 7. Expression levels of SULTRs based on the available RNA-seq data in different tissues (a)
and response to abiotic stresses (b) in C. sativa.
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Figure 8. Expression levels of SULTRs based on the available RNA-seq data in different tissues (a)
and response to abiotic and biotic stresses (b) in B. napus.

2.7. Prediction of phosphorylation into SULTRs

The potential phosphorylation sites of SULTRs in C. sativa and B. napus were pre-
dicted based on serine, threonine, and tyrosine amino acids (Figure 9). The potential of
phosphorylation sites in SULTRs ranged from 3 (in Csa13g054450 as a SULTR 3.2) to 21
(in Csa08g005450 as a SULTR 4.1) with average of 10.28 sites per protein in C. sativa (Figure
9a). Interestingly, SULTRs from class 4.1 showed a high potential for phosphorylation
events in C. sativa. Besides, SULTRs in B. napus showed ranging from a site in
BnaC07g18000D, as a SULTR 1.1, to 23 sites in BnaA10g19810D, as a SULTR 4.1 with av-
erage of 9.71 sites per protein (Figure 9b). In addition, more phosphorylation sites were
predicted in SULTRs 4.1 in B. napus.
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Figure 9. Prediction of phosphorylation site in SULTRs of C. sativa (a) and B. napus (b) with scores >
0.90 using NetPhos 3.1 Server. Grouping is based on phylogenetic tree.

2.8. Distribution of cis-regulatory elements in promoter site

In this study, the distribution of cis-regulatory elements in the promoter site of SUL-
TRs in C. sativa and B. napus was investigated (Figure 10, Figure S2, and Figure S3). SUL-
TRs in C. sativa and B. napus were compared based on cis elements related to stress and
response to hormones (Figure 10). Cis-regulatory elements associated with auxin, ABA,
MeJA, GA, and SA responsive were observed in the promoter region of SULTRs. Results
revealed that cis-regulatory elements of ABA-responsive are frequently distributed in
SULTRs from C. sativa, while MeJA-responsive elements are more observed in B. napus
(Figure 10). Besides, cis-regulatory elements related to biotic and cold stress were more
identified in SULTRs from B. napus and drought stress-related elements were more ob-
served in the promoter site of SULTRs from C. sativa.
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Figure 10. Comparison between SULTRs from C. sativa, and B. napus based on the number of cis-
regulatory elements related to hormone, and stress-responsive into promoter sites. More details are
provided in figure S2 and figure S3.

3. Discussion

The uptake and distribution of sulfate throughout the plant are facilitated by a net-
work of sulfate transporters encoded by a multigene family (SULTRs) [7]. Due to the im-
portant role of sulfate in plants, SULTRs in several plant species have been studied. For
instance, genomes of higher plants like Arabidopsis thaliana, and rice (12 SULTRs), wheat
(11 SULTRs), sorghum (10 SULTRs), and apple (9 SULTRs) have been identified [11-14].
In this study, we identified and characterized 36 and 45 putative SULTR genes in the ge-
nome of C. sativa, and B. napus, respectively (Table S1). More members of this gene family
in C. sativa, and B. napus may be associated with changes in ploidy levels and genome size
as well as duplication events under evolution processes [35,39]. Our investigations re-
vealed that SULTR proteins in the two studied plants, C. sativa, and B. napus, have the
same range of physicochemical properties, i.e., MW, pI, GRAVY, and the instability index.
In addition, the exon number ranged from 4 to 20 in C. sativa, and 4 to 19 in B. napus.
Similarities in gene structures may indicate evolutionary events that have occurred sig-
nificantly in the plant genome [40,41]. Our findings suggest that the exon/intron pattern
may provide new insights into evolutionary relationships among members of the gene
family and may have originated from a common ancestor. Moreover, it has been reported
that exon number affects the expression and genes with less exons can be quickly induced
in response to environmental stresses [42,43]. SULTRs have been divided into four main
classes based on their location and functions [4]. In this study, different SULTR classes
were separated from each other based on phylogenetic analysis and SULTRs class 4
showed more distance from other classes while a high variation was observed between
members of SULTRs class 3 (Figure 1). Differences have been observed between model
monocot plant, rice, and dicot plants, indicating that diversity in SULTR gene family has
occurred after the divergence of monocots and dicots [44,45]. According to the results of
conserved motifs in SULTRs, some conserved sites were recognized between SULTR
groups, which can use to distinguish a specific group from other groups.

According to phylogenetic results, camellia SULTRs were more similar to SULTRs of
B. napus, although their evolutionary trends were different. Based on the ka/Ks index, the
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first duplication events into SULTR genes occurred in C. sativa about 5 million years ago,
while in B. napus, it occurred 3 million years ago. Furthermore, it seems that other mem-
bers of SULTR gene family have originated from SULTRs class 3. Besides, Ka/Ks revealed
that the duplicated SULTRs in B. napus were under purifying (negative) selection while
both adaptive (positive) selection and purifying selection were observed in SULTRs of C.
sativa [46]. It suggested that the duplicated genes with conserved functions, pseudogeni-
zation, or both were possibly produced by purifying selection [47]. Interestingly, results
of comparative synteny revealed that several SULTRs from C. sativa, including three SUL-
TRs 1.3, Csal17g029070, Csal4g027370, and Csa03g026040, four SULTRs 3, Csa13g054450,
Csa082050710, Csa02g005990, and Csa08¢012360, and a SULTR 1.1, Csa08g034630, showed
less synteny relationships with SULTRs from B. napus (Figure 4). It seems that these genes
may have been specifically developed in the evolution of the camellia, and more re-
searches are needed to determine their function.

SULTRs can be classified into four groups based on sequence structure, location, and
function [48]. For instance, genes of group 1 and group 2 are more expressed in root cells
and vacuolar tissues, respectively [48,49]. Herein, SULTRs in C. sativa and B. napus showed
a diverse expression in different tissues and response to stresses. In the roots of C. sativa,
two SULTRs 1.2 and two SULTRs 3.5 were more expressed, while in B. napus, two SULTRs
2.1 (SULTR 3.4, and SULTR 3.5) showed a high expression in root tissues. In the shoot
tissues, SULTRs 2, 3, and class 4 were more expressed. Interestingly, SULTRs class 3
showed diverse functions and illustrated an expression in all tissues, indicating that mem-
bers of this class are not specific to a tissue or an organ. In addition, members of SULTRs
3 showed a high variation based on the transmembrane structure. Moreover, different
expression patterns were observed between members of the SULTR gene family in B. na-
pus and camellia in response to stimuli. SULTRs 3.1 were more induced in response to
abiotic stresses in C. sativa, while SULTRs 3.3, and SULTRs 2.1 were more upregulated in
B. napus. Several members of SULTR 3 play multiple roles and have interaction with ab-
scisic acid (ABA) metabolism [21-23]. In the present study, SULTRs 3 and SULTRs 4.1
showed an upregulation in response to biotic stresses, including bacterial and fungal path-
ogen in B. napus. Besides, cis-regulatory elements related to ABA and Me]A responsive
frequently observed in promoter sites of SULTRs. We concluded that SULTRs might be
controlled by phytohormones, especially hormones related to stress such as ABA, and
MeJA. These interactions can effectively induce members of this gene family in response
to stress. It can be stated that the expression levels in different SULTRs may be correlated
with hormone and stress-responsive elements observed in the promoter regions. Predic-
tion of the 3D structure revealed two subunits in SULTRs structure that the active binding
site differed between subgroups (Figure 6). PHE, ALA, ILE, and VAL were identified as
key amino acids in binding site playing critical roles in the function and the regulation of
SULTRs. Post-translational phosphorylation modifications can affect the function and the
possible interaction of proteins [50,51]. The prediction of phosphorylation sites in SULTRs
revealed that SULTRs 4.1 have a high potential for influencing post-translation modifica-
tions such as phosphorylation. Members of this group of transporters, SULTR4.1 and
SULTR 4.2 have been found as tonoplast transporters, which allow leaving sulfate from
the vacuoles to the cytosol [24,25]. It seems that phosphorylation modifications play key
roles on activity of these transporters.

4. Materials and Methods
4.1. Identification of SULTR genes in C. sativa and B. napus

To recognize all sequences related the SULTR family, the amino acid sequence of two
conserved domains, including Sulfate_transp (PF00916), and STAS (PF01740) were used
as queries in BLASTP of Ensembl Plants (https://plants.ensembl.org/index.html) against
protein database of C. sativa and B. napus. Furthermore, orthologue genes were identified
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following the same criteria in Arabidopsis thaliana, Oryza sativa, and Glycine max. All col-
lected sequences were checked using NCBI Conserved Domain Database (CDD) [52], and
Pfam database [53] to confirm the presence of domains related to SULTRs. Physiochemical
properties, including molecular weight (MW), instability index, isoelectric points (pI), and
GRAVY of SULTRs were predicted using the ProtParam tool [54]. The TMHMM Server
version 2.0 was used to predict the transmembrane structure of SULTRs in C. sativa and
B. napus [55].

4.2. Phylogenetic and conserved motif analyses

The amino acid sequences of all the recognized SULTRs from five plant species, i.e.,
C. sativa, B. napus, A. thaliana, O. sativa, and G. max, were aligned using an online tool,
Clustal-Omega [56]. The whole phylogenetic relationships were constructed by the Max-
imum likelihood (ML) method with 1000 bootstrap replicates using the IQ-TREE web-
server [57]. Finally, a phylogenetic tree was designed using the interactive tree of life
(iTOL version 5) tool [58]. The conserved protein motifs in SULTR members in C. sativa,
and B. napus were identified using the Multiple Expectation Maximization for Motif Elic-
itation program (MEME version 5.0.5) [59].

4.3. Promoter analysis

In this study, 1500 bp upstream of the start codon of SULTRs was selected as pro-
moter site, and these regions in C. sativa, and B. napus were downloaded from Ensembl
Plants. The sequence of each promoter site was screened to identify the conserved cis-
acting regulatory elements using the PlantCARE tool [60], and cis-acting elements were
classified based on their function.

4.4. Ka/Ks Ratio and duplication Analysis

In the present study, pairs of SULTR genes in each species (C. sativa, and B. napus)
with identity of more than 85% were considered as duplicated genes [61]. Besides, the
synonymous (Ks) and non-synonymous (Ka) indexes were calculated for all gene pair in
each species using the MEGAX software [62]. The time of divergence of duplicated SULTR
genes was estimated by the following equation, T = (Ks/2A) x 10-6. (A = 6.5 x 10-9) [63]. In
addition, the synteny relationships of SULTRs for each species and between the ortholo-
gous of C. sativa, and B. napus were drawn by Circos software [64].

4.5. Gene expression analysis

Herein, the available RNA-seq data related to C. sativa and B. napus was screened to
extract the expression levels of SULTR genes. Four RNA-seq datasets of C. sativa, includ-
ing SRR935368 (root tissue), SRR935362 (leaf tissue), SRR935365 (stem tissue), and
SRR935369 (flower) were retrieved from the NCBI gene bank and analyzed. To extract the
expression patterns of SULTRs in response to stress, RNA-seq datasets related to salt
(SRR935382), drought (SRR935380), cadmium (SRR935383), cold stress (SRR935372), and
control condition (SRR935385) were used. To analyze raw data, we used the FastQC soft-
ware (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and HISAT [65] to
check the quality of and map the sequences, respectively. FPKM (fragments per kilobase
of exon model per million mapped reads) was used to calculate the transcript levels of
each SULTR in C. sativa. To illustrate the expression levels of SULTRs in B. napus, we uti-
lized the RNA-Seq data of 18 tissues and in response to biotic and abiotic stresses from
rapeseed cultivar ZhongShuang11 (ZS11) via the Brassica Expression Database [66]. The
expression patterns of the target genes were extracted based on FPKM values. Finally,
heatmaps were constructed based on log2 transformed method using TBtools software
[67].

4.6. Prediction of protein 3D structure, modeling, pocket sites, and phosphorylation
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Herein, five proteins of each species, C. sativa, and B. napus, were candidates based
on the phylogenetic tree, and finally, the three-dimensional structures of 10 SULTRs were
predicted by the Phyre2 server [68]. In the next step, the predicted structures were checked
through Ramachandran Plot Analysis [69]. The pocket site of each model was highlighted
on the predicted structures. NetPhos 3.1 Server [70]with a potential value of more than
0.90 was applied to predict the phosphorylation site of SULTRs in C. sativa, and B. napus.

5. Conclusions

In this study, we identified and characterized 36 and 45 putative SULTR genes in two
important oilseed crops, Camelina sativa and Brassica napus, as the first report. We found
that the first duplication event had occurred in SULTR genes of C. sativa, and members of
this family showed diverse structure and functions. Besides, several SULTR genes have
uniquely been developed in C. sativa under evolution processes. Besides, SULTRs 3 were
identified as a class of sulfate transporter family with high diversity. Overall, the results
revealed new insights of structure and function of SULTRs in oilseed crops. However,
further analyses related to functional studies need to disclose the role of SULTRs in de-
velopment and growth processes as well as response to stimuli.

Supplementary Materials: Table S1. List of the identified SULTRs and their characteristics in Came-
lina sativa and Brassica napus. Table S2 Ka/Ks values predicted in the duplicated gene pairs in the
Sulfate transporter family in the Camelina sativa and Brassica napus genomes. Figure S1 Synteny
analysis of SULTR genes in the Camelina sativa (a), and Brassica napus genomes (b). Figure S2 Distri-
bution of cis-regulatory elements in promoter site of SULTRs in Camelina sativa. Figure S3 Distribu-
tion of cis-regulatory elements in promoter site of SULTRs in Brassica napus
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