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Abstract: Salvia miltiorrhiza is a herbaceous plant that possesses significant medicinal value.
Land salinization affects the growth of S. miltiorrhiza, resulting in a decline in its quality and
yield. Knotted1-like homeobox (KNOX) genes are transcription factors that play important
roles in plant growth and abiotic stress. The characteristics and functions of KNOX genes
in S. miltiorrhiza remain unclear. Here, we identified ten KNOX genes in S. miltiorrhiza, all
of which possess the characteristic four domains: KNOX1, KNOX2, ELK, and HD. These
SmKNOXs were divided into two groups together with homologous genes. Cis-acting
element analysis indicated all 5mKNOXs contained elements associated with phytohor-
mone, light, and stress response. The SmKNOXs show tissue-specific expression among
roots, stems, leaves, and flowers. We assessed the response of the SmKNOXs to salt stress
using quantitative RT-PCR analysis. Notably, SmKNOX4 expression significantly decreased
within 24 h of salt exposure, while SmKNOX1, SmKNOX2, SmKNOX3, SmKNOX8, and
SmKNOX9 showed significant increases. The expression of SmKNOX1, SmKNOX2, and
SmKNOX3 was significantly positively correlated with that of their target genes, GA200x1
and S11 MYB. These findings suggest that SmKNOXs and their target genes respond to
salt stress, providing a foundation for studies of SmKNOXs and the potential genetic
improvement of S. miltiorrhiza.

Keywords: Salvia miltiorrhiza; KNOX gene family; subcellular localization; expression
analysis; salt stress; target genes

1. Introduction

Knotted1-like homeobox (KNOX) genes are a class of transcription factors that encode
the homeodomain proteins, which belong to the three-amino-acid-loop-extension (TALE)
superfamily. The KNOX gene family is a conserved gene family that contains four domains:
KNOX1, KNOX2, homeodomain (HD), and ELK domain. The first KNOX gene, Knotted1
in maize, was the earliest identified in plants [1]. It was subsequently identified in many
other plants, such as Arabidopsis [2], wheat [3], and Moso bamboo [4]. The KNOX gene
plays an important role in plant growth and development. For example, studies on the
loss-of-function mutant of the KNOX gene (OSH1) in rice revealed that KNOX genes play a
vital role in the maintenance of the shoot apical meristem [5]. The Arabidopsis KNOX gene
(STM) is involved in specifying floral meristem identity [6]. Studies on rice HOS59 mutants
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and overexpression lines have shown that the HOS59 gene has a negative regulatory effect
on rice grain size and plant height [7].

Additionally, KNOX genes are implicated in plant responses to abiotic stresses. In
Gossypium hirsutum, multiple KNOX genes were found to be involved in various stress
responses. For example, silencing GRKNOX2 can enhance the salt tolerance of seedlings,
while silencing GRKNOX10 and GEKNOX14 can reduce the tolerance of seedlings to salt
stress [8]. Silencing GRKNOX4-A and GhKNOX22-D genes affects the growth and de-
velopment of G. hirsutum seedlings by inducing oxidative stress in response to salt and
drought stress [9]. In Populus alba x P. glandulosa, PagKNAT?2 /6b mediates changes in plant
structure under drought conditions by directly targeting PagGA20ox1 [10]. Advances in
bioinformatics and molecular biology techniques have enabled extensive studies demon-
strating gene expression differences in KNOX genes in drought, salt, and other adversity
stresses by transcriptome or qRT-PCR experiments [11-13]. For example, 19 KNOX genes
were identified in D. huoshanense, and the expression of most DEKNOX genes showed
a significant upward or downward trend under PEG-mediated drought conditions [11].
Although the role of KNOX in plant development and stress response has been partially
elucidated, the characteristics and functions of the KNOX gene family in S. miltiorrhiza
are unclear.

S. miltiorrhiza is a perennial upright herbaceous plant in the Lamiaceae family, valued
for its thick, fleshy roots with significant medicinal value. Since ancient times, S. miltiorrhiza
has been used as a traditional Chinese medicine and is known for its ability to promote
blood circulation and remove blood stasis [14]. Pharmacological studies have shown that
the extract of S. miltiorrhiza root has an ameliorative effect on microcirculatory disorders
and target organ damage caused by ischemia-reperfusion [15]. During the cultivation
process, S. miltiorrhiza faces a variety of abiotic stresses, such as salt and drought, which can
negatively impact its quality and yield. Several versions of the S. miltiorrhiza genome have
been published, including line 99-3 [16], line DSS3 [17], and line shh [18]. These genome
versions facilitate the identification and functional study of genes in S. miltiorrhiza.

In this study, we conducted a genome-wide identification of all KNOX genes in
S. miltiorrhiza. We analyzed the gene structure, conserved motifs, and phylogenetic rela-
tionships of these KNOX genes, while also exploring their differentiation and function.
Furthermore, we examined the expression profiles of KNOX genes in different tissues and
under salt stresses. Our findings contribute to a deeper understanding of KNOX genes and
the utilization of these genes to optimize the growth and development of S. miltiorrhiza,
enabling it to better cope with environmental stress.

2. Results
2.1. Identification of SmKNOX Gene Family of S. miltiorrhiza

A combination of conserved structural domains and homologous sequence compar-
ison analysis was applied for gene family identification. Redundant sequences were re-
moved, and a total of ten KNOX genes were identified in S. miltiorrhiza
(Tables S1 and S2). The analysis of basic physical and chemical characteristics indicated
that the S. miltiorrhiza KNOX encoded amino acids with lengths ranging from 260 aa
(SmKNOXS5) to 383 aa (SmKNOX4), while they had molecular weights ranging from
30,056.95 (SmKNOXD5) to 43,083.98 (SmKNOX4) (Table 1). The theoretical isoelectric points
ranged from 4.91 (SmKNOX6) to 6.50 (SmKNOXS5), with all proteins being acidic. The
instability index was more than 40, except SmKNOX10, indicating poor protein stability.
The average hydrophilicity was less than 0, suggesting the proteins were hydrophobic. We
performed subcellular localization prediction based on amino acid sequences using WoLF
PSORT, and the results showed that all ten SmKNOX proteins were located in the nucleus.
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Then, we randomly selected one of them for experimental validation. The results showed
that the signal of the empty vector pPCAMBIA1300-355-eGFP was mainly distributed in
the cell membrane and nucleus (Figure 1). The fluorescent protein signal of the fusion
vector pPCAMBIA1300-355-SmKNOX4-eGFP coincides with that of the nuclear localiza-
tion. This indicates that the SmKNOX4 protein is located in the nucleus, consistent with
the predictions.

Table 1. Basic characteristics of the KNOX gene family in S. miltiorrhiza.

Gene Name Number of Molecular pl Instability Grand Average of
Amino Acids Weight Index Hydropathicity

SmKNOX1 340 38,093.08 5.73 57.33 —0.56
SmKNOX2 355 40,606.38 5.86 45.66 —0.849
SmKNOX3 350 40,538.12 6.22 55.54 —1.065
SmKNOX4 383 43,083.98 6.15 59.2 —0.72
SmKNOX5 260 30,056.95 6.50 52.1 -0.717
SmKNOX6 279 32,165.15 491 42.07 —0.71
SmKNOX7 288 33,516.71 5.50 45.65 —0.863
SmKNOX8 365 41,819.66 6.25 61.99 —0.924
SmKNOX9 374 42,534.07 6.03 53.65 —0.941
SmKNOX10 318 36,265.81 4.99 39.75 —0.671

Bright

Figure 1. Subcellular localization results. (A,B) represent empty vectors and SmKNOX4 proteins,
respectively. From left to right, the images represent GFP fluorescence, RFP fluorescence, bright field,
and merged images.

2.2. SmKNOX Protein Sequence Alignment Analysis

A comprehensive multiple sequence alignment revealed that all ten SmKNOX proteins
encompass the complete four domains characteristic of the KNOX family (Figure 2), namely,
KNOX1, KNOX2, ELK, and HD. The KNOX1 and KNOX2 domains are located at the
N-terminus of the protein, while ELK and HOX are located at the C-terminus of the protein.
The HD domain, which is involved in DNA binding and homodimer formation [19],
showed the highest level of conservation among the ten SmMKNOX proteins, which is
consistent with previous reports. In addition, the conserved domains of KNOX1, KNOX2,
and ELK also exhibited high conservation. The ELK domain contains three conserved core
sequences of “Glu(E)-Leu(L)-Lys(K)”, which may act as a nuclear localization peptide or
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participate in transcriptional repression [19,20]. In S. miltiorrhiza, except for SmKNOX6 and
SmKNOX7, which are L-L-K, all others have the conserved core sequence of E-L-K.

* 20 * ) * 60 * 80 * 100 *
------- FG--———-— PTIMMPPQS-DSDAG-NTHFLPLPST-— »mmsmmn——-—umm-rrsnmm;——m
----------- MEEYNLQLSEDANSRGGAFVYRGCPVLAGS SSTYARCGSFHLOSGDCYER -GAVVKTEAGT -~~~ SQNRAPREQY -~~~ PSHENLEDERHFQTQT, ~~PT
——————————— MEEYNHEMSGNSNSR-CNFLY - - - - - -~GDSSVYGRS - SFHLQS PDCYDQ - SEAQQQOHQTVKTESRNHASRFHY TATTPAAVEDHRRREDRRQE, . DGSG
————————— MAT.QHFGDDHLPDNSSVLRNILEDGKP- ~TDHHQRPPTWLNSATLRS LN PASNNQWLSRSTL AREY

MDEHLYASTSPFHYSSFDSD! EEQ7----
—————————— MDEMYGFDTAGDYYVDKALMSE YNQYHYHSPINSGD-NHHRIPMLGS - - - - - - -DELGFQS----SVVSHDSASVNVONQR EDE~
: MSP ENM YNQYHYHSPTNSGDKYHHRTPMLGS - - - - - - -DELGFQS -~ - - SVVSHDSASVNVQNQR) EDE-
: MKGVQCSRSGNRVVLVHRQNMAFQDHHELSQQQIPLOLPRY SDHHHPE! PEDKP--STWL -HHQWLP- --TQSQPSPPD- - -NSDHRQ: SGD~
----------------- MAFQODHHHLSQEMPLHHPHY SDHHHHHPSVFRSTLPDHPDDKPPTSTHLNTSSL - - - - - -HHQWLP- - ~TQSQPSPPTPTANSDHLO SGDK
—————————— MDEMYGIHSAGDFYADKALMSE- - - - - - -ENLMMAAEYGGYHYETLVSGGD - - HHRIPGFES - - - - - - ~-EELGFQC- -~ SAVS-ESAS INVRGEG , HDEE.
KNOX1 KNOX2
* 160 * 180 * 200 *
12} GAEPEV AKIFEEACAAAA -~ AMSRHCTSA -~ -FGEEPA EA X
s (GAGAEV, ARJTAVRE FE--ARQVATGASRDEYS
S (GAEPDV. ARNAVVRQ' FE--ASQRAAAAAGRDVS
VDO PREDAQLA SQOVVHKYSALGHAN-
19 SL QIs}égDH--PIFIATQIG -----
S (GARPET SVEDEMRRE KD -~ LONPDTVSVC-~TE
s PEI SVIDEMER " ------NPDTVSVC--TE
D G vnq?pij DAQLA SHOMLAKYSVLGHAHQPLE
TVDO! PRIDAQLA Y SQQVVAKYSVILGHAHHPLD
3 \PETACLIDEIRR KD -VCKHDAVSMC—-FEVIEPE
* 260 * 280 * 300

I NN IDPQAEDR’

‘TDEKYDG-GSSE- - -DN Ir 2
\GATMSDDEDEQVDSDANCLFEGSLDGSD IP .MERVROQ !
TDEE MR
DEEL- ---MEQQ DAETKREDR:
DEEL- ---MEQQ ORI
\GATMSDDDEEQADSEMN-LFDESLDGTDSMG-FGPLVPTESERSLMERVKQ -
GATMSDDDEDQADSETN-VFDESLDGGI ~FGPLVP. MERVRQ -
EELSGGEAEAN-========= === mmmm e e e e e e e ] DPQMKTEDR -

* 400 * 420
K PSEDMQFVVMDATHPHY YMENVLGNPYPMDISPALL -~
KPSEDMOFMVMDGLHPQN - -AALYMDGHYMPDAPYRLGP
KPSEDMOFMVMDGLHPHNNAPPLYMEPHFLGEGPYRLGP
HSNASSSSSSTALKSKRKR - -~ == === ======—===~~
RPSHDMRFALIQGVAPHADAHASFNDAIL:
IRSRSTIGS ---
KSPDNMFAPDNLSPKPNFVPQDH-
HSN K SKRKNAAGL -
HSNPSSSSTP-KSKRKSGAGDKTANERFS—
KPSENMHLAMMENLSGHLFMNGD-----=========-~

Figure 2. Multi-sequence alignment of conserved domains within the SmKNOX proteins. The KNOX1,
KNOX2, ELK, and HD motifs are denoted by red, blue, green, and purple rectangles, respectively.
The asterisk above the sequence represents the middle of the two numbers.

2.3. Gene Structure and Conserved Domains Analysis

Further analysis of the gene structure and the conserved domains is shown in Figure 3.
First, phylogenetic analysis based on the sequences of SmMKNOX proteins was carried out,
and the SmKNOX proteins were divided into four subfamilies (I, IL, III, and IV) (Figure 3A).
Then, the online software MEME (https://meme-suite.org/meme/tools/meme, accessed
on 27 July 2024) was used to predict the motifs of SmMKNOX proteins by finding ten motifs,
and the results showed that each SmKNOX protein contained six or seven motifs (Figure 3B).
The taxa in phylogenetic analysis had similar results in motif analysis. Some motifs were
common to all members, such as motif2, motif3, and motif4, and some motifs were specific
to subfamily members; for example, only II subfamily members included motif7 and motif9.
Motif5, motif8, and motif10 were distributed only in subfamily IV, and motif6 was only not
distributed in subfamily IV. In addition, only SmKNOX6 did not include motifl (Figure 3B).
The above results indicate that the functions of SmMKNOXs between different subfamilies are
similar but different. The detailed sequences of the different motifs are shown in Figure 3D.

By comparing the CDs of SmKNOX genes with the genome sequence of the corre-
sponding gene, the UTR, CDs, and intron distribution of SmKNOX genes were analyzed
in depth (Figure 3C). Members belonging to the same subfamily showed roughly similar
exon/intron distribution patterns in terms of the exon length and the number of introns.
SmKNOX1, classified as subfamily I, and SmKNOX4, classified as subfamily IV, had no
UTR. In general, SmKNOX genes with close evolutionary relationships within the same
subfamily showed consistency in gene structure and domain distribution, supporting the
existence of a close evolutionary relationship between them.
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Figure 3. Gene structure, conserved domain, and motif analysis of SmMKNOXs proteins from

bits

bits bits
ANWE ANWE SNW —Amunn SNWH

bits
SNWE 2NWA

DELDFNF&E»A.KKEL gi6A MG Ly JETERSLIERVRO

Motifs ~ Motif4

S. miltiorrhiza. (A) The phylogenetic tree of all SmMKNOXs proteins was constructed using the
ML method. (B) Motifs in the SmMKNOX proteins were identified by the MEME program. Motifs
numbered 1-10 were colored differently. (C) The UTR, CDs, and intron organization of SmKNOXs.
The green boxes represent UTRs, the yellow boxes represent CDs, and thin black lines represent
introns. (D) The abscissa of the sequence logos refers to the amino acid with the highest frequency,
and the ordinate represents the relative frequency of the corresponding amino acid.

2.4. Phylogenetic Analysis of SmKNOXs

To understand the evolutionary relationships of KNOX among S. miltiorrhiza and
three other plant species, the sequences of the KNOX gene were analyzed among
S. miltiorrhiza (10 SmKNOXs), Arabidopsis thaliana (8 AtKNATs), Oryza sativa (13 Os-
KNOXs), and G. hirsutum (6 GhKNOXs). Based on the sequence of multiple alignments,
an unrooted tree was established with the maximum likelihood method in MEGA 11
(Figure 4). All KNOX proteins were divided into two subfamilies (Groups I and II), and
then, group I was further divided into IA, IB, and IC. To predict the potential function
of SmKNOXs, species with homologous genes to S. miltiorrhiza could be studied. In
Group IA, six OsKNOXs, AtKNAT1, and GhKNOX14-A were clustered with two Sm-
KNOX genes, which were SmKNOX2 and SmKNOX3. In Class 1B, GRSTM3-A and At-
STM were clustered with SmKNOX1. In Class IC, two GhEKNOXs, two OSKNOXs, and
two AtKNATSs were clustered with two SmKNOXs, which were SmKNOX6 and SmKNOX?7.
In Class II, five OSKNOXs, four AtKNATs, and two GhKNOXs were clustered with Sm-
KNOX4, SmKNOXS8, and SmKNOX9. GhSTM3-A had higher homology to SmKNOX1
(Figure 4). GhSTM3 affects the floral transition of cotton [8]. Meanwhile, SmKNOX1 had the
highest relative expression level in flowers, suggesting SmKNOX1 may regulate flowering
time and flower development.

2.5. Cis-Acting Element Analysis

Cis-acting elements play a crucial role in the transcriptional regulation of gene ex-
pression, acting as key factors in enabling genes to adapt to environmental changes and
regulate growth and development. In this study, we analyzed the potential cis-acting
elements in the 2000 bp sequence upstream of the SmKNOX genes, identifying a total of
264 elements (Figure 5). These cis-acting elements were categorized into four functional
groups: phytohormone response, stress response, growth and development, and light
response. Notably, no growth and development-related elements were predicted for
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SmKNOX2, SmKNOX6, and SmKNOX10, while all other genes contained elements from
all four categories. The distribution of these elements varied, with 136 related to light
response, 80 to hormones, 34 to stress, and 14 to growth and development. Among these,
light-response- and phytohormone-related elements constituted the majority, underscoring
the significant roles that light and plant hormones play in the regulation of SmKNOX genes.

2.6. The Expression Profiling of SmKNOXs Genes Among Tissues

To investigate the diverse functions of SmKNOX genes during the development of
various tissues, we analyzed the gene expression profiles among root, stem, leaf, and
flower by qPCR. Previous studies have indicated that KNOX genes belonging to group I
are crucial in the formation of the shoot apical meristem and the development of inflores-
cence structures [6,21]. Consistently, in S. miltiorrhiza, genes within group I (SmKNOX1,
SmKNOX2, SmKNOX3, SmKNOX5, SmKNOX6, SmKNOX7, and SmKNOX10) were almost
not expressed in the leaf. Conversely, genes categorized under subgroup II (SmKNOX4,
SmKNOXS8, SmKNOX9) were expressed in all four tissues (Figure 6A-]). The cluster heat
map revealed distinct expression patterns of SmKNOX genes in different tissues (Figure 6K).
According to the expression profiles, SmKNOX2, SmKNOX3, SmKNOX6, and SmKNOX7
were grouped into a category where these genes were predominantly expressed in the
stem. SmKNOX1 and SmKNOX10 were grouped into a category where these genes were
predominantly expressed in the flower. SmKNOX5 and SmKNOX8 were clustered together
with the highest expression in the root, whereas SmKNOX4 and SmKNOX9 were clustered
together, showing elevated expression in the leaf. This study provides valuable insights for
understanding the functional roles of these genes in tissue development.

ost jOskn2
GhKNOX22-D
AtKNATS

Oy,

Anry
Nary

e Salvia miltiorrhiza

® Arabidopsis thaliana
Oryza sativa
Gossypium hirsutum

Figure 4. Unrooted phylogenetic tree of KNOX proteins from S. miltionhiza, A. thaliana, O. sativa,
and G. hirsutum. The maximum likelihood (ML) phylogenetic tree was constructed using MEGA?7.0
with 1000 bootstrap replicates. These KNOX proteins are divided into two groups (I-II) with three
subgroups (IA, IB, and IC), distinguished by different colors. Genes from different species are
represented by circles of different colors.
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Figure 5. Analysis of cis-acting element in SmKNOX genes. (A) Inspection of cis-acting elements
in SmKNOX genes. The black line indicates the promoter length of the SmKNOX genes. (B) The
total number of cis-acting elements in each group. (C) The type of cis-acting elements belonging to
each group.
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Figure 6. Expression profiles of SmKNOX genes in different tissues of S. miltiorrhiza. (A-J) Relative
expression levels of SmKNOX genes in flowers, leaves, roots, and stems. The X-axis represents
different tissues, and the Y-axis represents the relative expression levels normalized to the expression
values of root. (K) A heatmap generated based on the relative expression levels of SmKNOX genes
in different tissues. The color corresponds to the Z-score transformed from the expression levels of
SmKNOX genes.
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2.7. Expression Analysis of SmKNOXs Under Salt Stress

To elucidate the significant role that KNOX genes in S. miltiorrhiza may play in re-
sponding to salt stress, we exposed the seedlings to 100 mM NaCl and monitored the
changes in gene expression at intervals of 0 h, 3 h, 6 h, 24 h, and 48 h (Figure 7). Upon salt
treatment, the expression patterns of SmKNOX1, SmKNOX2, and SmKNOX3 exhibited a
similar up—down-—up trend, peaking at 24 h with a significant increase compared to the
0 h baseline. The expression level of the SmKNOX8 gene consistently and significantly rose
following salt exposure, reaching its maximum at 48 h. In contrast, the SmKNOX9 gene
showed a substantial increase at 3 h post-treatment, after which, it gradually declined. On
the other hand, SmKNOX4 expression significantly decreased after salt stress but recovered
by the 48 h. The cluster heat map revealed that SmKNOX4, SmKNOX?7, and SmKNOX8
formed a group with higher expression levels observed at 48 h. Another group, comprising
SmKNOX1, SmKNOX2, SmKNOX3, and SmKNOX5, showed higher expression at 24 h.
Lastly, the group including SmKNOX6, SmKNOX9, and SmKNOX10 had higher expression
levels at 3 h. Overall, under salt stress, the expression levels of SmKNOX genes varied, with
a significant decrease in SmKNOX4 and a significant increase in SmKNOX1, SmKNOX2,
SmKNOX3, SmKNOX8, and SmKNOX9.
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Figure 7. Expression profiles of SmKNOX genes in S. miltiorrhiza under different salt stress periods.
(A-J) Relative expression levels of SmKNOX genes after 0 h, 3 h, 6 h, 24 h, and 48 h of salt stress.
The X-axis represents different periods, and the Y-axis represents the relative expression levels
normalized to the expression values of 0 h. Error bars represent the standard error. Asterisks represent
significant changes in expression compared with 0 h; specifically, *, **, and *** represent adjusted
p <0.05, p <0.01, and p < 0.001, respectively. (K) Heatmap generated based on the relative expression
levels of SmKNOX genes in different periods. The color corresponds to the Z-score transformed from
the expression levels of SmKNOX genes.

2.8. Expression Analysis of Target Genes of SmKNOXs Under Salt Stress

KNOX is a transcription factor that regulates plant growth and responses to abiotic
stress by controlling the expression of downstream target genes [22]. According to previous
studies, KNOX target genes include REVOLUTA, ABI3, GA200x1, and S11 MYB [23-26].
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We analyzed the 2000 bp upstream sequences of these target gene coding sequences (CDs)
extracted from the S. miltiorrhiza genome. The results showed that all sequences contained
the TGAC core binding motif of the KNOX protein (Table S3). The gqPCR analysis revealed
that, except S11 MYB-2, the expression levels of the other target genes were significantly
upregulated under salt stress (Figure 8). Among these, ABI3, GA200x1, 511 MYB-1, S11
MYB-2, and S11 MYB-3 reached their highest expression levels at 24 h and then decreased,
while REVOLUTA-1 and REVOLUTA-2 showed peak expression levels at 48 h. Correlation
analysis of SmKNOX genes and their target genes demonstrated that the expression of
SmKNOX1 was significantly positively correlated with the expression of S11 MYB-2 (r > 0.9,
p < 0.05). Similarly, the expression levels of SmKNOX2 and SmKNOX3 were significantly
positively correlated with the expression of GA20ox1 and two S11 MYB genes (r > 0.9,
p <0.05). SmKNOXS5 exhibited a significant positive correlation with the expression of ABI3,
GA200x1, and two S11 MYB genes (r > 0.9, p < 0.05). Additionally, SmKNOX1, SmKNOX2,
and SmKNOX3 were significantly upregulated under salt stress. These results suggest that
KNOX likely responds to salt stress and positively regulates the expression of downstream
target genes, including GA20ox1 and S11 MYB.
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Figure 8. Expression profiles of target genes of SmKNOXs under different salt stress periods.
(A—G) Relative expression levels of target genes after 0 h, 3 h, 6 h, 24 h, and 48 h of salt stress.
The X-axis represents different periods, and the Y-axis represents the relative expression levels
normalized to the expression values of 0 h. Error bars represent the standard error. Asterisks repre-
sent significant changes in expression compared with 0 h; specifically, * and *** represent adjusted
p <0.05, and p < 0.001, respectively. (H) Correlation of expression between SmKNOX and target genes.
Numbers represent correlation values where the expression of two genes is significantly correlated
(r>09,p<0.05).

2.9. Gene Cloning of SmKNOXs

To obtain the CDs of SmKNOX genes in S. miltiorrhiza, gene cloning was performed.
By aligning these sequences with the reference genome, we found that the SmKNOX
genes displayed single-nucleotide polymorphisms (SNPs) and insertions and deletions
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(indels), indicating individual variability among S. miltiorrhiza plants (Figures S1-510).
Based on alignment results, we categorized the 10 SmKNOX genes into three groups. The
first group, including SmKNOX1, SmKNOX2, SmKNOX4, SmKNOXS, and SmKNOX10,
had synonymous SNPs that did not alter the amino acid sequence. The second group,
comprising SmKNOX5 and SmKNOX7, had non-synonymous SNPs that changed the amino
acid sequence. The third group, which included SmKNOX3, SmKNOX6, and SmKNOXO9,
exhibited indels (Figure 9). Specifically, SmKNOX3 had a three-base deletion between
144 bp and 146 bp; SmKNOX6 had two indels with three bases inserted between 134 bp and
135 bp and twelve bases inserted between 366 bp and 377 bp; SmKNOX9 had a deletion of
114 bases between 157 bp and 270 bp. Despite these indels, they only affected the length
of the amino acid sequence without impacting the subsequent encoded amino acids. This
variability could be due to individual differences in S. miltiorrhiza plants or potential errors
in genome annotation. The cloning results of SmKNOX genes in S. miltiorrhiza provide a
reference sequence for further studies on these genes.

A 14'41;16 B 13;1 135 c 36‘6 3;7
R: GCAGCAGCATCAGA R: CGACAA  CCATCA R: AGAAAAGGACTTGTGCAATCCAGA
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A
| \ 1 G
hoann | I AnA AN i AN
NV g WAV JW! g
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Gt AACACE e m e oo e o oo e oo oo ooe—i--io-----ce-c--c-ccecsc-ccceeme-iccee-ooceo-o--- Jaacace
Wi TN
W MUY

SmKNOX9

Figure 9. The gene cloning results for SmKNOX3, SmKNOX6, and SmKNOX9. (A) The indel fragment
of the SmKNOX3 gene. The first (B) and second (C) indel fragments of the SmKNOXG6 gene. (D) The
indel fragment of the SmKNOX9 gene. “R” represents the CDs extracted from the reference genome,
and “C” represents the CDs obtained from gene cloning.

3. Discussion

The homeobox gene KNOX transcription factor family is a subset of the TALE super-
gene family, playing a crucial role in various biological processes such as plant growth
and development [22,27]. To date, members of the KNOX gene family have been identi-
fied in multiple plants, including Arabidopsis, rice, and cotton, with their functions well
characterized [2,6-8]. However, no KNOX genes have been reported in the medicinal plant
S. miltiorrhiza. Additionally, previous research has mainly focused on the impact of
KNOX genes on plant development, with limited studies examining their role in respond-
ing to abiotic stress. To better understand the potential functions of KNOX genes in
S. miltiorrhiza, this study employed bioinformatics and molecular biology techniques to in-
vestigate SmKNOX genes. We examined the gene structure, phylogeny, expression patterns,
and response to salt stress. These findings offer insights into the functions of KNOX genes in
S. miltiorrhiza.

KNOX genes are typically classified into two subfamilies, class I and class II,
based on their structural characteristics, expression patterns, and phylogenetic
relationships [28,29]. In this study, we constructed a phylogenetic tree containing
10 SmKNOX genes from S. miltiorrhiza and 37 KNOX genes from various species. The results
indicated that SmKNOX1, SmKNOX2, SmKNOX3, SmKNOX5, SmKNOX6, SmKNOX7, and
SmKNOX10 in S. miltiorrhiza belong to class I. Different KNOX genes have distinct biological
functions. Class I KNOX proteins are essential for the formation of shoot apical meristems,
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internode elongation, and inflorescence structure in angiosperms [6,21,30]. In S. miltiorrhiza,
class | KNOX genes were highly expressed in flowers or stems but rarely in leaves, similar
to the expression pattern observed in Arabidopsis and maize [27], where class I genes are
mainly expressed in the shoot apex, stem, and inflorescence shoot apex. This suggests that
class I KNOX proteins in S. miltiorrhiza may play a role in shoot apex and inflorescence
development. In the phylogenetic tree, SmKNOX®6, 7, and 10 of S. miltiorrhiza clustered with
AtKNAT2, AtKNAT6, and GhKNOX2-A. Previous studies have shown that AtKNAT?2 and
AtKNAT6 negatively regulate the development of inflorescence structure [31,32]. However,
in S. miltiorrhiza, SmKNOX6, and SmKNOX7 were expressed at higher levels in stems, and
only SmKNOX10 was highly expressed in flowers. SmKNOX4, SmKNOXS8, and SmKNOX9
in S. miltiorrhiza belong to class II. Class Il KNOX genes play a significant role in vascular
tissue development and lateral organ differentiation [7,33]. Based on the expression pattern,
class I SmKNOX genes of S. miltiorrhiza show high expression levels in roots, stems, leaves,
and flowers, which aligns with observations in rice, maize, and poplar [27]. Generally, class
II KNOX genes are more broadly expressed in various tissues than class I KNOX genes.
Phylogenetic analysis revealed that SmKNOX4 of S. miltiorrhiza clustered with AtKNAT3
and AtKNAT4. Previous studies have demonstrated that AtKNAT3 synergistically influ-
ences the biosynthesis of secondary cell walls, thereby altering the mechanical support
strength of Arabidopsis stems [33,34]. This study provides a direction for further research
on the function of KNOX genes in S. miltiorrhiza through phylogenetic relationship and
expression pattern analysis, with future molecular biology experiments needed to verify
their functions.

Abiotic stress, such as salt stress, can significantly reduce productivity and lower plant
yields [35]. KNOX genes play a crucial role in responding to abiotic stress [36,37]. In this
study, we assessed the response of the SmKNOX gene to salt stress using quantitative
RT-PCR analysis. Notably, the expression of the SmKNOX4 gene decreased significantly
within 24 h of salt stress, which may help to enhance the resistance of S. miltiorrhiza
to salt stress. Conversely, other genes showed increased expression within 24 h, with
SmKNOX1, SmKNOX2, SmKNOXS8, and SmKNOX9 exhibiting significant upregulation,
suggesting their broad mobilization in response to salt stress in S. miltiorrhiza. In G. hirsutum,
silencing the GhKNOX14 gene decreases seed tolerance to salt [8]. Phylogenetic tree analysis
revealed that SmKNOX2 is closely related to GRKNOX14. The expression of SmKNOX1 and
2 did not change notably at 3 h and 6 h of salt stress but significantly increased at 12 h
before decreasing after 48 h. In G. hirsutum, silencing the GRKNOX4-A gene significantly
impacts seedling growth under salt treatment [9]. Phylogenetic tree analysis revealed that
SmKNOX8 and SmKNOX 9 are closely related to GRKNOX4-A. This indicates that these
genes may have important roles in the salt stress response of S. miltiorrhiza. However,
further systematic studies are needed to determine if their roles are identical to those of
GhKNOX14 in G. hirsutum. In conclusion, the SmKNOX gene has a potential regulatory
function in responding to salt stress, providing a foundation for future functional research
on the SmKNOX gene and promoting the genetic improvement of S. miltiorrhiza under
salt stress.

4. Materials and Methods
4.1. Plant Materials

S. miltiorrhiza plants were cultivated in the laboratory of Qilu University of Technol-
ogy, Changqing District, Jinan City, Shandong Province, China (geospatial coordinates:

E 116.8178, N 36.5645), and identified by Liu Wei, a researcher at Qilu University of Tech-
nology. Fifteen uniformly growing seedlings were selected for the salt stress experiment.
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4.2. Gene Family Identification and Characterization

To identify the KNOX gene family members in S. miltiorrhiza, the S. miltiorrhiza genome
sequence was obtained from the National Genomics Data Center with the accession number
of GWHDOEAO00000000 and described in a previously published paper [16]. We identified
the KNOX gene family members based on the conserved structural domains and sequence
homology. First, we downloaded the Hidden Markov Model (HMM) corresponding to four
conserved structural domains from the Pfam database [38], which were the ELK domain
(PF03789), KNOX1 domain (PF03790), KNOX2 domain (PF03791), and Homeobox KN
domain (PF05920). The protein sequences of all genes within the S. miltiorrhiza genome
were searched against these four HMMs separately by hmmsearch software (v. 3.3.2)
under default parameters. Genes with four conserved structural domains at the same time
were used as candidate KNOX gene family members. Then, we downloaded the protein
sequences of A. thaliana’s KNOX genes from the UniprotKB database [39]. The protein
sequences of all genes within the S. miltiorrhiza’s genome were against A. thaliana’s KNOX
sequences by BLASTP software (v. 2.14.0) [40] at the parameter e-value <1 x 10°. Finally,
genes that met both the domains and the sequence homology were identified as members
of the S. miltiorrhiz KNOX gene family.

The basic physicochemical properties of the protein sequences, including theoretical
plL, instability index (II), and grand average of hydropathicity (GRAVY), were analyzed
by ProtParam on the ExXPASy website (https://www.expasy.org/, accessed on 27 July
2024). The structural features of the genes were analyzed and visualized by TBtools
software (v. 2.136) [41] based on the annotation files of S. miltiorrhiza’s genome. Conserved
structural domains of protein sequences were analyzed through the Multiple Expectation
Maximization for motif Elicitation (MEME) website (https://meme-suite.org/meme/tools/
meme, accessed on 27 July 2024) [42] and visualized by TBtools software (v. 2.136). To
analyze the cis-acting elements, we obtained sequences located 2 kb upstream of the start
codon (ATG) of the SmKNOX gene, which was subsequently analyzed using the PlantCARE
tool (https:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 28 July
2024). Finally, we visualized the results using TBtools (v. 2.136).

4.3. Multiple Sequence Alignment and Phylogenetic Relationship Analysis

The sequences of the SmMKNOX proteins of S. miltiorrhiza were subjected to sequence
alignment by the ClustalW tool of MEGA software (v. 11) [43] under default parameters.
The alignment results were visualized by GeneDoc software (v. 2.7). To analyze the
phylogenetic relationships among SmKNOX proteins, the sequence alignment results were
further used for phylogenetic tree construction using MEGA software (v. 11) [43]. The
phylogenetic tree construction was performed using the maximum likelihood (ML) method
with bootstrap replications set to 1000.

To analyze the phylogenetic relationships of KNOX genes in S. miltiorrhiza, A. thaliana,
O. sativa, and G. hirsutum, we downloaded the protein sequences of KNOX genes belonging
to A. thaliana, O. sativa, and G. hirsutum from Phytozome v13 website (https://phytozome-
next.jgi.doe.gov/, accessed on 27 July 2024) [44], respectively. The protein sequences were
subjected to alignment by the ClustalW tool of MEGA software (v. 11) under default
parameters, and then, the sequence alignment results were further used for phylogenetic
tree construction using MEGA software (v. 11). The phylogenetic tree construction was
performed using the ML method with bootstrap replications set to 1000. Finally, the
phylogenetic tree was visualized through the ChiPlo website (https://www.chiplot.online/,
accessed on 28 July 2024) [45].
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4.4. Tissue Differential Expression Analysis of SmKNOX Genes

S. miltiorrhiza plants were planted in the laboratory (School of Pharmaceutical Sciences,
Qilu University of Technology) and grown under natural conditions for two years. During
the flowering period, the root, stem, leaf, and flower of S. miltiorrhiza were collected from
three separate plants. These samples were immediately frozen in liquid nitrogen and
stored at —80 °C. The tissue expression profile of the SmKNOX gene was analyzed by qRT-
PCR. The SmActin gene was selected as an internal reference gene according to a previous
paper [46]. The primers are shown in Table S4. The relative expression of SmKNOXs among
different tissues was analyzed using the 2~24Ct method.

4.5. Stress Response Analysis of SmKNOX Genes

Fifteen annual seedlings with consistent growth were used for salt stress treatment.
The S. miltiorrhiza seedlings were treated with salt stress using 100 mM NaCl. They were
planted in soil and cultured in a climate chamber at 25 °C with a day-to-night ratio of
16:8. Leaf samples were collected from the S. miltiorrhiza plants at 0 h, 3 h, 6 h, 24 h, and
48 h during the salt stress treatment. The samples were stored immediately in a —80 °C
refrigerator until use. Three biological replicates were used per treatment.

RNA was extracted using the M5 Plant RNeasy Complex Mini Kit (Mei5 Biotechnology
Co., Ltd., Beijing, China). The integrity and concentration of RNA was checked using
agarose electrophoresis gel and a NanoDrop 2000 spectrophotometer (Thermo Scientifc,
Waltham, MA, USA), respectively. RNA was reverse transcribed into cDNA using the
Hifair® II 1st Strand cDNA Synthesis SuperMix for gPCR (Yeasen Biotech, Shanghai, China)
with Oligo (dT) as a primer. The qRT-PCR primers were designed using the IDT website
and are shown in Table S4. The qRT-PCR experiments were performed using the Hieff
qPCR SYBR Green Master Mix Kit (Yeasen Biotechnology, China) and detected by ABI
QuantStudio 5 (Thermo Fisher, Waltham, MA, USA). The SmActin gene was selected as
the internal reference gene as documented previously [46], and the relative expression of
SmKNOXs among different treatments was analyzed by the 2~44Ct method.

4.6. Gene Cloning Analysis of SmKNOX Genes

Gene cloning analysis was performed using pCAMBIA1300-355-eGFP vectors, which
were linearized by BamHI enzymes and Sall enzymes. The gene cloning primers consisted
of two parts, the vector terminal homologous sequence and the gene sequence, and are
shown in Table S5. The SmKNOX sequence was amplified from the cDNA by high-fidelity
enzymes, and the amplified length was detected by agarose electrophoresis gel. Bands
meeting the expected length were recovered using the DNA Gel Extraction Kit with Mag-
netic Beads (Beyotime, Shanghai, China) to obtain the purified sequence. The purified
sequence was ligated to the linearized vector using a ClonExpress® II One Step Cloning Kit
(Vazyme, Nanjing, China). The colonies were selected for PCR amplification and Sanger
sequencing verification.

4.7. Subcellular Localization Analysis

The fusion vector pCAMBIA1300-355-SmKNOX-EGFP was constructed. An empty
pCAMBIA1300-35S-EGFP vector was used as a control. The vector was transformed into
Agrobacterium GV3101 using the freeze—thaw method. After two weeks of tobacco seed
germination, seedlings of uniform size were selected for transplanting and grown for
four weeks in an incubation chamber at 25 °C, 16 h light/8 h dark. Agrobacterium tume-
faciens was injected into the leaf epidermis of four-week-old tobacco for transient expres-
sion. The expression of the fusion protein was observed and photographed using laser
confocal microscopy.
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5. Conclusions

Here, the KNOX gene family was identified in S. miltiorrhiza, and a comprehensive
analysis was conducted on gene structure, conserved domains, cis-acting elements, gene
cloning, and expression patterns across different tissues and under salt stress conditions. A
phylogenetic tree, incorporating 10 SmKNOX genes from S. miltiorrhiza and 27 KNOX genes
from various species, alongside expression pattern analysis, revealed that group I KNOX
proteins in S. miltiorrhiza may be involved in shoot apex and inflorescence development.
Under salt stress, the expression levels of SmKNOX1, SmKNOX2, SmKNOX3, SmKNOXS,
and SmKNOX9 increased significantly, while SmKNOX4 exhibited a marked decrease
within 24 h of exposure. Furthermore, the expression of SmKNOX1, SmKNOX2, and
SmKNOX3 was significantly positively correlated with that of their target genes, GA200x1
and S11 MYB. In summary, SmKNOX1, SmKNOX2, and SmKNOX3 respond to salt stress
and may further positively regulate target gene expression.
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results of SMKNOXS5; Figure S6: The gene cloning results of SmKNOX6; Figure S7: The gene cloning
results of SMKNOX7; Figure S8: The gene cloning results of SmKNOXS; Figure S9: The gene cloning
results of SmMKNOXY; Figure S510: The gene cloning results of SmKNOX10.

Author Contributions: Formal analysis, S.D.; writing—original draft preparation, S.D. and W.M.;
validation and visualization, W.M. and C.C.; software and visualization, S.W.; project administration
and writing—review and editing, M.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Natural Science Foundation of Shandong Province
[ZR2022QHO084], the National Natural Science Foundation of China [82304656], the Talent Research
Project from Qilu University of Technology (2023RCKY097), and the Innovation and Entrepreneurship
Training Program for College Students in Shandong Province (5202410431004).

Data Availability Statement: Data is contained within the article or Supplementary Material.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Smith, L.G.; Greene, B.; Veit, B.; Hake, S.].D. A dominant mutation in the maize homeobox gene, Knotted-1, causes its ectopic
expression in leaf cells with altered fates. Development 1992, 116, 21-30. [CrossRef]

2. Truernit, E.; Siemering, K.R.; Hodge, S.; Grbic, V.; Haseloff, ]. A map of KNAT gene expression in the Arabidopsis root. Plant Mol.
Biol. 2006, 60, 1-20. [CrossRef] [PubMed]

3. LiS;Yao,Y.; Ye, W; Wang, S.; Zhang, C.; Liu, S.; Sun, E; Xi, Y. Genome-Wide Identification of Wheat KNOX Gene Family and
Functional Characterization of TaKNOX14-D in Plants. Int. ]. Mol. Sci. 2022, 23, 15918. [CrossRef] [PubMed]

4. Jiao, Y, Tan, ].; Guo, H; Huang, B.; Ying, Y.; Ramakrishnan, M.; Zhang, Z. Genome-wide analysis of the KNOX gene family in
Moso bamboo: Insights into their role in promoting the rapid shoot growth. BMC Plant Biol. 2024, 24, 213. [CrossRef] [PubMed]

5. Tsuda, K, Ito, Y; Sato, Y.; Kurata, N. Positive autoregulation of a KNOX gene is essential for shoot apical meristem maintenance
in rice. Plant Cell 2011, 23, 4368-4381. [CrossRef]

6. Roth, O.; Alvarez, ].P.; Levy, M.; Bowman, J.L.; Ori, N.; Shani, E. The KNOXI Transcription Factor SHOOT MERISTEMLESS
Regulates Floral Fate in Arabidopsis. Plant Cell 2018, 30, 1309-1321. [CrossRef] [PubMed]

7. Sheng,M.; Ma, X,; Wang, J.; Xue, T.; Li, Z.; Cao, Y; Yu, X.; Zhang, X.; Wang, Y.; Xu, W.; et al. KNOX II transcription factor HOS59

functions in regulating rice grain size. Plant . 2022, 110, 863-880. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/plants14030348/s1
https://www.mdpi.com/article/10.3390/plants14030348/s1
https://doi.org/10.1242/dev.116.1.21
https://doi.org/10.1007/s11103-005-1673-9
https://www.ncbi.nlm.nih.gov/pubmed/16463096
https://doi.org/10.3390/ijms232415918
https://www.ncbi.nlm.nih.gov/pubmed/36555558
https://doi.org/10.1186/s12870-024-04883-2
https://www.ncbi.nlm.nih.gov/pubmed/38528453
https://doi.org/10.1105/tpc.111.090050
https://doi.org/10.1105/tpc.18.00222
https://www.ncbi.nlm.nih.gov/pubmed/29743198
https://doi.org/10.1111/tpj.15709
https://www.ncbi.nlm.nih.gov/pubmed/35167131

Plants 2025, 14, 348 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zhang, X.; Zhao, J.; Wu, X,; Hu, G.; Fan, S.; Ma, Q. Evolutionary Relationships and Divergence of KNOTTED1-Like Family Genes
Involved in Salt Tolerance and Development in Cotton (Gossypium hirsutum L.). Front. Plant Sci. 2021, 12, 774161. [CrossRef]
[PubMed]

Sun, R.; Qin, T.; Wall, S.B.; Wang, Y.; Guo, X,; Sun, J; Liu, Y.; Wang, Q.; Zhang, B. Genome-wide identification of KNOX
transcription factors in cotton and the role of GhRKNOX4-A and GhKNOX22-D in response to salt and drought stress. Int. J. Biol.
Macromol. 2023, 226, 1248-1260. [CrossRef]

Song, X.; Zhao, Y.; Wang, J.; Lu, M.Z. The transcription factor KNAT2/6b mediates changes in plant architecture in response to
drought via down-regulating GA200x1 in Populus alba x P. glandulosa. ]. Exp. Bot. 2021, 72, 5625-5637. [CrossRef] [PubMed]

Li, G.; Manzoor, M.A.; Wang, G.; Chen, C.; Song, C. Comparative analysis of KNOX genes and their expression patterns under
various treatments in Dendrobium huoshanense. Front. Plant Sci. 2023, 14, 1258533. [CrossRef]

Jia, L.C,; Yang, Z.T,; Shang, L.L.; He, S.Z.; Zhang, H.; Li, X,; Xin, G.S. Genome-wide identification and expression analysis of the
KNOX family and its diverse roles in response to growth and abiotic tolerance in sweet potato and its two diploid relatives. BMC
Genom. 2024, 25, 572. [CrossRef]

Iannelli, M.A.; Nicolodi, C.; Coraggio, I.; Fabriani, M.; Baldoni, E.; Frugis, G. A Novel Role of Medicago truncatula KNAT3/4/5-
like Class 2 KNOX Transcription Factors in Drought Stress Tolerance. Int. ]. Mol. Sci. 2023, 24, 12668. [CrossRef] [PubMed]

Li, ZM.; Xu, S.W.,; Liu, P.Q. Salvia miltiorrhizaBurge (Danshen): A golden herbal medicine in cardiovascular therapeutics. Acta
Pharmacol. Sin. 2018, 39, 802-824. [CrossRef]

Jing-Yan, H.; Jing-Yu, E; Yoshinori, H.; Soichiro, M.; De-Hua, C.; Hiromasa, I.; Toshifumi, H.; Hiroshi, T.; Ikuko, K.J.P.T.
Ameliorating effects of compounds derived from Salvia miltiorrhiza root extract on microcirculatory disturbance and target organ
injury by ischemia and reperfusion. Pharmacol. Ther. 2007, 117, 280-295. [CrossRef]

Xu, H.; Song, J.; Luo, H.; Zhang, Y,; Li, Q.; Zhu, Y,; Xu, J.; Li, Y,; Song, C.; Wang, B.; et al. Analysis of the Genome Sequence of the
Medicinal Plant Salvia miltiorrhiza. Mol. Plant 2016, 9, 949-952. [CrossRef] [PubMed]

Song, Z.; Lin, C.; Xing, P; Fen, Y; Jin, H.; Zhou, C.; Gu, Y.Q.; Wang, ].; Li, X. A high-quality reference genome sequence of Salvia
miltiorrhiza provides insights into tanshinone synthesis in its red rhizomes. Plant Genome 2020, 13, e20041. [CrossRef] [PubMed]
Pan, X.; Chang, Y.; Li, C.; Qiu, X.; Cui, X,; Meng, E; Zhang, S.; Li, X.; Lu, S. Chromosome-level genome assembly of Salvia
miltiorrhiza with orange roots uncovers the role of Sm20GD3 in catalyzing 15,16-dehydrogenation of tanshinones. Hortic. Res.
2023, 10, uhad069. [CrossRef]

Nagasaki, H.; Sakamoto, T.; Sato, Y.; Matsuoka, M. Functional Analysis of the Conserved Domains of a Rice KNOX Homeodomain
Protein, OSH15. Plant Cell 2001, 13, 2085-2098. [CrossRef] [PubMed]

Sakamoto, T.; Nishimura, A.; Tamaoki, M.; Kuba, M.; Tanaka, H.; Iwahori, S.; Matsuoka, M. The Conserved KNOX Domain
Mediates Specificity of Tobacco KNOTTED1-Type Homeodomain Proteins. Plant Cell 1999, 11, 1419-1431. [CrossRef] [PubMed]
Jasinski, S.; Piazza, P.; Craft, J.; Hay, A.; Woolley, L.; Rieu, I.; Phillips, A.; Hedden, P,; Tsiantis, M. KNOX Action in Arabidopsis Is
Mediated by Coordinate Regulation of Cytokinin and Gibberellin Activities. Curr. Biol. 2005, 15, 1560-1565. [CrossRef]

Jia, P; Wang, Y.; Sharif, R.; Dong, Q.L.; Liu, Y,; Luan, H.A.; Zhang, X.M.; Guo, S.P; Qi, G.H. KNOTTED1-like homeobox (KNOX)
transcription factors—Hubs in a plethora of networks: A review. Int. J. Biol. Macromol. 2023, 253, 126878. [CrossRef] [PubMed]
Liu, Y.; You, S.; Taylor-Teeples, M.; Li, W.L.; Schuetz, M.; Brady, S.M.; Douglas, C.J. BEL1-LIKE HOMEODOMAING6 and
KNOTTED ARABIDOPSIS THALIANAY Interact and Regulate Secondary Cell Wall Formation via Repression of REVOLUTA.
Plant Cell 2014, 26, 4843—4861. [CrossRef] [PubMed]

Fang, S.C.; Chen, ].C.; Chang, P.Y.; Lin, H.Y. Co-option of the SHOOT MERISTEMLESS network regulates protocorm-like body
development in Phalaenopsis aphrodite. Plant Physiol. 2022, 190, 127-145. [CrossRef] [PubMed]

Kim, D.; Cho, Y.H.; Ryu, H.; Kim, Y.; Kim, T.H.; Hwang, I. BLH1 and KNAT3 modulate ABA responses during germination and
early seedling development in Arabidopsis. Plant J. Cell Mol. Biol. 2013, 75, 755-766. [CrossRef]

Chen, H.; Banerjee, A.K.; Hannapel, D.]. The tandem complex of BEL and KNOX partners is required for transcriptional repression
of ga20ox1. Plant J. Cell Mol. Biol. 2004, 38, 276-284. [CrossRef]

Gao, J.; Yang, X.; Zhao, W.; Lang, T.; Samuelsson, T. Evolution, diversification, and expression of KNOX proteins in plants. Front.
Plant Sci. 2015, 6, 882. [CrossRef] [PubMed]

Long, J.A.; Moan, E.I; Medford, ] .I.; Barton, M.K. A member of the KNOTTED class of homeodomain proteins encoded by the
STM gene of Arabidopsis. Nature 1996, 379, 66—-69. [CrossRef]

Tsuda, K.; Hake, S. Diverse functions of KNOX transcription factors in the diploid body plan of plants. Curr. Opin. Plant Biol.
2015, 27, 91-96. [CrossRef] [PubMed]

Hay, A.; Tsiantis, M. KNOX genes: Versatile regulators of plant development and diversity. Development 2010, 137, 3153-3165.
[CrossRef] [PubMed]

Khan, M.; Tabb, P.; Hepworth, S.R. BLADE-ON-PETIOLE1 and 2 regulate Arabidopsis inflorescence architecture in conjunction
with homeobox genes KNAT6 and ATH1. Plant Signal. Behav. 2012, 7, 788-792. [CrossRef] [PubMed]


https://doi.org/10.3389/fpls.2021.774161
https://www.ncbi.nlm.nih.gov/pubmed/34970288
https://doi.org/10.1016/j.ijbiomac.2022.11.238
https://doi.org/10.1093/jxb/erab201
https://www.ncbi.nlm.nih.gov/pubmed/33987654
https://doi.org/10.3389/fpls.2023.1258533
https://doi.org/10.1186/s12864-024-10470-4
https://doi.org/10.3390/ijms241612668
https://www.ncbi.nlm.nih.gov/pubmed/37628847
https://doi.org/10.1038/aps.2017.193
https://doi.org/10.1016/j.pharmthera.2007.09.008
https://doi.org/10.1016/j.molp.2016.03.010
https://www.ncbi.nlm.nih.gov/pubmed/27018390
https://doi.org/10.1002/tpg2.20041
https://www.ncbi.nlm.nih.gov/pubmed/33217202
https://doi.org/10.1093/hr/uhad069
https://doi.org/10.1105/TPC.010113
https://www.ncbi.nlm.nih.gov/pubmed/11549765
https://doi.org/10.1105/tpc.11.8.1419
https://www.ncbi.nlm.nih.gov/pubmed/10449577
https://doi.org/10.1016/j.cub.2005.07.023
https://doi.org/10.1016/j.ijbiomac.2023.126878
https://www.ncbi.nlm.nih.gov/pubmed/37703987
https://doi.org/10.1105/tpc.114.128322
https://www.ncbi.nlm.nih.gov/pubmed/25490916
https://doi.org/10.1093/plphys/kiac100
https://www.ncbi.nlm.nih.gov/pubmed/35258627
https://doi.org/10.1111/tpj.12236
https://doi.org/10.1111/j.1365-313X.2004.02048.x
https://doi.org/10.3389/fpls.2015.00882
https://www.ncbi.nlm.nih.gov/pubmed/26557129
https://doi.org/10.1038/379066a0
https://doi.org/10.1016/j.pbi.2015.06.015
https://www.ncbi.nlm.nih.gov/pubmed/26190742
https://doi.org/10.1242/dev.030049
https://www.ncbi.nlm.nih.gov/pubmed/20823061
https://doi.org/10.4161/psb.20599
https://www.ncbi.nlm.nih.gov/pubmed/22751300

Plants 2025, 14, 348 16 of 16

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.
43.

44.

45.

46.

Zhao, M.; Yang, S.; Chen, C.Y;; Li, C.; Shan, W,; Lu, W.; Cui, Y;; Liu, X.; Wu, K. Arabidopsis BREVIPEDICELLUS interacts with the
SWI2/SNF2 chromatin remodeling ATPase BRAHMA to regulate KNAT2 and KNAT6 expression in control of inflorescence
architecture. PLoS Genet. 2015, 11, e1005125. [CrossRef]

Qin, W.; Yin, Q.; Chen, J.; Zhao, X,; Yue, F; He, J.; Yang, L.; Liu, L.; Zeng, Q.; Lu, F.; et al. The class Il KNOX transcription factors
KNAT3 and KNATY synergistically regulate monolignol biosynthesis in Arabidopsis. J. Exp. Bot. 2020, 71, 5469-5483. [CrossRef]
Wang, S.; Yamaguchi, M.; Grienenberger, E.; Martone, P.T.; Samuels, A.L.; Mansfield, S.D. The Class Il KNOX genes KNAT3 and
KNAT? work cooperatively to influence deposition of secondary cell walls that provide mechanical support to Arabidopsis stems.
Plant J. 2020, 101, 293-309. [CrossRef]

Gonzalez-Morales, S.; Solis-Gaona, S.; Valdés-Caballero, M.V.; Judrez-Maldonado, A.; Loredo-Trevifio, A.; Benavides-Mendoza, A.
Transcriptomics of Biostimulation of Plants Under Abiotic Stress. Front. Genet. 2021, 12, 583888. [CrossRef] [PubMed]

Wang, L.; Yang, X.; Gao, Y.; Yang, S. Genome-Wide Identification and Characterization of TALE Superfamily Genes in Soybean
(Glycine max L.). Int. ]. Mol. Sci. 2021, 22, 4117. [CrossRef] [PubMed]

Zhao, K.; Zhang, X.; Cheng, Z.; Yao, W.; Li, R;; Jiang, T.; Zhou, B. Comprehensive analysis of the three-amino-acid-loop-extension
gene family and its tissue-differential expression in response to salt stress in poplar. Plant Physiol. Biochem. 2019, 136, 1-12.
[CrossRef]

Mistry, J.; Chuguransky, S.; Williams, L.; Qureshi, M.; Salazar, G.A.; Sonnhammer, E.L.L.; Tosatto, S.C.E.; Paladin, L.; Raj, S.;
Richardson, L.].; et al. Pfam: The protein families database in 2021. Nucleic Acids Res. 2021, 49, D412-D419. [CrossRef] [PubMed]
Consortium, T.U. UniProt: The Universal Protein Knowledgebase in 2023. Nucleic Acids Res. 2022, 51, D523-D531. [CrossRef]
Altschul, S.E; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.]. Basic local alignment search tool. ]. Mol. Biol. 1990, 215, 403-410.
[CrossRef]

Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An Integrative Toolkit Developed for Interactive
Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194-1202. [CrossRef] [PubMed]

Bailey, T.L.; Johnson, J.; Grant, C.E.; Noble, W.S. The MEME Suite. Nucleic Acids Res. 2015, 43, W39-W49. [CrossRef]

Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021,
38, 3022-3027. [CrossRef] [PubMed]

Goodstein, D.M.; Shu, S.; Howson, R.; Neupane, R.; Hayes, R.D.; Fazo, J.; Mitros, T.; Dirks, W.; Hellsten, U.; Putnam, N.; et al.
Phytozome: A comparative platform for green plant genomics. Nucleic Acids Res. 2012, 40, D1178-D1186. [CrossRef] [PubMed]
Xie, J.; Chen, Y.; Cai, G.; Cai, R.; Hu, Z.; Wang, H. Tree Visualization By One Table (tvBOT): A web application for visualizing,
modifying and annotating phylogenetic trees. Nucleic Acids Res. 2023, 51, W587-W592. [CrossRef] [PubMed]

Yang, Y.; Hou, S.; Cui, G.; Chen, S.; Wei, J.; Huang, L. Characterization of reference genes for quantitative real-time PCR analysis
in various tissues of Salvia miltiorrhiza. Mol. Biol. Rep. 2010, 37, 507-513. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pgen.1005125
https://doi.org/10.1093/jxb/eraa266
https://doi.org/10.1111/tpj.14541
https://doi.org/10.3389/fgene.2021.583888
https://www.ncbi.nlm.nih.gov/pubmed/33613631
https://doi.org/10.3390/ijms22084117
https://www.ncbi.nlm.nih.gov/pubmed/33923457
https://doi.org/10.1016/j.plaphy.2019.01.003
https://doi.org/10.1093/nar/gkaa913
https://www.ncbi.nlm.nih.gov/pubmed/33125078
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/j.molp.2020.06.009
https://www.ncbi.nlm.nih.gov/pubmed/32585190
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1093/nar/gkr944
https://www.ncbi.nlm.nih.gov/pubmed/22110026
https://doi.org/10.1093/nar/gkad359
https://www.ncbi.nlm.nih.gov/pubmed/37144476
https://doi.org/10.1007/s11033-009-9703-3
https://www.ncbi.nlm.nih.gov/pubmed/19680786

	Introduction 
	Results 
	Identification of SmKNOX Gene Family of S. miltiorrhiza 
	SmKNOX Protein Sequence Alignment Analysis 
	Gene Structure and Conserved Domains Analysis 
	Phylogenetic Analysis of SmKNOXs 
	Cis-Acting Element Analysis 
	The Expression Profiling of SmKNOXs Genes Among Tissues 
	Expression Analysis of SmKNOXs Under Salt Stress 
	Expression Analysis of Target Genes of SmKNOXs Under Salt Stress 
	Gene Cloning of SmKNOXs 

	Discussion 
	Materials and Methods 
	Plant Materials 
	Gene Family Identification and Characterization 
	Multiple Sequence Alignment and Phylogenetic Relationship Analysis 
	Tissue Differential Expression Analysis of SmKNOX Genes 
	Stress Response Analysis of SmKNOX Genes 
	Gene Cloning Analysis of SmKNOX Genes 
	Subcellular Localization Analysis 

	Conclusions 
	References

