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of TtMYB1 transcription factor from Tritipyrum
to improve salt tolerance in wheat
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Abstract

Background Common wheat (Triticum aestivum L.) is a worldwide cereal crop, which is an integral part of the diets
of many countries. In addition, the MYB gene of wheat plays a role in the response to salt stress.

Results "Y1805"is a Tritipyrum variety that is relatively tolerant to salt. We used transcriptome analysis to show

that the "Y1805"MYB gene was both highly expressed and sensitive to salt stress. Compared with control roots,

the level of MYB expression during salt stress was higher, which rapidly decreased to control levels during the recov-
ery process. MYB gene relative expression showed the highest levels in “Y1805" roots during salt stress, with the stems
and then leaves being the next highest stressed tissues. The novel MYB gene (TtMYB1) was successfully cloned

from "Y1805" It showed a coding sequence length of 783 bp with 95.79% homology with Tel2£071G633100 from
Thinopyrum elongatum. TtMYB1 and MYB from Th. elongatum were clustered in the same branch using phyloge-

netic analysis, which indicated high similarities. The TtMYB1 gene is located in the nucleus. The coleoptile method
was employed when a TtMYB1 overexpression vector was used during transformation into “1718" (common wheat).
Under high salt stress, TtMYBT leaves of overexpression lines had decreased wilting, when compared with wild-type
(WT) plants. During normal conditions, salt stress, and recovery, the lengths of the roots and the heights of seedlings
from the overexpression lines were found to be significantly greater than roots and seedlings of WT plants. In addition,
during high salt stress, the overexpression lines showed that proline and soluble sugar levels were higher than that of
WT plants, but with lower malondialdehyde levels. Forty-three proteins that interacted with TtMYB1 were identified
using the yeast two-hybrid assay. Protein-protein interaction analyses indicated that most were SANT domain-con-
taining and Wd repeat region domain-containing proteins. Among these proteins, ribosomal proteins were the main
node. Abiotic stress-related terms (such as “carbonate dehydratase activity’, “protein targeting peroxisomes’, and “glu-
tathione peroxidase activity”) were enriched in GO analysis. In KEGG analysis, “carbohydrate metabolism’, “environmen-
tal information processing’, “genetic information processing’, “signaling and cell precursors’, and “energy metabolism”
pathways were enriched.
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Conclusion The TtMYBT gene might enhance salt tolerance by increasing proline and soluble sugar content
and antioxidase activity in transgenic wheat. It therefore has the potential to enhance high salt tolerance in plants.

Keywords Tritipyrum, TtMYB1, Transformation, Phenotype, Physiology, Salt tolerance, Interacting protein

Introduction
Common wheat (Triticum aestivum L.) is a worldwide
cereal crop, which is an integral part of the diets of many
countries [1]. Soil salinization is a common factor that
reduces crop growth and yield in modern agriculture
[2, 3]. To cope with saline-alkaline stress, plants have
evolved sophisticated regulatory mechanisms, including
those involved in signal recognition and transduction,
transcriptional regulation, and responses to high salt
stress [4, 5]. It is therefore crucial to identify important
genes for breeding crops resistant to high salt conditions.
MYB transcription factors (TFs) are only found in
eukaryotes, comprising a large and diverse family of plant
TFs. The TFs are involved in many essential physiological
and biochemical processes [6, 7]. MYB TFs from plants
have an N-terminal domain and MYB domain of approxi-
mately 51-52 amino acids. The repeats of MYB are char-
acterized by a hydrophobic core that contains a total of
three conserved tryptophan residues [8]. A conserved
DNA-binding domain is shared in MYB proteins, which
is comprised of 1—4 partially nonhomologous amino
acid sequence repeats. When considering the adjacent
repeats, the plant proteins of MYB in plants are divided
into four distinct groups: MYB-related (MYBR, which
contains one R1 or the R2-like repeat, only), R2R3-MYB
(with two R2/3R similar repeats), 3R-MYB (with three
R1/R2/R3-like repeats), and atypical MYB proteins (4R-
MYB, with four R1/R2-like repeats; similar to CDC5) [9].
The salt stress response is at least partially controlled
by the MYB family [10]. During high salt stress of plants,
R2R3-MYB TFs mainly respond by participating in the
abscisic acid (ABA) signaling pathway, regulating the
levels of reactive oxygen species (ROS), and improving
osmotic stress resistance [11, 12]. When there is over-
expression of Arabidopsis, it can result in decreases in
the levels of ABA-dependent gene transcripts during
stress from high salt conditions [13]. When TaMYB86B
is overexpressed, there is an increase of wheat to high
salt tolerance. This process involves the regulation of ion
homeostasis, maintainance in osmotic balance, and a
decrease in ROS levels [14]. In rice, it was confirmed that
the R2R3-type MYB gene, OsMYB91, was involved in tol-
erance to stress from high salt and in plant growth [15].
Overexpression of the SIMYBI102 gene helps to accumu-
late a large number of ROS scavengers, slow the rate of
ROS production, and thereby improve tomato tolerance
to high salt stress [16]. An increase in the expression of

MdMYBI108L has been shown to be involved in increases
of photosynthesis capacity of hairy root tissues (leaves)
during salt stress, and it has also been shown that when
bound to the salt-tolerant MdNHX1 promoter, it results
in positive transcription in apples, to increase high salt
tolerance in transgenic plants [17].

It has been reported that there was a diverse range of
MYB TF functions in different plant species [8, 9]. Salt
and polyethylene glycol significantly induce the expres-
sion of GhMYB108-like in upland cotton [18]. When
AmMYBI TF is constitutively expressed in transgenic
tobacco plants in salt-tolerant Avicennia marina, it is
more resistant to high salt stress [19]. GEMYB36 is a gene
that encodes a R2R3-type MYB protein in Gossypium hir-
sutum. It results in tolerance to drought and wilt resist-
ance to Verticillium wilt in Arabidopsis and cotton [20].
The maintainance of Fe homeostasis is important when
Arabidopsis responds to stress from ammonia, which
has been correlated with the expressions of MYB28 and
MYB29 [21]. ZmMYB31, an R2R3-MYB TF in maize, is
an important positive regulator of cold and peroxide
stress. It is involved in the regulation of expression of
genes involved in stress due to chilling, to decrease the
levels of ion extravasation, the content of ROS, and low
temperature photoinhibition, to improve resistance to
low temperature [22]. Drought and cold induce expres-
sion of ApMYB77, and overexpression in Arabidopsis has
been shown to enhance tolerance to freezing [23]. MYB59
plays a role in the responses to stress and plant growth as
a negative regulator of homeostasis and calcium signal-
ing [24]. AtMYBY6 is also involved in pathogen resistance
via a mechanism inducing salicylic acid biosynthesis in
Arabidopsis. Although they improve abiotic stress toler-
ance and pathogen resistance, plant R2R3-MYB TFs are
also involved in defensive responses to insects. In wheat,
TaMYBI19, TaMYB29, and TaMYB44 have roles as co-
regulators of phloem-based defenses against the English
grain aphid [25].

In Triticeae, E genome species (e.g., halophile wheat-
grass Thinopyrum elongatum) is an important gene pool
involved in wheat genetic improvement. It has genetic
variations in many important agronomic traits, such as
salt tolerance, cold tolerance, and disease resistance [26].
Tritipyrum displays salt tolerance and is derived from
crosses of Triticum aestivum and Th. elongatum [27]. In
addition, gene families of the MYB gene have been found
in many plant species, including common wheat, rice,
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maize, tomato, apple, and Arabidopsis [16, 17, 22, 23, 25].
Nonetheless, the studies of the MYB gene from the salt-
tolerant Tritipyrum have not been reported. In the cur-
rent study, TtMYB1, an R2R3-type MYB gene, was cloned
from Tritipyrum, to characterize its sequence, evolution-
ary relationships, patterns of expression, gene functions,
and the interactions of proteins during high salt stress.
The present study therefore revealed an increased under-
standing of the salt-tolerant mechanism of MYB genes,
and provides the basis for the breeding of more salt-tol-
erant wheat varieties.

Results

MYB gene screening by transcriptomic analysis
Transcriptome analysis was carried out on the roots
of salt-tolerant Tritipyrum “Y1805” and salt-sensitive
wheat “Chinese spring” (“CS”) after 5 h salt stress and
1 h recovery to select important genes in the response
to salt stress. The relative expression level [log,fold
change (log,FC)=6.82] of Tel2E01G633100 in Triti-
pyrum “Y1805” was significantly higher than in wheat
“CS” under salt stress (Table 1). However, this gene
showed no change in expression after recovery in

Table 1 Relative expression level (log,FC) of Tel2E01G633100
under salt stress and recovery conditions in two wheat varieties
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“Y1805” Basic local alignment search tool (BLAST)
analysis indicates that T7e/l2E01G633100 contained two
SANT domains, therefore it might be an MYB pro-
tein. Tel2E01G633100 was annotated and assigned
to the gibberellic acid mediated signaling pathway
(GO:0009740) and gibberellin biosynthetic process
(GO:0009686) by GO analysis. Gibberellin can pro-
mote the elongation and growth of roots to enhance its
water absorption capacity. Therefore, “Y1805” specific
Tel2E01G633100 might be an important gene involved
in the salt stress response.

Expression patterns of the MYB gene in Y1805

To investigate the spatial and temporal expression
pattern of MYB, we analyzed the expression levels of
MYB in roots under salt stress and recovery condi-
tions and in various tissues using quantitative real-time
PCR (qPCR) analysis. The relative expression level of
the MYB gene was the highest under salt stress in the
roots of “Y1805’, stems were the next highest, and then
leaves (Fig. 1A). The expression level of the MYB gene
in the roots was 1.76 and 13.06-fold higher than those
of stems and leaves, respectively. In addition, the MYB
expression level was significantly (7.22-fold) higher
than the control under salt stress in the roots. However,
it dropped rapidly after recovery (Fig. 1B). These results

Materials Salt stress Recovery  were consistent with the above transcriptome data,
N1805" 682 NE indicating that “Y1805”-specific MYB were expressed
sy NE NE highly and sensitively in the roots under salt stress to
— - adapt.
“NE”indicates no expression
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Fig. 1 Expression levels of MYBin"Y1805" measured by gPCR analysis. A Relative expression levels of the MYB in roots, stems, and leaves under salt
stress. B Relative expression levels of MYB in roots under salt stress and in recovery. Bars indicate means with SDs (n=3). Values with different letters

are significantly different at p <0.05
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TtMYBT1 cloning and sequence analysis

Using Tel2E01G633100 specific primers, a 783 bp cDNA
fragment corresponding to Tel2E01G633100 was ampli-
fied from Tritipyrum “Y1805” by PCR (Fig. 2A; Sup-
plementary Fig. S1) and named TtMYBI (GenBank
accession no. SUB13704642 TtMYB1 OR344773).
The TtMYBI sequence had 95.79% identity to
Tel2E01G633100, with only 27 bp nucleotide changes
between them (Fig. 2B). Therefore, TtMYBI was similar
to Tel2E01G633100 according to their cDNA sequences.
In bioinformatics analysis, T¢tMYBI encoded 259 amino
acids (aa). The TtMYB1 protein contained ten ser-
ine, three threonine, and two tyrosine residues, which
could be protein kinase phosphorylation sites (Fig. 3A).
Hydropathy plots predicted that TtMYB1 was predomi-
nantly hydrophilic, indicating it might play a role in plant
salt stress tolerance (Fig. 3B). The TtMYB1 protein had
SANT conserved domains at 20-70 aa and 73-121 aa in
a region located at the N-terminal (Fig. 3C), indicating
that TtMYB1 belongs to the 2R3R-type MYB transcrip-
tion factor, and the domains might participate in the
formation of a homo/heterodimer and regulate of tran-
scription, respectively.

The phylogenetic tree of wheat MYB protein was
constructed, and TtMYB1 and Tel2E01G633100 were
grouped together (Fig. 3D). TtMYB1 and MYB from 7.
elongatum were clustered in the same branch, which
indicates they have high similarity. Therefore, we specu-
lated that TtMYB1 of Tritipyrum might be similar to that
of Th. elongatum in evolution and function.
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Fig. 2 Cloning and alignment of TtMYBT from Tritipyrum “Y1805". Amplified band with “Y1805" cDNA as a template.
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Homology modeling and molecular simulation

of the TtMYB1 protein

Based on the Modeler 9.22 model, the N and C-terminal
regions of the TtMYBI1 protein had an a-helix and some
reverse parallel p-chains (Fig. 4A). The compatibility
between the model and c6kksA is 81.8%, indicating that
the model is of good quality. The root mean square devia-
tion (RMSD) analysis of the TtMYB1 protein backbone
reached a peak (1.5312 nm) at 1257 picoseconds (ps),
and the RMSD curve reached equilibrium after 1250 ps
with a fluctuation range of 0.80-1.53 nm (Fig. 4B). The
Ramachandran plot of the protein showed that the con-
formation was accurate. Because the model was accu-
rate in over 90% of its most favorable regions, which are
indicated in red [A, B, L], it could be considered that the
protein model conformed to the rules of stereochemistry.
The favorable region of the protein model in this study
reached 92.6%, allowing for 7.4% of the amino acid resi-
dues in the residual region, and no residues in the dis-
allowed region (Fig. 4C). These results indicate that the
TtMYBI protein structure was stable.

Subcellular localization of TtMYB1

To investigate the subcellular location of the TtMYB1
proteins, a fusion protein transiently expressing
1300-TtMYBI-green fluorescence protein (GFP) was
produced in tobacco mesophyll cells. The fluorescence
emitted by the fusion protein was in the nucleus, overlap-
ping the blue 4',6-diamidino-2-phenylindole (DAPI) sig-
nal (Fig. 5), which means that TtMYBI is located in the
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Fig. 3 Bioinformatics analysis of TtMYB1 protein. A Hydrophilicity. B Protein phosphorylation sites. C Protein domain. D Phylogenetic tree of MYB

proteins in various plant species

nucleus. The results indicated that TtMYBI might con-
tribute to transcriptional regulation.

Coleoptile transformation in common wheat

To determine TtMYBI1 function, TtMYB1 was trans-
formed and overexpressed in common wheat. The
coleoptile tips of common wheat were cut to expose the
meristem and infected with Agrobacteria containing
the TtMYBI1 gene. Transgenic-positive plants were con-
firmed by multiplex PCR using TtMYBI-specific primers
and housekeeping 18 S gene primers. The housekeep-
ing primers amplified in all plant samples indicate that
the DNA was of good quality (Fig. 6; Supplementary Fig.
S2). Lanes 1, 5, 8, 10, and 12 show amplification with

construct-specific primer sets, indicating these plants
had incorporated the transgene.

Overexpression of TtMYB1 enhanced salt tolerance
in wheat
Effect of salt stress on plant growth
Under NaCl stress, the leaves of TtMYBI1-overexpressing
wheat lines showed less wilting compared to these of
the wild-type (WT) plants (Fig. 7A-D). Additionally, the
overexpression lines exhibited a higher height and longer
roots than the WT plants (Fig. 7E-H), indicating that the
TtMYBI gene conferred wheat with salt tolerance.

Under normal, salt stress, and recovery conditions, the
root length and seedling height of the overexpression



Mu et al. BMC Genomics (2024) 25:163 Page 6 of 16

—
) €
AN W)
{ ) B¢
)
L ‘((: — ) /&; )
- AN \d
A \ A(" g - D v
\\,‘ A\ Ay ;’J /
J Ve ~ Y
i o o =
\\ ,) 3y 3
S
N I’: A
B ((\1 N
‘ s~ !/ @
( 1]
\ 8
| ¢
| g
~
o
B . : ‘ ¢

RMSD (nm)

h )
500 1000 1500 2000 45

~b 1
L _ 135 180
Phi (degrees)

Fig. 4 Homology modeling and molecular simulation of the TtMYB1 protein. A Homology modeling of the TtMYB1 protein. B Molecular dynamics
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Fig. 5 Subcellular localization of the TtMYB1 protein. A The vector controlling 1300-GFP was transformed into tobacco mesophyll cells. B Fusion
protein construct 1300-TtMYB1-GFP was introduced into tobacco mesophyll cells. The sample was observed under a confocal laser-scanning
microscope. Bright-field phase-contrast images, nuclear fluorescence (blue), GFP fluorescence (green), and merged images (green and blue) are

shown. Scale bar =20 um
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t

Fig. 6 PCR confirmation of transgenic wheat harboring the TtMYB1 gene. PCR detection of the TtMYBT gene in the genomic DNA of putative
transgenic T, wheat leaves. The fragment of the amplified TtMYB1 gene is indicated by a yellow arrow. A white arrow shows the band

of the amplified housekeeping 78 S gene. M, 2,000 bp DNA marker; lanes 1, 5, 8, 10, and 12, transgenic plants; lanes 2, 3,4,6,7,9,and 11,
non-transformed plants; P, positive control (TtMYBT recombinant plasmid); N, negative control (wild-type DNA)

Control

Wild type Overexpression

Salt stress

Overexpression

Fig. 7 Effects of salt stress on the growth of TtMYB1 overexpression wheat lines. A, C, E, and G wild-type wheat under normal and salt stress
conditions. B, D, F, and H The overexpression line under normal and salt stress conditions. Arrows indicate severe wilt. Scale bar =5 um

lines were significantly greater than those of WT plants
(Fig. 8). This data suggested that overexpression of
TtMYBI improved plant growth and salt stress had a
greater inhibitory effect on the growth of the WT plants
compared to the overexpression lines at the seedling
stage.

Effects of salt stress on physiological indicators

Proline accumulation is a common response to vari-
ous abiotic stresses. It acts as an osmoprotectant, help-
ing to protect cell membranes and proteins under stress
[28, 29]. Under normal growth conditions, the proline
content of the overexpression lines was slightly higher
than that of the WT plants (Fig. 9A). After salt stress, the

proline content of both the WT plants and overexpres-
sion lines significantly increased. With the extension of
salt stress, the proline content in the overexpression lines
increased rapidly, reached a peak at the T2 stage, and was
significantly higher than that of the WT plants. After
recovery, the proline content of the overexpression lines
quickly dropped to the control level. These results indi-
cated that the overexpression lines could respond more
sensitively to salt stress to adapt quickly.

Soluble sugars act as osmotic substances and molecular
chaperones to protect the structural and protein integrity
and enhance enzyme activity, thus improving the resist-
ance to abiotic stress [30]. Under normal, salt stress, and
recovery conditions, the soluble sugar content of the
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overexpression line was significantly higher than that of
the WT plant (Fig. 9B).

When plants are subjected to various abiotic stresses,
the activity of ROS increases, followed by the production
of membrane lipid peroxidation product MDA, which
damages plant cells and can lead to cell death in severe
cases [31, 32]. Compared with the WT plants, the over-
expression lines showed a significant decrease in MDA
content under salt stress (Fig. 9C). The MDA content of
the WT plants rapidly increased with the extension of
salt stress and reached a peak at the T2 stage, which was
1.54-fold that of the overexpression lines. The degree of
increase in MDA content in the overexpression lines was
significantly less than that of WT plants under salt stress.
This might be attributed to salt tolerance in the lines
overexpressing the TtMYBI gene.

Interacting protein analysis of TtMYB1

A yeast two-hybrid (Y2H) experiment was used to
explore the proteins that interacted with TtMYB1
to enable a better understanding of the regulatory

mechanism. The detection of self-activation showed
that the control strains could grow normally on SD/-
Leu/-Trp (SD-LW) plates, and three random colonies
of pGADT7+pGBKT7- TtMYBI transporters could
grow on SD/-Ade/-His/-Leu/-Trp (SD-ALWH) plates
(Fig. 10A). This indicated that the TtMYB1 protein was
self-activating, and could not be used directly to screen
the ¢cDNA library. The TtMYBI was truncated into
two fragments (TtMYBI1-1 and TtMYBI-2, Table S1)
for further detection of self-activation. For TtMYB1-1,
there were white plaques on the SD-LW plate and ster-
ile plaques on the SD-ALWH plate, indicating that the
TtMYB1-1 was a non-toxic and non-self-activating pro-
tein (Fig. 10B). Therefore, TtMYB1-1 was used to screen
the library.

The library plasmid and the TtMYBI1-1-pGBKT?7 bait
plasmid were co-transfected into Y2HGold yeast com-
petent cells and spread on SD-LW, SD-ALWH plates,
and SD-ALWH (x-a-gal) plates. The positive control
and clones could grow normally on the SD-LW, SD-
ALWH, and SD-ALWH (x-a-gal) plates. The negative
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Fig. 10 Identification of non-self-activating TtMYB1 protein and rotational validation of TtMYB1-1 interacting proteins. The SD-LW and SD-ALWH
plate had aseptic spots, indicating that the TtMYB1 protein was toxic. SD-LW plates and SD-ALWH plates had plaques, indicating that the TtMYB1
protein had self-activation activity. SD-LW plates had white plaques and SD-ALWH plates had sterile plaques, indicating that the TtMYB1 protein had
no self-activating activity. 1-51: 51 positive clones were identified. 52: Negative control (pGBKT7-laminC). 53: Positive control (pGBKT7-p53)

control could grow normally on the SD-LW plate, but
it could not grow on the SD-ALWH and SD-ALWH
(x-a-gal) plates, because it did not activate histidine,
adenine, and x- a-gal reporter genes. In total, 51 clones
were positive. Rotational validation experiments fur-
ther showed that all 51 proteins might interact with
TtMYBI1 (Fig. 10C). The sequencing data and statistical
results of the TtMYB1-interacting proteins are shown
in Table S2. Eight proteins (such as XM_044551351.1,
XM_044583951.1, and XM_044597708.1) were repeti-
tively identified according to the sequencing data and

BLAST analysis. Therefore, 43 interacting proteins
were obtained except repetitive proteins.
Protein-protein interaction (PPI) analysis indicated
that PPI occurred in 11 proteins; most of these were
SANT domain and Wd repeat region domain-contain-
ing proteins, and were enriched in the process of pro-
tein synthesis. Important biological processes were
screened by GO analysis, most of these were related to
abiotic stress responses, such as “carbonate dehydratase
activity” (GO:0005770), “protein targeting peroxisomes”
(GO:0006625), and “glutathione peroxidase activity”
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Table 2 Main GO terms of TtMYB1 interacting proteins under
salt stress

Accession number Biological process Protein
number
GO:0007031 Peroxisome organization 1
GO:0006402 mRNA catabolic process 3
GO:0031647 Regulation of protein stability 1
GO:0006625 Protein targeting to peroxisome 1
GO:0010468 Regulation of gene expression 1
GO:0008494 Translation activator activity 2
GO:0004602 Glutathione peroxidase activity 2
GO:0003729 mRNA binding 5
G0O:0004089 Carbonate dehydratase activity 1
GO:0005770 Late endosome 2
GO:0032451 Demethylase activity 1

(GO:0004602) (Table 2). Among these proteins, riboso-
mal proteins were the main node, suggesting that they
might play a crucial role in the response of TtMYBI1 to
salt stress (Fig. 11A). Through Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis, we found that 24
proteins could be annotated to known functional genes.
Among them, seven proteins were enriched in “genetic
information processing’, five in “signaling and cell precur-
sors’, three in “carbohydrate metabolism’; two in “energy
metabolism’, one in “environmental information process-
ing’, and one in “cellular process” (Fig. 11B).

TtMYB1 and TtHHO?5 interaction identified by bimolecular
fluorescence complementation (BiFC) assays

An interesting interacting transcription factor TtHHO5
from wheat was identified in plant cells by the BiFC assay.
When TtMYB1-nYFP (the N-terminal fragment of yellow
fluorescent protein (YFP) was transiently co-expressed
with TtHHO5-cYFP (the C-terminal fragment of YFP)
in Nicotiana benthamiana leaves, reconstituted YFP
fluorescence was observed in the nuclei, indicating an

A B

Traes_38_465485976.1

Traes_3AS_SA4046554.1

Traes_38_01EFGA39D.1

Traes 3AS \6FFAOFCDO.2
NV Traes 38_89EEOCBFAL

Fig.

Environmental information processing

Metabolism of other amino acids

Genetic information processing

Page 10 of 16

interaction between TtMYB1 and TtHHO5. However, no
yellow fluorescent signal was observed when TtMYB1-
nYFP and cYFP or TtHHO5-cYFP and nYFP were co-
expressed (Fig. 12). Meanwhile, the proteins TtMYB1 and
TtHHO5 were co-localized in blue nuclei, which coin-
cided with their regulatory function.

Discussion

Cloning and expression characteristics of the TtMYB1 gene
MYRB genes are closely associated with abiotic stress tol-
erance, such as salinity stress, drought stress, and high
temperature [10]. Most of the R2R3-MYB genes and a
few MYBR and 3R-MYB genes are known to be involved
in salt stress regulation. Overexpression of the wheat
TaMYB73 gene in A. thaliana enhances salt tolerance
of transgenic plants and up-regulates the expression of
several genes such as AtCBF3, AtABF3, AtRD29A, and
AtRD29B [33]. Rice OsMYB91 is an R2R3-MYB gene that
is involved in tolerance to salt stress and plant growth by
enhancing the ability to scavenge ROS [15]. In this study,
aunique TtMYBI gene, which was upregulated under salt
stress, was cloned from salt-tolerant Tritipyrum “Y1805"
Amino acid sequences indicate that TtMYB1 contains a
2R3R domain (Fig. 3). TtMYB1 is a hydrophilic protein
that is rich in leucine and glycine. The model has a high
number of residues (92.60%) within the favored regions
of the Ramachandran plot, making it a reliable 3D pro-
tein structure. Phylogenetic analysis of MYB proteins
from various species showed that TtMYB1 had a close
genetic relationship with those of Th. elongatum, indicat-
ing that TtMYB1 should originate from the E genome of
Th. elongatum.

Salt tolerance is attributed to the significantly induced
expression of abiotic stress-response genes [34].
MdMYBI108L overexpression also increased the photo-
synthetic capacity of hairy root tissue (leaves) under salt
stress. In addition, the MdMYB108L TF bound to the
MdANHX1 promoter positively regulates the transcription

Cellular processes
Organismal systems
Unclassified: metabolism

Energy metabolism

Carbohydrate metabolism

HUUUUUU

Protein families: signaling and cellular prosoma ‘

0 1 2 3 4 5 6 7

11 TtMYBI1 interacting-protein analysis. A Protein-protein interacting analysis. B KEGG pathways of the TtMYB1 potential interacting proteins
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Fig. 12 TtMYB1 interacts with TtHHOS5 in N. benthamiana cells as measured by bimolecular fluorescence complementation (BiFC) assays. TtMYB1
was fused to the N-terminal fragment of yellow fluorescent protein (TtMYB1-nYFP), and TtHHOS5 was fused to the C-terminal fragment of YFP
(TtHHOS5-cYFP). Co-localization of reconstituted YFP and nuclei was identified by 4',6-diamidino-2-phenylindole (DAPI) staining. Scale bars, 25 um

of the salt tolerance gene MdNHX1 in apples, improving
the salt tolerance of transgenic plants [17]. Here, the rela-
tive expression level of the TtMYBIgene was the highest
in the roots of “Y1805” under salt stress, stems were the
next highest, and then leaves (Fig. 1A). The root system
was directly and seriously damaged under salt stress. The
TtMYBI expression level in the roots was significantly
higher than that in the control under salt stress. How-
ever, it dropped rapidly to the control level after recovery
(Fig. 1B). Therefore, TtMYBI1 was expressed highly and
sensitively in the roots to adapt to salt stress.

Interacting proteins of TtMYB1

The MYB protein family is a large, functionally diverse
family that is widely involved in plant biotic and abi-
otic stress responses [10]. It is related to various bio-
logical processes, such as the responses to adversity
stress such as salt stress, drought, and low tempera-
ture [35-37]. In GO analysis, MYB genes that are dif-
ferentially expressed in rice were found to be involved
in the regulation of plant biological processes, such as
responses to abiotic stress, endogenous stimuli, envi-
ronmental stimuli, and regulation of two-component

signal transduction systems [38, 39]. Arabidopsis MYBs
are related to “lipid and energy metabolism’, “osmo-
protection’, “terpenoid and flavonoid metabolism’, and
“signal transduction” [40]. In this experiment, TtMYB1
interacting proteins are enriched in “genetic informa-

tion processing’, “environmental information process-
” o«

ing”, “carbohydrate metabolism’, “signaling and cellular
process’, and “energy metabolism” pathways, which is
consistent with previous results [38, 40, 41]. MYB7 par-
ticipates in salt stress during seed germination through
the negative regulation of the bZIP TF ABI5 [42]. In
addition to flavonoid biosynthesis and ROS scaveng-
ing, overexpression of MYBI2 also upregulated the
expression of genes involved in ABA and proline bio-
synthesis, thus conferring plants with salt tolerance
[43]. This experiment found new proteins that inter-
acted with TtMYB1, such as the proteins related to
vitamin D receptor proteins (XM_020340878.3 and
XM_044495777.1). These proteins might contribute
to salt tolerance in Tritipyrum “Y1805” (Table S2). In
addition, PPI analysis showed that ribosomal pro-
teins were the main node, suggesting that they might
participate in the efficient reorganization of protein
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biosynthetic machinery [44], which could be attributed
to the salt tolerance of the TtMYBI gene.

The HHO TF family is a new subfamily of the G2-like
family in the GARP superfamily [45]. MYB4 had a strong
regulatory influence on HHO5 under salt stress in wheat
[46]. Expression of HHOS increases in the first 6-12 h of
salt stress in Arabidopsis, and it is most highly expressed
in vegetative tissues, predominantly roots [47]. Here,
TtMYB1 and TaHHO5 showed an interaction by the Y2H
and BiFC assays. It was speculated that TtMYB1 might
have a regulatory effect on TtHHOS5 in enhancing salt
tolerance of the overexpression lines.

Effect of TtMYB1 gene on salt tolerance of transgenic
wheat

The expression of some MYB genes is induced or
inhibited by abiotic stress, which can increase the salt
tolerance of transgenic plants [48, 49]. Similarly, our tran-
scriptome results indicated that salinity stress could rap-
idly improve TtMYBI gene expression, suggesting that
TtMYB1 might play a critical role in the salinity stress
response. Therefore, we transformed TtMYBI into com-
mon wheat “1718” to analyze its tolerance to salt stress.
Our finding suggested that the TtMYBI overexpression
lines had less leaf withering and longer roots compared
to the WT plants (Figs. 7 and 8). TtMYBI was similar to
Tel2E01G633100 according to their cDNA sequences,
so it was speculated that they could have a similarity
in function. Tel2E01G633100 was assigned to the gib-
berellic acid mediated signaling pathway (GO:0009740)
and gibberellin biosynthetic process (GO:0009686)
by GO analysis. Gibberellin can promote the elonga-
tion and growth of roots for better water uptake under
salt stress, which might be part of the reason for longer
roots in “Y1805” When plants are subjected to drought
and salinity stresses, some physiological indices can
react quickly to enable these plants to survive under
extreme environmental conditions [48, 50]. Under high
salt stress conditions, the ROS and MDA content in the
transgenic FtMYBI13 plants decreased, whereas proline
content and photosynthetic efficiency increased, which
improved their salt tolerance [31]. Physiological indices
related to osmotic stress caused by drought and salinity
can be used as a fast and accurate method for assessing
plant resistance to abiotic stress [50—52]. Abiotic stress
has been reported to cause lipid peroxidation, leading
to MDA accumulation [50, 53]. Here, the MDA content
was higher in WT plants than in TtMYBI overexpres-
sion lines (Fig. 9C), which indicated that salt stress dam-
aged WT plants more than the overexpression lines.
Therefore, the TtMYBI gene might contribute to the
cell membrane integrity of plants in response to salinity
stress. In response to salt stress, proline and soluble sugar
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participate in osmotic regulation and maintain the struc-
tural stability of cells [54]. In this study, the overexpres-
sion lines accumulated more proline and soluble sugar
compared with the WT plants under salt stress (Fig. 9A,
B), which reduced the water potential of root cells,
increased the water absorption and retention capac-
ity of roots, and finally improved their salt tolerance.
Therefore, our results demonstrate that salt tolerance of
the TtMYBI overexpression lines was partially related to
higher proline and soluble sugar content, and lower levels
of MDA.

Conclusion

A novel TtMYBI gene was selected from salt-tolerant
Tritipyrum “Y1805” based on transcriptome data. The
TtMYBI gene had a coding sequence length of 783 bp
and had 95.79% identity to Tel2E01G633100 from Th.
elongatum. A phylogenetic tree showed that TtMYB1
and MYB from Th. elongatum were clustered on the same
branch. The TtMYBI gene was significantly upregulated
in “Y1805” roots to adapt to salt stress. The TtMYBI gene
was located in the nucleus. Subsequently, the TtMYB1
overexpression vector was transformed into common
wheat. Under NaCl stress, the leaves of the TtMYBI
overexpression lines showed less wilting, and greater root
length and seedling height than those of WT plants. In
addition, compared to W'T plants under salt stress, the
overexpression lines had significantly higher proline and
soluble sugar content, but lower MDA content. Over-
all, 51 proteins interacting with TtMYB1 were identi-
fied by Y2H. Through PPI analysis, most of the proteins
were SANT and Wd repeats region domain-containing
proteins, and ribosomal proteins were the main node.
Abiotic stress-related terms were enriched in GO analy-
sis. KEGG analysis indicated that “genetic information
processing’, “signaling and cell precursors’, “carbohy-
drate metabolism’, and “environmental information pro-
cessing” pathways were the most enriched. Thus, the
overexpression of the TtMYBI gene could enhance salt
tolerance in wheat and might be a valuable gene for
improving crop salt tolerance.

Materials and methods

Plant materials

The materials are salt-tolerant octoploid Tritipyrum
(“Y1805”, AABBDDEE) and salt-sensitive common wheat
(AABBDD) “CS’;, and “1718” Tritipyrum “Y1805” is a
stable progeny from a wide cross between Triticum aes-
tivum and Th. elongatum. “Y1805” contains A, B, and
D chromosomes of wheat, as well as a group of E chro-
mosomes of Th. Elongatum [55]. “Y1805” is deposited
in Guizhou Subcenter of National Wheat Improvement
Center (Guiyang, China). TtMYBI was transformed into
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salt-sensitive common wheat “1718” for salt-tolerant
identification.

Plant growth conditions and stress treatments

The seeds of Tritipyrum “Y1805” and wheat “CS” were
germinated in a growth chamber (relative humidity of
75% and a temperature of 20/15°C, light/dark). The seed-
lings were sown on a floater board in 1/2 Hoagland’s solu-
tion with a 16/8 h light/dark cycle, an irradiance of 400
umol m™%s~!, and the same temperature and humidity
as in the germination chamber. The culture solution was
refreshed every 3 days. At the two-leaf stage (the 14th day
after germination), salt stress treatments (1/2 Hoagland’s
solution added with 250 mM NaCl) were started. The
first wheat roots, stems, and leaves of uniform size were
selected at 5 h after salt stress according to the prelimi-
nary experiments. The materials were recovered in 1/2
Hoagland’s solution without NaCl after 24 h of salt stress.
The second samplings were performed at 1 h after recov-
ery. Normal (1/2 Hoagland’s solution without NaCl)
cultured materials were used as the controls. All tissue
samples were immediately frozen in liquid nitrogen after
sampling and stored at —80 °C for qPCR analysis and
gene cloning. The experiment was conducted with three
biological replications, and each replication contained at
least 10 seedlings.

Screening of differentially expressed genes (DEGs)
Previous RNA-seq raw reads were deposited into the
NCBI SRA database under accession no. PRINA769794.
The DEG screening was based on a method described
previously [55]. The DEGs potentially regulated by the
treatments were identified based on a false discovery rate
(FDR) threshold of <0.01, p<0.001, and absolute log,fold
change value (|log,FC|)>1 of the three salt-treated
and three salt-free samples using DESeq software [56].
The Phyper function in the R package was used for the
enrichment analysis of GO categories.

Expression pattern analysis by qPCR

Total RNA from the tissues of roots, stems, and leaves
was reverse-transcribed using Power SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA).
Amplification by qPCR was performed on an ABI Ste-
pOne Real-Time PCR System. The relative expression
levels were calculated using the 2722 € method, with
three biological replications and three technical replica-
tions [57], and 18 S RNA was used as the internal control.

RNA reverse transcription, TtMYB1 amplification

and plasmid construction

RNA was reverse-transcribed into cDNA using a Pri-
meScript RT kit (Takara, Dalian, China). The full-length
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coding sequence of TtMYBI was amplified from the
c¢DNA of “Y1805” using primers containing a Bsal restric-
tion site at the 5' and 3’ ends of the amplified fragment.
The amplification primers are listed in Table S3. The
pEGOEPubi-H-TtMYBI1-GFP vector was constructed
using T4-DNA ligase (Takara) following the manufac-
turer’s protocol. This vector has been modified to con-
tain the GFP gene. The inserted sequence was driven by a
corn UBI promoter.

Bioinformatics analysis of the TtMYB1 gene

Multiple alignment of TtMYBI sequences was performed
using DNAMAN with the complete alignment method.
Displaying complete base sequence and coloring 100%
of homologous bases were selected as the parameters.
Online tools Expasy for hydropathy prediction, and Net-
Phos 2.0 and CPHmodels 3.2 for phosphorylation site
analysis were adopted. The homologous sequences of
the MYB protein were retrieved by a BLAST search in
the NCBI database (accession numbers in Table S4). A
phylogenetic tree was constructed using MEGA 7 (Mega
Limited, Auckland, New Zealand) with the maximum-
likelihood method and 1000 bootstraps.

Homology modeling of the TtMYB1 protein was per-
formed using MODELLER 9.22 [58]. The X-ray crys-
tal structure of a putative MYB protein At2g46140.1
(PDB ID: brp8) was utilized as a template for this proce-
dure. SAVES was used to analyze the predicted model.
GROMACS software was used to calculate the RMSD
and potential energy value of the model protein [59].
Ramachandran plots were analyzed using the Rampage
server [60].

Subcellular localization of TtMYB1

The construct containing TtMYB1 was transiently trans-
formed into mesophyll cells prepared from the leaves of
4-week-old tobacco with a polyethylene glycol-mediated
protocol. The transformed mesophyll cells were incu-
bated for 72 h at 22 °C in the dark. GFP fluorescence was
observed in transformed tobacco mesophyll cells using a
confocal laser-scanning microscope (FV1000, Olympus,
Tokyo, Japan).

Transformation and detection of TtMYB1

TtMYBI was transformed into common wheat “1718”
according to the wheat coleoptile method [61]. For the
selection of transformants, seedlings of T transgenic
wheat containing the GFP reporter gene were detected
using a LUYOR-3415RG hand-held lamp (LUYOR Cor-
poration, Shanghai, China), and planted in a field. Their
leaves were sampled at the seedling stage for further
PCR identification of transgenic plants. Putative trans-
formants were tested by multiplex PCR amplification of
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genomic DNA using the specific primers for the UBI pro-
moter and GFP gene, and the primers for the 18 S house-
keeping gene (Table S3). PCR products were separated
on 1% (w/v) agarose gel.

Phenotype and physiological determination of transgenic

wheat

Homozygous T, transgenic wheat lines were selected for
the assays of growth (root length and seedling height)
and physiological analysis. Samples were collected at 0 h
(control), 5 h (T1 stage), and 24 h (T2 stage) after salt
stress, and at 1 h (R stage) after recovery. The assay kits
were applied for measuring proline content (Cas no.:
BC0295, Solarbio, Beijing, China), soluble sugar (Cas no.
BCO0035, Solarbio), and MDA (Cas no.: BC0025, Solar-
bio) in accordance with the manufacturer’s instructions.
Three biological replications were performed, and each
replication contained at least 10 seedlings for the pheno-
type and physiological determination in this experiment.

Y2H screen of TtMYB1 interacting proteins

The ¢DNA library was constructed and identified
according to Yang’s method [61]. The full-length coding
sequence of TtMYBI1 was inserted into the bait vector
pGBKT7 (Takara). The recombinant construct was intro-
duced into the yeast strain Y2HGold using the polyeth-
ylene glycol/LiAc method and tested for autoactivation
and toxicity. SD-LW and SD-ALWH plates (Coolaber,
Beijing, China) were used to screen monoclonal colonies
(>2 mm), and selected colonies were placed in SD-LW
liquid medium with shaking during the logarithmic
growth phase (29 °C, 200 rpm, 20 h) and then plated on
SD-ALWH medium. Positive clones were selected on
SD-LW and SD-ALWH (Coolaber) media. The sequenc-
ing results of positive clones were analyzed via BLAST.

Switch back prey plasmid and confirmation of positive
interactions in yeast

The selected positive clones were extracted using a yeast
plasmid extraction kit (Solarbio) and then transformed
into E. coli DH5a (Collaborative Innovation Center for
the Prevention and Control of Infectious Diseases in the
Western Region, Xi’an, China). After culturing, the plas-
mid was extracted with a plasmid extraction kit (Tiangen,
Beijing, China), and the plasmid and pGBKT7-TtMYB1
were co-transformed into yeast Y2HGold cells. The posi-
tive cells were screened by coating SD-LW, SD-ALWH,
and SD-ALWH/(x-a-gal) auxotrophic plates. GO and
KEGG enrichment analyses and PPI analysis were per-
formed for these interacting proteins [62—64].
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BiFC assays

The BiFC assays were conducted as previously described
[65]. The full-length ¢cDNAs of TtMYBI and TtHHOS5
were cloned into the vectors of pUC-SPYNE (N terminus
of YFP) and pUC-SPYCE (C terminus of YFP) to obtain
TtMYB1-nYFP and TtHHO5-cYFP, and then transformed
into Agrobacterium (line GV3101). Two vector combina-
tions were co-transformed into 2-4-week-old N. bentha-
miana leaves. At 72 h after incubation, YFP signals were
imaged by confocal laser microscopy (FV1000, Olym-
pus). Nuclei were stained with DAPI (Sigma-Aldrich, St.
Louis, USA). Three biological repeats were included for
this experiment.

Statistical analyses

Statistical software (SPSS 20.00, IBM Inc., Armonk, NY,
USA) and graphics software (Origin 2017, OriginLab
Inc., Northampton, MA, USA) were used for the data
analysis and figure construction, respectively. Duncan’s
multiple range test was performed to determine signifi-
cant differences between means at a significance level
of p<0.05 after displaying a significant effect during an
ANOVA analysis.
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