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Identification and analysis of the
MYB transcription factors against
seawater tolerance in daylily
(Hemerocallis fulva L.)

Wenjun Wu'?, Xiran Zhang?, Liwei Zhang?, Gaopeng Wang'** & Xiang Liu***

The MYB transcription factor family, one of the largest in plants, plays a crucial role in responding

to abiotic stress responses. Daylily (Hemerocallis fulva L.) is a salt-tolerant plant ideal for coastal
landscaping. In this study, we identified 33 MYB transcription factors from the ‘Autumn Red’ daylily
roots under seawater stress, a discovery reported here for the first time. Chromosome mapping
revealed an uneven distribution of these genes, with numerous segmental and tandem repeats.
Phylogenetic analysis with Arabidopsis and rice MYBs classified the daylily MYBs into six subfamilies,
which were further divided into five subclasses based on conserved domains. Expression profiling
across different seawater treatment periods revealed distinct H, L, and M expression patterns. Through
an integrated analysis of phylogeny, motif structure, and expression profiles, we identified HfMYB10
as a key candidate. Heterologous expression of HfMYB10 in Arabidopsis yielded homozygous
transgenic linesexhibiting significantly enhanced seawater tolerance. Our findings clarify the role of
daylily MYB transcription factors in seawater tolerance and offer valuable insights for breeding salt-
resistant varieties.
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Soil salinization has become a global problem in agriculture, leading to adverse consequences such as growth
retardation, a decreased germination rate, and the inhibition of plant organ growth (Ahmad et al., 2013). In
China, the total area of saline-alkali farmland and salt-affected farmland exceeds 1.5 billion acres, posing a
significant scientific challenge for how to utilize and develop these lands. MYB transcription factors constitute
one of the largest known transcription factor families in plants and play important roles in regulating various
biological processes related to plant growth, development, and response to biotic and abiotic stresses (Li et
al., 2015). The MYB transcription factor is named for its highly conserved DNA-binding domain at the
N-terminus, which consists of 1-3 incomplete repeats of the R structure (R1, R2, and R3). The R structure
generally comprises 52 conserved amino acid residues (Ambawat et al., 2013). Based on the number and species
of incomplete repeats in the domain, MYB proteins can be divided into four subgroups: 1R-, R2R3-(2R-), 3R-,
and 4R-MYB (Feller et al., 2011, Dubos et al., 2010; Katiyar et al., 2012). And the R2R3-type MYB transcription
factors possess a characteristic conserved tryptophan motif pattern(-W-(X19)-W-(X19)-W...F/I(X18)-W-
(X18)-W-) (Dubos et al., 2010; Katiyar et al., 2012; Zhang et al., 2019). Among these subclasses, R2ZR3-MYB
is the most abundant and extensively studied in various plants, except the daylily. James (1998) speculated that
it may have evolved from the loss of R1 in the 3R-MYB gene, whereas Jiang (2004) suggested that it may have
evolved from the duplication of R1 in the 1IR-MYB gene. Numerous studies have demonstrated the key roles of
MYB transcription factors in plant abiotic stress responses, particularly in salt stress pathways, such as those in
Skullcap (Wu 2012), Arabidopsis (Borevitz et al., 2000), Tartary buckwheat (Zhao et al., 2012), Apocynum (Ren
etal,, 2021), Blumea balsamifera (Guan et al., 2020), Poplar (Li et al., 2017), and Tulipa edulis (Zhang et al., 2021).
Research has shown that in model plants Arabidopsis and rice, multiple MYB transcription factors—including
AtMYB20, AtMYB74, AtMYB112, AtMYB12/PAP1, AtMYBS2, AtMYB44, AtMYB7, and rice OsMYB (LOC_
0s08g33150, LOC_0s09g01960)—play key roles in plant salt stress response by regulating the ABA signaling
pathway, suppressing PP2C phosphatase expression, enhancing ROS scavenging capacity, or improving broad-
spectrum stress tolerance (Cui et al., 2013; Xu et al., 2015; Wang et al., 2015, 2016; Jung et al., 2008). These genes
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collectively form a complex regulatory network, providing important insights into the mechanisms of plant salt
tolerance. Although MYB transcription factors have been studied in these plants, their presence in daylily has
not been reported.

Daylily, a perennial herb of the Asphodelaceae family, has been cultivated for ornamental purposes for
more than 3000 years because of its diverse range of flowers and strong adaptability. In recent years, it has
gained popularity as a major choice for urban greening because of its resilience. The daylily exhibited a strongly
salt-tolerant phenotype under high salt concentration stress, making it suitable for coastal greening projects.
Qiu et al. (2008) conducted salt stress treatments on four different daylily varieties and reported that although
phenotypic variations occurred, all the varieties presented a certain level of tolerance to stress. Jing et al. (2010)
investigated the salt tolerance of eight garden plants and identified the daylily as a species that displays strong
resistance to soil salinity.

This study on the MYB family indaylily comprehensively analyzed protein classification, collinearity, physical
and chemical properties, conserved domains, evolutionary patterns, expression patterns, and transgenic
Arabidopsis. These findings provide important insights into identifying MYB genes related to seawater tolerance
and enhancing stress resistance in daylily, thereby contributing to its commercial value as an ornamental
and ecological plant. Overall, this study lays a foundation for future research on the molecular mechanisms
underlying plant salt tolerance and adaptation to adverse environments.

Materials and methods

Plant materials and treatment

The experimental material used in this study was the daylily variety ‘Autumn Red, which was obtained from
the National Daylily Germplasm Bank at the Shanghai Institute of Technology, Shanghai, People’s Republic of
China. The Autumn Red’ cultivar of Hemerocallis fulva is known for its late-blooming habit, with sunset-red
flowers appearing during the autumn season. It is highly stress tolerant and is commonly used as an ornamental
plant for coastal greening. Seawater was collected from the Fengxian coast of Shanghai (121.54° E, 30.82° N).
One-year-old Autumn Red’ seedlings were treated with seawater for different durations: 3 h, 6 h, 12 h, 24 h, and
72 h, each in triplicate. Young roots were collected for total RNA extraction and subsequent RNA sequencing
analysis (Fig. 1).
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Fig. 1. Plant material and treatment. One-year-old Hemerocallis seedlingsnamed ‘Autumn Red” were subjected

to seawater treatment for 3h, 6h, 12h, 24 h or 72h. Total RNA was extracted and sent for RNA sequencing. The
HfMYB sequences were then extracted and identified for analysis. Gene construction and overexpression were
performed in Arabidopsis. The transgenic Arabidopsis plants were treated with seawater and photographed.
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Identification of MYB transcription factors in Daylily, Arabidopsis, and rice

To identify MYB transcription factors in the daylily cultivar ‘Autumn Red, a multi-step homology-based
screening strategy was employed. Initially, BLASTP searches were conducted against the predicted proteome
of the ‘Autumn Red’ root transcriptome, using known MYB protein sequences from Arabidopsis thaliana and
Oryza sativa as queries. Candidate MYB sequences were subsequently mapped to the daylily reference genome
via BLASTN to verify unique and continuous genomic loci, thereby excluding redundant or fragmented
sequences. The coding sequences (CDS) were annotated, and the deduced amino acid sequences for all 33 MYB
proteins are provided within the corresponding GenBank records. Protein domain annotation was performed
using InterProScan with the Pfam database, and only sequences containing the conserved MYB DNA-binding
domain were retained for further analysis. For comparative purposes, full-length MYB protein sequences from
Arabidopsis and rice were retrieved from the Peking University Transcription Factor Database (PlantTFDB,
http://planttfdb.cbi.pku.edu.cn).

Chromosomal distribution and synteny analysis of daylily mybs

The locations of daylily MYBs on chromosomes were determinedbased ondaylily (variety ‘Golder Doll’) genome
annotation files (unpublished). The genome files of Arabidopsis and rice were obtained from Ensembl Plants
(https://plants.ensembl.org/index.html). Synteny analysis amongdaylily, Arabidopsis, and rice was performed
via MCScanX and TBtools-II (Chen et al., 2020).

Analysis of daylily MYB structures

The exon-intron structures and conserved protein motifs ofdaylily MYBs were analyzed via the BioSequence
Structure Illustrator program in TBtools software (Chen et al., 2020). The conserved domains of the MYB family
members in daylily were analyzed via InterPro (Pfam database model, https://www.ebi.ac.uk/interpro/entry/pf
am).The maximum number of conserved domains was set to 10, while the other parameters were kept at their
default values.

Analysis of physicochemical properties

The full-length coding sequences (CDSs) of the daylily MYB genes were translated into protein sequences via
Primer Premier5 software. Redundant transcripts and repeated sequences were eliminated, and the physical
and chemical properties of the encoded proteins were analyzed via ProtParam online software available from
ExPASy (http://web.expasy.org/protparam). The analysis included the number of amino acids, molecular weight,
isoelectric point, number of aliphatic amino acids, and protein hydrophobicity.

Phylogenetic analysis of MYB genes

A phylogenetic tree was constructed via MEGA-X software to analyze152 MYB transcription factors from daylily,
Arabidopsis, and rice (Supplementary Table S1). The phylogenetic tree was constructed using the Maximum
Likelihood (ML) method.

An amino acid substitution model was employed for the analysis, with the Jones-Taylor-Thornton (JTT)
model selected (Jones et al., 1992). To eliminate redundant and distantly related MYB genes from the Arabidopsis
and rice databases, irrelevant genes were removed, and the remaining genes were grouped on the basis of their
distribution. The final phylogenetic tree was adjusted and improved via Photoshop software.

Cluster analysis of MYB gene expression patterns

One-year-old daylily seedlings were treated with seawater for different durations: 3 h, 6 h, 12 h, 24 h, and
72 h. Young roots were collected and subjected to RNA sequencing analysis conducted by Beijing Novogene
Biotechnology Company. Cluster analysis was performed to identify the expression patterns of the DEGs under
various experimental conditions. The obtained values were transformed into fragments per kilobase of transcript
per million mapped reads (FPKM) values, and differences between samples were calculated via the 2728
method. Each sample sequencing experiment was repeated three times. The cluster heatmap was generated and
rearranged via HeatMap Illustrator software in TBtools.

Construction and verification of transgenes

The open reading frame (ORF) of the selected MYB gene was amplified and cloned downstream of the
ubql0 promoter in the pCAMBIA1301 vector. The recombinant plasmid was subsequently introduced into
Agrobacterium tumefaciens GV3101, which was subsequently transformed into Arabidopsis (Ecotype Columbia)
via the floral dip method (Clough and Bent, 1998). After hygromycin resistance was screened on MS media, the
transgenic plants were verified via PCR. One week following seawater treatment, 4-week-old T2 generation
plants were photographed and recorded via a Canon EOS 5D Mark III camera to document any changes in plant
morphology or phenotype resulting from the transgene and seawater resistance traits.

Measurement of the net photosynthesis rate

Leaf net photosynthesis rate (Pn) measurements were conducted from 10:00 am to 11:00 am. Three plants were
selected, and the third mature leaf from the middle lateral branch was chosen. Measurements were taken via a
Li-6400 portable photosynthesis system (Li-COR Inc., USA) equipped with a standard Li-COR leaf chamber. A
red-blue light source (6400-02 LED source) was set at an intensity of 1400 pmol-m-2-s-1, and the air flow rate
was set at 500 pmol-s-1.2.

Scientific Reports |

(2026) 16:9812 | https://doi.org/10.1038/s41598-026-37856-6 nature portfolio


http://planttfdb.cbi.pku.edu.cn
https://plants.ensembl.org/index.html
https://www.ebi.ac.uk/interpro/entry/pfam).Th
https://www.ebi.ac.uk/interpro/entry/pfam).Th
http://web.expasy.org/protparam
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

aMb

\

200 Mb

100 Mb

400 Mb 300 Mb

500 Mb

Chr1

Results and discussion

Identification and chromosomal location of MYB genes in daylily

In this study, we identified a total of “° 33 full-length MYB gene sequences related to seawater stress from the
RNA sequencing data of daylily . These nucleotide sequences have been submitted to the GenBank database
(Submission ID: SUB15951211). (See Supplementary Table S1). We conducted chromosome localization analysis
for these %% 33 MYB genes on the basis of the genome data of another Hemerocallis variety, ‘Golden Doll,
in our laboratory (unpublished). The MYB genes were assigned names ranging from HfMYB-1 to HfMYB-33
on the basis of their chromosomal distribution. The chromosome-level genome assembly obtained in this
study comprises 12 chromosomes, uniformly designated in this paper as Chrl to Chr12. Our results revealed
an uneven distribution of these genes on 9 out of the 11 chromosomes (Fig. 2). Notably, chromosome 8 and
12 presented the greatest number of MYB genes, with ° 8 and !° 6 genes mapped to each chromosome,
respectively. In contrast, only one MYB gene was found on chromosome 4 and chromosome 6, respectively.
Following the structural classification scheme for the MYB gene family (Dubos et al.., 2010; Katiyar et al..,
2012; Zhang et al.., 2019; Niu, 2016), these?® 33 HIMYB proteins can be categorized into two different types:
1R-MYB and R2R3-MYB (Table 1). Among these, 5 sequences belong to the 1R-MYB transcription factor family,
accounting for approximately15.2% of the total. The length distribution of these sequences ranged from498 to
834 bp. Additionally 3° 28 sequences belong to the R2R3-MYB transcription factor family, representing
approximately 84.8% of the total sequences. We conducted a conserved motif analysis of the 28 identified
daylily R2R3-MYB proteins. The results showed that 24 of these proteins (85.7%) retain the typical conserved
tryptophan motif pattern (-W-(X19)-W-(X19)-W...F/I(X18)-W-(X18)-W-) within the classic DNA-binding
domain, which aligns closely with the reported characteristics of plant RZR3-MYB proteins (Dubos et al.., 2010;
Katiyar et al.., 2012; Zhang et al.., 2019). Meanwhile, the analysis revealed that four members exhibit amino
acid substitutions at one or more conserved tryptophan sites. Such variations may reflect functional divergence
or neofunctionalization events that occurred during the evolution of these genes, representing an important
direction for future investigation.

Collinearity analysis of MYB genes in the genomes of daylily, Arabidopsis, and rice

To gain insights into the evolutionary history of the MYB genes, we conducted a collinearity analysis on the MYB
genes in the daylily. Based on the analysis of duplication mechanisms among the 33 identified HHMYB genes, the
majority (30 genes) originated from whole-genome duplication (WGD) or segmental duplication. Additionally,
HfMYB25 arose from a proximal duplication event, while HIMYB-1 and HfMYB-32 were generated through
dispersed duplication event (Fig. 3, Supplementary Table S3). Furthermore, we performed a comparative
collinearity analysis between daylily and two other plant species, Arabidopsis and rice (Supplementary Figure
S1). Theresults revealed 5 HIMYB homologous protein genes on the second to fifth chromosomes of Arabidopsis,
whereas 21 HMYBs with corresponding paralogous genes were distributed across eleven chromosomes in rice
(Supplementary Figure S1 and Supplementary Table S4). These findings suggest a closer evolutionary relationship
between daylily and rice than between daylily and Arabidopsis.

Analysis of physicochemical properties of MYB proteins
The physical and chemical properties of MYB transcription factor family proteins related to seawater stress in
daylily were analyzed via ProtParam online software (Table 1). We investigated the characteristics of the HIMYB
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Fig. 2. Locations of HMYBs on daylily chromosomes. The 33 HfMYBs were unevenly distributed on 9
daylily chromosomes. The chromosomes are numbered Chr1 to Chrl2, and the genes are named HfMYB-1
to HIMYB-33 in the order that they are located on the chromosome, from top to bottom. The Chrl to Chrl2,
represents the 12 physical chromosomes of daylily (Hemerocallis fulva), with their sequences based on the
genome assembly results obtained in this study. The scale ranges from 0-500 Mb and is displayed on the left
side of the chromosomes.
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Gene ORE (bp) | AA | MW(kDa) PI | 1I ‘AI ‘GRAVY ‘MYB Type

HEMYB-1 | 684 227 2507 |4.99 | 47.75 | 58.50 ~0.63 IR
HIMYB-2 | 834 277 3101 | 857 |53.92 | 65.09 ~0.676 IR
HIMYB-3 | 846 281 3164 |851 | 60.13 | 70.14 ~0.730 R2R3
HfMYB-4 | 819 272 3135 |9.04 | 48.88 | 75.33 ~0.629 R2R3
HIMYB-5 | 834 277 3111|655 |554 |62.96 ~0.716 IR
HIMYB-6 | 774 257 2040 527 | 5642 | 73.58 ~0.753 R2R3
HfMYB-7 | 855 284 3237 |881 | 50.67 | 76.58 ~0.567 R2R3
HfMYB-8 | 858 285 3071 |8.67 |54.07 | 64.32 ~0.662 IR
HIMYB-9 | 1095 364 4077 |751 | 5571 | 63.52 ~0.718 R2R3
HEMYB-10 | 891 296 3312 |5.16 | 60.08 | 62.91 ~0.942 R2R3
HEMYB-11 | 912 303 33.68 |6.12 | 54.42 | 68.84 ~0.591 R2R3
HEMYB-12 | 1047 348 38.36 | 639 | 4571 | 84.14 ~0.509 R2R3
HfMYB-13 | 873 290 32.48 | 5.57 51.57 | 78.76 —0.497 R2R3
HMYB-14 | 819 272 3157 | 664 |57.31 | 53.46 ~1.070 R2R3
HIMYB-15 | 771 256 2874 |8.03 | 49.88 | 67.11 ~0.785 R2R3
HfMYB-16 | 714 237 26.70 | 6.01 62.03 | 61.39 -0.769 R2R3
HfMYB-17 | 954 317 3554 |6.08 | 50.98 | 72.62 ~0.499 R2R3
HEMYB-18 | 795 264 3095 | 6.67 | 64.38 | 61.67 ~0.912 R2R3
HEMYB-19 | 792 263 2049 |840 |53.80 | 71.56 ~0.746 R2R3
HEMYB-20 | 732 243 27.11 |933 | 5206 | 73.05 ~0.604 R2R3
HEMYB-21 | 498 165 1874 | 698 | 45.09 | 61.52 ~0.906 IR
HIMYB-22 | 729 242 2634 |929 |58.07 | 77.02 ~0.407 R2R3
HfMYB-23 | 897 298 3347 | 567 | 60.22 | 71.68 ~0.686 R2R3
HEMYB-24 | 822 273 30.57 |558 | 50.10 | 70.70 ~0.629 R2R3
HEMYB-25 | 993 330 37.03 |6.66 | 64.71 | 69.24 ~0.717 R2R3
HEMYB-26 | 966 321 36.08 | 5.85 |50.01 | 69.88 ~0.666 R2R3
HMYB-27 | 690 229 2571 619 | 5569 | 71.62 ~0.586 R2R3
HIMYB-28 | 816 271 30.64 |5.75 | 53.87 | 65.83 ~0.718 R2R3
HfMYB-29 | 867 288 32.36 | 8.61 54.52 | 77.19 -0.586 R2R3
HMYB-30 | 774 257 2846 | 872 | 60.46 | 66.81 ~0.524 R2R3
HEMYB-31 | 732 243 27.00 | 873 | 5525 | 76.30 ~0.514 R2R3
HfMYB-32 | 921 306 34.49 | 6.17 47,96 | 64.12 -0.728 R2R3
HIMYB-33 | 786 261 30.67 | 847 | 61.10 | 57.51 ~1.068 R2R3

Table 1. Physicochemical Properties of Proteins from the MYB Transcription Factor Gene Family Related to
Salt Stress in the Daylily. Abbreviations: AA (Amino acids), MW (Molecular weight), PI (Isoelectric point), II
(Instability index), AI (Aliphatic index), GRAVY (Grand Average of Hydropathy).

genes, including their complete open reading frames (ORFs), number of amino acids (AAs), molecular weight
(MW), and isoelectric point (pl), for the ° 33HfMYBse 1 f 2 fo

The ORFs ranged in length from498 to 1095 bp, encoding proteins consisting 0of165 to 364 amino acids. The
smallest molecular weight was observed for HIMYB-21 at 18.74 kDa, whereas the highest molecular weight was
found for HIMYB-9 at 40.77 kDa. The isoelectric point (pI) ranged from 4.99 (HfMYB-1) to 10.29 (HfMYB-18),
indicating that most HEIMYB proteins are basic in nature. The instability index varied from 45.09 HIMYB-21 to
64.71 (HEMYB-25), suggesting a mix of both stable and unstable proteins within the HMYB family. The HIMYB
family members exhibit a wide range of aliphatic index (AI) values (53.46-84.14), suggesting diverse biological
characteristics in terms of structural stability and environmental adaptability. Furthermore, all HIMYB proteins
exhibited hydrophobic characteristics, as indicated by their grand average hydropathicity (GRAVY >0). These
findings suggest that the MYB transcription factor family associated with salt stress consists of hydrophilic
proteins with high thermal stability. Table. 1

MYB evolutionary analysis and functional insights
A total ofl52 MYB genes from daylily, Arabidopsis, and rice were analyzed, and a phylogenetic tree was
constructed via MEGA-X (see Fig. 4). The six clades (I-VI) are differentiated by different colors. Our analysis
revealed that HIMYB genes were unevenly distributed across the six clades, with clades I and VI being the most
common, accounting for 33.3% and 27.3%, respectively. Notably, clade VI was composed solely of all IR-MYB
genes. Clades II, III, and IV exclusively contained R2R3-MYB genes.

To better understand the evolutionary relationships among MYB genes, we conducted a comprehensive
review of the literature on the role of plant MYB genes in salt stress resistance (Table 2). We systematically
compared and analyzed these MYB genes from the model plants Arabidopsis and rice with HIMYB to gain
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Fig. 3. Collinearity relationships between the genomes of daylily, Arabidopsis, and rice.Thirty three genes

were distributed on chromosomes, and many fragments and tandem repeats were present. The three

circles represent twelve chromosomes, and the red circles depict gene density in a heatmap form, while the
red-blue-white circles represent gene density in a linear form. The cyan line in the middle indicates collinearity
within the genome.

insights into their functional roles in abiotic stress responses and their evolutionary history. Our analysis revealed
that ' 15 HfMYB genes were homologous to both rice and Arabidopsis genes involved in abiotic stress-
related pathways, with their involvement in salt stress physiological functions documented in the literature (refer
to Fig. 4; Table 2). Among the '©15 daylily genes !! 13 belonged to the R2R3-MYB type, representing
the majority at86.7%.These findings highlight the critical role of MYB genes in the exceptional salt tolerance of
daylily, a horticultural plant.

Analysis of the structure and conserved domains of MYB genes

MYB proteins often contain potential activation sites and target binding sites for specific locations. Conserved
motifs, in addition to the conserved MYB-binding domain, have been identified in the MYB proteins of
Arabidopsis, rice, and maize. These specific conserved motifs found in daylily MYB genes belong to different
subfamilies, which contributes to functional differentiation among MYB genes within each subfamily. In this
study, we analyzed the conserved motifs of 33 HIMYB protein sequences via BioSequence Structure
lustrator, resulting in the identification of 6 motifs (refer to Fig. 5). Based on the characteristics of these
conserved motifs, all HIMYB genes were classified into five subfamilies: A, B, C, D, and E (see Fig. 5). Most
MYB gene structures exhibited high conservation (as shown in Fig. 5).  The number of conserved motifs
varied among different subfamilies and generally ranged from 1 to 5. These motifs were located primarily in
the N-terminal region of the protein sequence, although some were also distributed in the middle or near the
C-terminus. Interestingly, most conserved motifs were shared across different subfamilies. For example, motifs
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MYB genes related to salt stress
Clade | MYB type | Daylily MYB reported. Source Function Literature
It improves plant salt tolerance during salt stress (Cuiet al
0s08g0428200 (LOC_Os08g33150) | Rice response by negatively regulating the expression of 2013) "
HfMYB-13 ABI1 and PP2CA promoters.
MYB20 (AT1G66230) Arabidopsis AtMYB20 gnhances plant salt tolerance by reducing
the expression of PP2Cs.
I R2R3- HEMYB-10 MYBI12/PAP1 (AT2G47460) Arabidopsis Overexpression of MYB12/PAP1 improves the salt (Wang et
MYB tolerance and drought resistance of crops. al., 2016)
(Garcia et
Overexpression of this gene enhances the resistance %ﬁg?&
HfMYB-20, HfMYB-31 | MYB7 (AT2G16720) Arabidopsis | of Arabidopsis to dehydration, high temperature, al. 2013
and high salinity. iy ’
Kim et al.,
2015)
. .| It contributes to salt tolerance indirectly by (Xu et al.,
1I R2R3-MYB | HIMYB-17 MYB74 (AT4G05100) Arabidopsis participating in the ABA signaling pathway. 2015)
HfMYB-16 ... | Exogenous ABA hypersensitivity improved the (Ding et
I R2ZR3-MYB | 1yevy-27 LGRS ) Arabidopsis tolerance of plants to drought and salt stress. al., 2009)
It participates in abiotic stress response by
promoting the expression of genes involved in (Lotkowska
v R2R3-MYB | HIMYB-23, HIMYB-29 | MYB112 (AT1G48000) Arabidopsis | scavenging reactive oxygen species (ROS) and et al,, 2015)
promoting anthocyanin accumulation under salt, v
cold, and drought stress.
. Sensitive to abscisic acid (ABA) and salt but tolerant | (Shi et al,,
0s03g0720800 (LOC_0Os03g51110) | Rice o drought. 2018)
HfMYB-14 Overexpression lines showed drought tolerance and (Park et al
AtMYB52 (AT1G17950) Arabidopsis | increased sensitivity to ABA, but their seedlings were 2011) ”
salt-sensitive.
It indirectly enhances salt tolerance by suppressing (Song et al
0s09g0106700 (LOC_0s09g01960) | Rice protein phosphatase 2 C expression in response to 201 6g ”
VI HfMYB-11, HIMYB-22, ABA. )
RIRS. HfMYB-30 — —
MY AtMYBA4/AMYBRI (AT5G67300) | Arabidopsis Arqhzdapst; overexpre§51(>ln improves salt stress (Jung et al.,
R resistance in transgenic plants. 2008)
MYB DIV2 (AT5G04760) Arabidopsis SAt?e?ssignal transduction negatively regulates salt (zl:)airs etal,
HfMYB-8, HfMYB-21 n - 1 ol 1 w
L n important regulator of salt stress tolerance ang et
MYBS2 (AT5G08520) Arabidopsis mediated by ABA. al,, 2015)

Table 2. Function statistics of the MYB transcription factor.

1, 2, and 3 were present in subfamilies A, B, C, and D, whereas motif 4 was present in subfamilies A, B, and C.
Motifs 1 was highly frequent in each subfamily. However, subfamily E presented relatively low conservation,
withless motifs.

To investigate the structural characteristics of HIMYBs in daylily, we also analyzed their exon-intron
organization via the genomic data of daylily ‘Golden Doll’ (Fig. 6). While domain prediction is known to be
conservative, closer examination via genomic analysis of exons and introns revealed notable differences. Our
findings indicate that most HIMYBs consist of two to three (as shown in Fig. 6). The conservation of gene
structural domains is much greater than that of the genomic sequence, which may be one of the evolutionary
reasons for maintaining the conservation of gene function.

Analysis of the expression patterns of HfMYB genes underseawater stress at different time
points

In our study, we conducted a seawater tolerance experiment on daylily seedlings and analyzed the expression
patterns of HIMYB genes. This analysis provided insights into the potential role of these genes in conferring
resistance to saline conditions and identified specific genes that may warrant further investigation. We
categorized the *° 33 daylilytranscripts into three groups (H, L, and M) on the basis of the expression levels of
MYB transcription factors during different stages of salt stress (refer to Fig. 7 and Supplementary Table S5). The
HfMYBs grouped in clade H presented consistently high expression levels, whereas those in clade M presented
fluctuating expression levels at various stages of seawater treatment. In contrast, clade L presented a low overall
expression trend. Our observations of the expression patterns of MYB genes in daylily under seawater stress
shed light on how these genes respond to salt tolerance. 5),

We selected the HEIMYB10 gene for further investigation as a candidate primarily based on its evolutionary
conservation and temporal complexity in expression patterns. Phylogenetic analysis revealed that HMYB10
clusters within the same clade as Arabidopsis AtMYB12/PAP1, a known transcription factor involved in salt
stress response, indicating a high degree of evolutionary homology between them (Wang et al.,, 2016). This
suggests that HIMYB10 may play a similar regulatory role in daylily under salt or seawater stress. Moreover, this
gene exhibits a distinct stage-specific expression dynamic during seawater stress: down-regulated in the early
stage (3 h, 6 h), significantly up-regulated in the mid-stage (12 h, 24 h), and down-regulated again in the late
stage (72 h), forming a “low-high-low” temporal expression pattern (Fig. 7 and Supplementary Table S5). Such a
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Fig. 4. Phylogenetic tree of MYBs from daylily and other plants. The protein sequences of152 MYBs from
daylily, rice, and Arabidopsis were aligned via ClustalW, and a phylogenetic tree was constructed via MEGA-X
via theMaximum Likelihood (ML) method. The classified clades I, IL, IIL, IV, V and VI are marked. Both rice
and Arabidopsis MYBs were named according to the Plant Transcription Factor Database (http://planttfdb.cbi
.pku.edu.cn/), and thedaylily MYBs were named on the basis of their chromosome locations (refer to Figure 2
and Supplementary Table S2). To distinguish between the MYBs of each species, those from daylily, rice, and
Arabidopsis were prefixed with Hf, Os, and At, respectively.

complex and dynamic expression profile implies that HIMYB10 may assume differentiated regulatory functions
at various stress phases, thus warranting in-depth functional validation through experimental approaches.

Verification of seawater stress resistance in Transgenic Arabidopsis

Based on the analysis of expression patterns and references (Wang et al., 2016), we identified HIMYBI10 as a
promising candidate gene for functional verification. To verify its function, we amplified an 891 bp fragment
of HIMYBI10 and cloned it downstream of the ubql0 promoter in the pCAMBIA1301 vector. This resulted in
the creation of the pPCAMBIA1301-ubq10:HfMYB10 construct (Fig. 8-A). Using this construct, we successfully
generated 20 independent transgenic Arabidopsis plants (Fig. 8). To investigate the role of HIMYB10, we subjected
four-week-old T2 transgenic plants to seawater stress and observed their response (Fig. 8-B). In comparison, the
control wild-type plants presented severe stress symptoms, including slow growth, yellow leaves, and central leaf
death. In contrast, the transgenic Arabidopsis plants grew normally, with only a few yellow leaves observed. As
shown in Fig. 9, the net photosynthesis rate (Pn) of the leaves of the transgenic Arabidopsis plants significantly
increased after stress. The photosynthesis rate of the control was 3.1 pmol-m-2-s-1, while the photosynthesis
rates of the T1, T2, T4, and T5 transgenic lines were approximately twice that of the control. These findings
indicate that both the transgenic and control plants experienced some degree of damage under seawater stress,
but the photosynthesis rate of the transgenic lines was significantly greater than that of the control. These results
highlight the potential of HIMYB10 in enhancing plant tolerance to seawater stress. The findings from this study
provide valuable evidence for the role of HIMYB10 in improving plant resistance to seawater stress, suggesting
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Fig. 7. Expression Analysis of MYB Transcription Factors in Response to Seawater Stress in thedaylily
‘Autumn Red’ One-year-old daylily seedling plants were treated with seawater for 3h, 6 h, 12 h, 24 h, or 72 h,
with 0 h-old plants serving as controls. The root tissues were collected for RNA sequencing. The FPKM values
of HFMYB gene expression were extracted from the RNA sequencing data. The fold change in HMYB gene
expression relative to that at 0 h was calculated via the 2722 method.

a promising approach for genetic modification and breeding of crops to increase their productivity under salt
stress conditions.

Discussion

Functional significance of the HfMYB gene family in response to seawater stress

This study identified a total of 33 HIMYB genes associated with seawater stress response in daylily. Although the
number appears smaller compared to the larger MYB gene families reported in some other plants—such as 443
MYB genes in Lycium barbarum (Wang et al., 2015) and 165 in peanut (Arachis hypogaea) (Yan et al., 2017)—
this may reflect differences in genomic structure, evolutionary history, and stress adaptation strategies among
species, as well as the screening criteria focused on stress-responsive genes in this study. Notably, the subclass
distribution of these HIMYB genes shows a distinct pattern: five belong to the 1R-MYB subclass, while 28 belong
to the R2R3-MYB subclass, with the latter being dominant in number. This is consistent with observations in
plants such as pepper and Himalayan purple jasmine, where the R2R3-MYB subclass is also predominant (Ju
et al,, 2020), and aligns with the general understanding that this subclass exhibits high functional diversity and
evolutionary activity in plant environmental adaptation (Dubos et al., 2010).

Despite the limited number of genes identified, they exhibit significant and specific expression regulation
under seawater stress, particularly pronounced in root tissues. Roots serve as key sites for sensing salt stress
and initiating early response signals in plants (Golldack et al., 2014), and their transcriptional reprogramming
plays an important role in shaping overall salt tolerance. Therefore, the differential expression of these HIMYB
genes in roots strongly suggests that they may function critically in daylily adaptation to seawater stress by
participating in root-specific transcriptional regulatory networks. In-depth analysis of the expression dynamics,
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(B) Phenotypes of transgenic Arabidopsis dealed with seawater

Fig. 8. Phenotypes of HHMYBI10 in transgenic Arabidopsis under seawater stress. A) HMYB10 gene
constructs. The full-length HEIMYB10 CDS was amplified and cloned downstream of the ubq10 promoter.
(B) Phenotypes of transgenic Arabidopsis subjected to seawater. Four-week-old F2 homozygous transgenic
Arabidopsis plants from the T2 generation were treated with seawater and photographed one week later.
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Fig. 9. Changes in the Net Photosynthesis Rate of HMYB10 Transgenic Arabidopsis under Seawater
Stress Measurement of the Net Photosynthesis Rate in Transgenic Arabidopsis under Seawater Stress. The five
transgenic lines, T1 to T5, were labeled as numbers 1 to 5.

protein structures, and interaction networks of these genes will not only help reveal the molecular mechanisms
underlying salt tolerance in daylily but also provide new perspectives for understanding the functional
conservation and species specificity of MYB transcription factors in plant stress responses.

From an applied perspective, seawater stress has become a prominent factor constraining ecological
security and agricultural sustainability in coastal zones worldwide. Research on stress-responsive genes in salt-
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tolerant plants holds clear practical significance for breeding crop varieties suitable for saline environments
and promoting coastal ecological restoration (Macreadie et al., 2019). The HIMYB genes identified in this
study provide important candidate targets for subsequent functional validation and genetic engineering-based
breeding, while also contributing to the enrichment of genetic resources for plant salt tolerance and supporting
systematic analysis of salt tolerance mechanisms.

Future research could further integrate comparative genomics, multi-omics analysis, and gene editing
technologies to comprehensively characterize the MYB gene family in daylily and elucidate the specific pathways
through which key HEMYB genes function in seawater stress signaling and physiological regulation. Such efforts
would provide more precise molecular design strategies and technical support for breeding salt-tolerant plant
varieties and coastal ecological management.

Evolutionary characteristics of the HfMYB gene family and their potential association with
stress response

Gene duplication events serve as an important mechanism driving gene neofunctionalization and adaptive
evolution. By increasing gene copy numbers and promoting subfunctionalization or neofunctionalization, they
directly influence species phenotypic diversity and environmental adaptability (Panchy et al., 2016). In plants, the
MYB transcription factor family is widely involved in key biological processes such as growth and development,
metabolic regulation, hormone signaling, and stress response. This study found that significant whole-genome
duplication and tandem duplication events exist in the HIMYB family (Supplementary Table S3). These events
collectively promote the expansion of this family, leading to gene copy number variations and potentially
inducing functionally specific mutations (Cannon et al., 2004). Such structural variations can further influence
downstream regulatory networks, thereby indirectly regulating plant growth, metabolism, and environmental
adaptation. Particularly, gene duplication, as a key evolutionary driving force, can expand the plants stress-
resistance gene repertoire and enhance its stress adaptation capacity. Evidence indicates that increased gene
copy numbers can directly elevate resistance levels (Cook et al., 2012). Further studies have shown that duplicate
genes retained after whole-genome duplication events are significantly enriched in stress response pathways,
widely participating in hormone signaling (e.g., JA, SA pathways), transcriptional regulation (e.g., WRKY and
MYB families), and detoxification processes (Eulgem et al., 2000; Boter et al., 2004; Chini et al., 2007). Their
functional redundancy and subsequent differentiation collectively enhance the robustness and plasticity of plant
regulatory networks, thereby systematically improving plant stress resistance (Flagel and Wendel 2009). This
evolutionary mechanism has repeatedly occurred in flowering plants, with multiple paleopolyploidy events
profoundly shaping their genomic structures and resistance potential (Bowers et al., 2003).

To further elucidate the functional evolution of the HIMYB gene family in relation to stress resistance during
evolution, we conducted synteny analysis. The results show that there are numerous homologous gene pairs
between the Hemerocallis fulva HIMYB gene family and rice (Supplementary Table S4), whereas homology
with Arabidopsis (a dicot plant) is weaker. This aligns with the expectation that monocot plants share a closer
common ancestor in evolution. Studies indicate that after the divergence of monocots and dicots approximately
200 million years ago, key gene families (including MYB transcription factors) maintained relatively high
conservation in genomic structure and function (Tang et al., 2008). The synteny relationship between rice
and Hemerocallis further supports the evolutionary conservation of genomic structures within monocots
(particularly between Poaceae and Hemerocallidaceae). Such comparative genomic analyses provide important
clues for understanding the functional evolution of gene families after species divergence (Paterson et al., 2000).
Therefore, the duplication events observed in the HIMYB gene family, especially the conserved homologous gene
pairs with monocots such as rice, may be closely related to their functional specificity in stress responses such as
seawater stress. This provides important evolutionary context and candidate gene clues for further research into
the molecular mechanisms of HIMYB genes in Hemerocallis adaptation to seawater stress.

Functional correlation between HfMYB gene expression patterns under seawater stress and
Evolutionary-Structural characteristics

Phylogenetic analysis revealed that among the 33 identified HEMYB genes in daylily, 15 (45.5%) were closely
clustered with known salt-tolerance-related MYB genes from Arabidopsis and rice on the evolutionary tree
(Table 2), suggesting potential functional conservation of these genes. Most of these homologous genes have
been reported to participate in the regulation of the ABA signaling pathway (Xu et al., 2015; Wang et al., 2016),
indicating that they may respond to salt stress through similar molecular mechanisms.

Association analysis of the expression patterns of the 15 HIMYB genes closely clustered with known salt-
tolerant MYB genes from Arabidopsis and rice revealed their uneven distribution across three subgroups (H,
L, M). Subgroup H comprised 8 HIMYB genes (approximately 53.3%), which consistently maintained high
expression levels throughout seawater stress, suggesting their potential role in positively regulating salt tolerance
in daylily.

Further analysis revealed that the proteins encoded by this subgroup share highly conserved DNA-binding
motifs (motifl-motif3) and are enriched in basic amino acid residues, indicating that their structural stability
may be related to functional specificity under stress conditions (Liu. L et al., 1999). In contrast, the expression of
genes in subgroup L was generally suppressed during stress, possibly acting as negative regulators of salt tolerance
pathways. This observation is consistent with the reported mechanism in which Arabidopsis AtMYB20 and its
rice homolog enhance salt tolerance by inhibiting the expression of negative regulators such as PP2C in the ABA
signaling pathway (Cui et al., 2013). Subgroup M exhibited dynamic and fluctuating expression patterns, likely
reflecting the complexity of stress-response networks. Notably, HfMYB10 in this subgroup is highly homologous
to Arabidopsis AtMYB12, and AtMYB12 has been confirmed to significantly enhance plant tolerance to abiotic
stress by regulating flavonoid biosynthesis and the ABA signaling pathway (Wang et al., 2016).
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To further validate these hypotheses, we constructed an overexpression vector for HIMYB10 and expressed it
heterologously in Arabidopsis. The results demonstrated that overexpression of HIMYB10 significantly improved
the survival rate and biomass of transgenic Arabidopsis under seawater stress, with leaves remaining healthy
and green, whereas wild-type plants exhibited obvious growth inhibition and chlorosis. These findings directly
confirm the salt-tolerance function of HIMYB10 in a heterologous system and suggest that it may play a similar
role in daylily. However, considering the physiological and genetic differences between daylily (a perennial salt-
tolerant plant) and Arabidopsis, the specific regulatory mechanisms of this gene in daylily still require further
investigation through CRISPR/Cas9-mediated gene editing or stable genetic transformation in daylily to further
elucidate the specific regulatory mechanisms of these genes in response to seawater stress, providing a theoretical
basis and genetic resources for molecular breeding of salt-tolerant daylily varieties.

Conclusion and prospects

In this study, we identified *° 33 HIMYB genes in daylily seedings subjected to seawater stress and successfully
mapped them on 9 chromosomes. Gene collinearity analysis revealed a significant presence of WGD or segmental
duplication events among these HIMYB genes, which may contribute to theseawater stress resistance of daylily.
Phylogenetic analysis with Arabidopsis and rice indicated that all identified MYB genes could be divided into
six clades (V-VI), withHfMYBs showing an uneven distribution among these clades. Analysis of conserved
motifs in HEMYBs classified them into five subclasses: (A-E). Gene expression analysis revealed regular variation
at different stages, leading to their classification into three patterns: H, L, and M. Furthermore, we identified
HfMYBI10 as a candidate gene and successfully generated transgenic Arabidopsis plants. These transgenic lines
presented distinct phenotypes ofenhanced seawater stress tolerance. These findings provide strong evidence
for the functional relevance and expression regulation of HMYB genes in the daylily seawater stress response,
emphasizing their potential importance for future breeding efforts aimed at improvingseawater tolerance in
daylily.

MYB proteins multifunctional andplay critical roles in plant salt stress responses. In recent years, significant
progress has been made in elucidating their mechanisms. This study represents the first exploration of
transcriptional regulatory factors related to salt tolerance in daylily MYBs through bioinformatics analysis.
This study provides insights into the fundamental properties and seawater resistance functions ofdaylily MYB
genes, establishing a foundation for further studies and functional identification of the daylily MYB gene family.
Moreover, these findingsprovide a reference basis for screening salt tolerance-related genes and enhancing stress
resistance in daylily. However, it is important to note that plant seawater tolerance is a complex quantitative
trait controlled by multiple genes, necessitating further research. The specific molecular mechanisms underlying
daylily seawater tolerance need to be elucidated. Further investigations into the seawater tolerance mechanism of
the MYB gene family in daylily will contribute to the development and utilization of saline-alkali and secondary
saline-alkali lands, both in China and worldwide. By facilitating the salt-tolerant daylily varieties suitable for
large-scale cultivation, this work contributes to the achievement of sustainable agricultural development.

Data availability

The nucleotide sequences of the 33 HfMYB transcription factor genes from Hemerocallis fulva reported in this
study have been submitted to the GenBank database under Submission ID SUB15951211.The corresponding
accession numbers (PX911350-PX911382) are provided in Supplementary Table S1. The daylily (Hemerocallis
fulva L.) genome data that support the findings of this study are not publicly available due to ongoing research
but are available from the corresponding author upon reasonable request.
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