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Abstract
Toona fargesii A. Chev. (T. fargesii), a precious tree with timber and medicinal properties, belongs to the Toona genus 
of the Meliaceae family. It is an endangered species in China, owing to various issues including the concerns about 
the drought aspect. KNOXs (knotted-like homeoboxes), a subset of TALE transcription factors, play pivotal roles 
in development and abiotic stress including drought resistance. The recent publication of the T. fargesii genome, 
indicating a specific whole-genome duplication (WGD) event in the Toona genus, serves as a valuable resource 
for uncovering the role of KNOX genes in T. fargesii. Here, genome-wide analysis including identification, synteny 
and duplication of KNOX genes was conducted to unveil their characterization and evolution. Moreover, gene 
structures, protein-protein interaction (PPI), subcellular localizations and expression patterns were also examined to 
verify KNOX genes with respect to drought response and development in T. fargesii. Generally, 21 putative TfKNAT 
(orthologs of KNAT) genes were identified and classified into three subfamilies. Intriguingly, most of TfKNAT gene 
possessed a paralog on another chromosome exhibiting high collinearity and similarities in chromosome regional 
assignments, sequences, structures, cis-elements, subcellular localizations and expression patterns. They diverged 
approximately 4.2 to 8.4 million years ago (MYA) approaching to the specific WGD (22.1 ~ 50.1 MYA) which may 
predominantly drive the family expansion. More importantly, the cis-elements contained many ABA-responsive 
elements strongly associated with drought stress, especially three TfKNAT3/4 genes, and PPI analysis suggested 
that TfKNAT3/4 could interact with proteins related to the drought. Indeed, the expression of three TfKNAT3/4 
members sharply increased and then gradually decreased with prolonged PEG stress duration. Additionally, the 
ABA treatment significantly induced three TfKNAT3/4 genes expression also strengthened their involvement in the 
drought stress. Collectively, our findings highlight the significance of the TfKNAT family and the potential role of 
TfKNAT3/4 in drought resistance of T. fargesii.
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Introduction
Toona fargesii (2n = 2x = 56) is a versatile tree species with 
pinnately compound leaves in the Toona genus of the 
Meliaceae family. This tree is used in folk medicine across 
many regions of southern Asia. The bark and roots of T. 
fargesii contain limonoids, which are essential medicinal 
components for treating parasites and rashes [1]. This 
species has often been misidentified as Toona ciliata M. 
Roem. (T. ciliata), as their overlapping distributions and 
similar morphologies, such as tall trees, compound leaves 
and reddish wood. T. fargesii is often called ‘Chinese 
mahogany’ thanks to its exquisite wood, which is utilized 
for high-grade furniture and decorations. Furthermore, T. 
fargesii is an endangered species in China due to anthro-
pogenic factors and natural obstacles. It is widely distrib-
uted in the southeast of subtropical Asia and extensively 
cultivated in southern China, including Jiangxi, Hunan, 
Guangdong, Fujian, and Zhejiang provinces. However, 
the population of T. fargesii is sporadically distributed in 
small clusters, often approaching to water sources in the 
wild. Indeed, this species largely demands for water in 
afforestation. Notably, a recent study suggested that the 
growth of T. ciliata, a congeneric species of T. fargesii, 
is likely to continue to decline under drying conditions 
induced by global warming [2]. Hence, drought stress 
induced by climate change could be a threat that needs 
concerns in the conservation and breeding process of T. 
fargesii.

KNOXs are plant-specific TALE transcription fac-
tors that widely exist in the plant kingdom and are 
involved in plant growth, development and biological 
processes, such as leaf development, vascular cambium 
maintenance and meristem establishment [3–7]. Ever 
since Sarah Hake and her colleagues discovered a ‘knot-
ted-1’ mutant with knotted nodules on leaves in maize, 
the KNOX genes have been identified in several species 
[8–10]. Notably, it is reported that several KNOX genes 
contribute to drought resistance [11–13]. For instance, 
PagKNAT2/6b can directly inhibit the synthesis of gib-
berellin (GA), altering plant architecture and improv-
ing drought resistance in Populus (Populus alba × P. 
glandulosa). Recently, GhKNOX4-A and GhKNOX22-D, 
homologs to AT5G11060.1 (KNAT4) and AT5G25220.1 
(KNAT3), were identified in cotton (Gossypium hirsu-
tum) as responsive to drought stress. These genes were 
suggested to enhance drought resistance through the 
interaction between GhKNOX4-A and GhABF2, which 
regulates ABA hormone levels to coordinate stomatal 
opening and manage oxidative stress [13].

KNOX proteins typically possess two helical struc-
tures (helix 1 and helix 2) with three additional amino 
acids, forming a homeodomain (HD) structure [14]. The 
HD domain at the C-terminus of KNOX proteins plays 
essential roles in functional mediation and interacts 

with specific sites on target genes through helical struc-
tures. In addition to the HD domain at the C-termi-
nus, the N-terminus of KNOX contains a conserved 
MEINOX (MEIS-KNOX) domain composed of KNOX1 
and KNOX2 domains, which recognize the promot-
ers of target genes and exert specific regulatory effects. 
In addition, most KNOX proteins have evolved an ELK 
domain that may perform auxiliary functions [7]. More-
over, KNOX proteins can target genes that are critical for 
hormone mediation through conserved KNOX domains 
that orchestrate regulatory networks in plants [15, 16]. 
For example, a few KNOX genes target GA20ox genes, 
crucial gibberellin biosynthesis genes, through the recog-
nition of sequences of GA20ox cis-regulatory elements, 
such as ‘TGAC’ and ‘GTGAC’, thereby degrading gibber-
ellin levels [12, 15–19]. Additionally, both OsIPT2 (ade-
nosine phosphate isopentenyltransferase 2) and OsIPT3, 
which catalyze the rate-limiting step of CK biosynthesis, 
contain the binding motif ‘TGTGAC’ and can also be tar-
geted by OSH15, a typical KNOX member to maintain 
cytokinin levels in rice [18, 20, 21].

KNOX genes are generally organized into three subfam-
ilies, namely, class I KNOX, class II KNOX and class M 
KNOX, according to their sequence similarity, gene struc-
ture and gene expression pattern. In Arabidopsis, class I 
KNOX genes include KNAT1/BP, KNAT2, KNAT6, and 
STM, and class II KNOX genes are composed of KNAT3, 
KNAT4, KNAT5, and KNAT7 [8, 22]. In addition, class M 
KNOX proteins are classified into a subgroup that lacks 
the ELK and HD domains [23]. The members of different 
subfamilies predominantly present distinct functions in 
plants. Early studies revealed that KNOX genes strongly 
contribute to leaf complexity [24–26]. For instance, a 
previous study revealed the important roles of KNOX 
genes in compound leaves during evolution in Carda-
mine hirsuta, a close relative of Arabidopsis with dis-
sected leaves [24, 27]. In particular, class I KNOX genes, 
which are most closely related to leaf complexity and 
asymmetric development, have been extensively studied. 
KNOX genes play negative or positive roles in secondary 
cell wall deposition, which is critical for wood quality [10, 
28, 29]. Especially, a few members of the class I subfamily 
have been identified as repressors that participate in sec-
ondary cell wall (SCW) formation [10, 29, 30]. KNOX1-
overexpressing mutant plants present a reduction in 
lignin content in both maize and tobacco [31]. Similarly, a 
recent study reported that PagKNAT2/6b, an ortholog of 
KNAT2 and KNAT6, was highly expressed in phloem and 
xylem and that overexpressing PagKNAT2/6b resulted in 
altered vascular patterns characterized by decreased sec-
ondary xylem with thin cell walls containing less cellu-
lose, xylose and lignin in poplar (P. alba × P. glandulosa) 
[29]. In contrast to class I KNOX genes, class II KNOX 
genes exhibit widespread expression patterns underlying 
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their multiple functions [32]. For example, KNAT7, a 
class II KNOX gene, also serves as a negative regulator of 
secondary wall biosynthesis and functions in a negative 
feedback loop that represses metabolically inappropri-
ate commitment to secondary wall formation in Arabi-
dopsis [33], whereas KNAT7-1 regulates physical seed 
dormancy in mungbean (Vigna radiata) [34]. KNOX4, 
which is also a class II KNOX, controls seed physical dor-
mancy in Medicago truncatula [35]. In M. truncatula, 
MtKNOX4 plays a crucial role in integrating the CK 
pathway and boundary regulators, providing new insights 
into the roles of class II KNOX in regulating the elabora-
tion of compound leaves [36]. In apple (Malus domestica 
Borkh.), MdKNOX19, a homolog of KNAT3/4, cooperate 
with MdABI5 coordinating ABA levels [37].

Albeit KNOX has been characterized in Arabidopsis, 
Populus, and other species, little information is available 
regarding the KNOX in T. fargesii. Recently, the genomic 
study of T. fargesii identified a specific whole-genome 
duplication (WGD) event, offering valuable resources 
for investigating the role of KNOX genes in this species 
[38]. To primarily understand the changes of KNOX fam-
ily genes during the evolution, genome-wide analysis 
was performed to elucidate the identification, classifica-
tion, evolution, structure of the TfKNAT family. More 
importantly, the characterization, sequence similarity, 
expression patterns, regulatory networks and subcellular 
localization of TfKNAT genes were conducted to deeply 
explore their potential value contributing to the drought 
and development such as wood formation in T. fargesii. 
This study may lay foundation for the identification, char-
acterization, expression pattern of TfKNAT family and 
provide insights into and evolution of gene families in the 
Toona genus.

Methods and methods
Plant materials and genetic information
The materials, including roots, leaves (leaflets and leaf 
petioles), flowers, buds and stems (xylem and phloem 
tissues), were sampled from mature trees of T. fargesii 
cultivated at Jiangxi Agricultural University, Nanchang 
city, China (E115°49’36”, N28°45’45”). The samples were 
stored in a -80  °C refrigerator to prepare for gene clon-
ing and qRT‒PCR (quantitative real-time PCR) verifica-
tion. The genome of T. fargesii used for analysis and set to 
be released on October 18, 2025, was obtained from our 
group [38]. The genomic information of other species, 
including A. thaliana, was downloaded from the phyto-
zome database (​h​t​t​p​​s​:​/​​/​p​h​y​​t​o​​z​o​m​​e​-​n​​e​x​t​.​​j​g​​i​.​d​o​e​.​g​o​v​/). 
Moreover, the tobacco plants (Nicotiana benthamiana) 
used for the subcellular location assay were cultivated 
under long-day conditions (illumination at 23 °C for 16 h 
and darkness at 16  °C for 8 h) and then transplanted to 

pots filled with a mixture of soil, vermiculite or sand at a 
1:1:1 ratio.

Identification and physicochemical properties of KNOX 
family in T. fargesii
Since KNOX typically contains four conserved domains: 
PF05920 (homeobox KN domain), PF03790 (KNOX1 
domain), PF03791 (KNOX2 domain), and PF03789 (ELK 
domain), these domains were obtained from the Pfam 
database according to a previously reported KNOX 
family [39]. Then, redundant sequences were manually 
removed. To further examine potential members of the 
KNOX family, a hidden Markov model (HMM) was per-
formed by using HMMER (v3.0) with Pfam sequences. 
The sequences with homologous alignment and HMM (e 
value < 1e-20) were considered candidate KNOX genes. 
The candidate sequences were further screened by the 
KNOX domains via PFAM (http://pfam.xfam.org/) and 
SMART (​h​t​t​p​​:​/​/​​s​m​a​r​​t​.​​e​m​b​​l​-​h​​e​i​d​e​​l​b​​e​r​g​.​d​e). The Basic 
Local Alignment Search Tool (BLAST v2.14) was also 
employed to generate homologous sequences between 
the KNAT and TfKNAT proteins [40].

To predict KNOX properties in T. fargesii, the physi-
cochemical properties of each putative TfKNAT protein 
were analyzed via ExPASy (https://www.ExPASy.org). 
SWISS-MODEL (swissmodel.expasy.org) and I-TASSER 
(​h​t​t​p​​s​:​/​​/​z​h​a​​n​g​​g​r​o​​u​p​.​​o​r​g​/​​I​-​​T​A​S​S​E​R) were employed to 
predict the three-dimensional structure of the TfKNOX 
proteins. The subcellular localization of TfKNAT pro-
teins was anticipated by using Cell-Ploc with the Plant-
mPLoc model (​h​t​t​p​​:​/​/​​w​w​w​.​​c​s​​b​i​o​​.​s​j​​t​u​.​e​​d​u​​.​c​n​​/​b​i​​o​i​n​f​​/​p​​l​a​n​
t​-​m​u​l​t​i).

Phylogenetic tree, chromosome localization and 
collinearity analysis
Clustal Omega (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​b​i​.​​a​c​.​​u​k​/​s​​e​r​​v​i​c​e​s) was used 
for sequence analysis of KNOX members from seven 
species, including T. fargesii, Arabidopsis thaliana, Zea 
mays, Oryza sativa, Populus trichocarpa, Solanum lyco-
persicum, and Allium sativum, which were downloaded 
from PlantTFDB v5.0 (​h​t​t​p​​s​:​/​​/​p​l​a​​n​t​​t​f​d​​b​.​g​​a​o​-​l​​a​b​​.​o​r​g​/​i​n​d​
e​x​.​p​h​p). KNOX members of these species were aligned 
via MAFFT (v7.0) with default parameters. MEGA 
(v11.0) was employed to analyze these KNOX sequences 
and construct a phylogenetic tree by the Maximum 
Likelihood (ML) method with 1,000 bootstrap repeats. 
Evolview v2.0 (​h​t​t​p​​:​/​/​​w​w​w​.​​e​v​​o​l​g​​e​n​i​​u​s​.​i​​n​f​​o​/​e​v​o​l​v​i​e​w) 
was subsequently used to polish the figure of the phy-
logenetic tree. To better understand gene evolution and 
duplications, we extracted the chromosome distribution 
of TfKNAT members from the annotation of the T. farge-
sii genome. Then, collinearity analysis was conducted to 
further verify the gene duplications within the species. In 
addition, we performed collinearity analysis of the KNOX 

https://phytozome-next.jgi.doe.gov/
http://pfam.xfam.org/
http://smart.embl-heidelberg.de
https://www.ExPASy.org
https://zhanggroup.org/I-TASSER
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi
https://www.ebi.ac.uk/services
https://planttfdb.gao-lab.org/index.php
https://planttfdb.gao-lab.org/index.php
http://www.evolgenius.info/evolview


Page 4 of 20Zhong et al. BMC Genomics          (2025) 26:423 

genes among T. fargesii, T. sinensis (A.Juss.) M.Roem. (T. 
sinensis) and A. thaliana.

Ka/Ks (nonsynonymous substitution rate/synonymous 
substitution rate) ratios were calculated to examine the 
selection pressure on the evolution of TfKNAT genes 
calculated by using MCScanX [41]. The ratio of 𝐾𝑎/𝐾𝑠 
above 1.0 indicates purifying selection, whereas the ratio 
of 𝐾𝑎/𝐾𝑠 below 1.0 suggests purifying or negative selec-
tion [43]. Besides, the divergence time was calculated by 
the formula T = Ks/2r, with Ks being the synonymous 
substitutions per site and r being the rate of divergence 
for nuclear genes from plants. The r was taken to be 
1.5 × 10− 8 synonymous substitutions per site per year 
for dicotyledonous plants [42, 43]. Tandem duplication 
referred to duplicates that were next to each other in 
the genome, leading to rapidly expanding gene families. 
Segmental duplication involved larger sections of the 
genome being duplicated, potentially resulting in greater 
functional diversity. Tandem duplication was identified 
by duplicates that were next to each other in the genome 
and were less than 10  kb in length. Additionally, dupli-
cates that were longer than 10 kb were regarded as seg-
mental duplications [44, 45].

Gene structure and protein motif, cis-elements and 
protein–protein interaction (PPI) analysis
The conserved motifs of the TfKNAT protein were iden-
tified by the MEME suite (http://memesuite.org) [46]. 
After that, NCBI Batch Web CD-Search (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​
c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​​/​S​t​​r​u​c​t​​u​r​​e​/​b​w​r​p​s​b​/​b​w​r​p​s​b​.​c​g​i) was ​c​a​r​r​i​
e​d out to predict the conserved domains of the TfKNAT 
protein family in T. fargesii. Additionally, pygff (v2.0) was 
used to extract the 2000  bp upstream sequences of the 
TfKNAT genes as promoter regions. The PlantCARE (​h​t​
t​p​​:​/​/​​b​i​o​i​​n​f​​o​r​m​​a​t​i​​c​s​.​p​​s​b​​.​u​g​​e​n​t​​.​b​e​/​​w​e​​b​t​o​​o​l​s​​/​p​l​a​​n​t​​c​a​r​e​/​h​t​m​
l) database was used to indentify the cis-elements in the 
extracted sequences. Besides, we manually optimized the 
cis-elements and supplemented several drought related 
cis-regulatory elements including ABA-responsive ele-
ment, dehydration responsive element, antioxidant 
responsive element, W-box and TCA-element. Finally, 
the figures of the motifs, gene structures, cis-elements 
and responsive functions were merged and visualized.

The homologous gene sequences of Arabidopsis were 
input into the STRING (https://cn.string-db.org/) ​d​a​t​a​b​
a​s​e to construct a protein‒protein interaction (PPI) net-
work of TfKNAT proteins (https://string-db.org/) [47]. 
The homologous protein sequences were subsequently 
aligned against the T. fargesii genome. The genes of Ara-
bidopsis were substituted with homologous genes of T. 
fargesii [48]. The PPI networks were established by Cyto-
scape v3.7.2 (https://cytoscape.org/).

The isolation of TfKNAT genes and vector construction for 
subcellular localization
Total RNA was extracted from different tissues of T. 
fargesii from the materials described according to the 
instructions of the Total RNA Extraction Kit for Plants 
(provided by TianGen Biotech). The concentration, 
purity, and quality of the RNA were detected using a 
nucleic acid spectrophotometer and 1.0% agarose gel 
electrophoresis. Qualified RNA samples were then 
reverse transcribed into cDNA using the EasyScript® 
First-Strand cDNA Synthesis SuperMix Reverse Tran-
scription Kit (provided by QuanSheng Biotech Co., Ltd.) 
and stored at -20  °C. Next, specific primers (Table S2) 
were designed via Oligo (v7.0) software and synthesized 
by Sangon Biotech (Shanghai) Co., Ltd. The PCR amplifi-
cation system consisted of a 50 µL reaction mixture, fol-
lowing the instructions of the 2×TransStart®FastPfu Fly 
PCR SuperMix, which contained 1 µL of cDNA template, 
25 µL of 2×TransStart®FastPfu Fly PCR SuperMix, 1 µL of 
each of the forward and reverse primers (10 µmol/L), and 
18 µL of nuclease-free water. The PCR amplification pro-
gram for the target gene reaction was as follows: initial 
denaturation at 98 °C for 1 min; denaturation at 98 °C for 
10 s, annealing at 58 °C for 5 s, and extension at 72 °C for 
10 s for 30 cycles; and a final extension at 72 °C for 1 min. 
The PCR products were preliminarily detected for size 
and quality using 1.5% agarose gel electrophoresis.

To better know the characterization of TfKNAT genes, 
the subcellular localization experiment was conducted. 
The primers were designed using Oligo (v7.0) to amplify 
and purify the TfKNAT family genes (Table S2). The 
pCAMBIA1304 vector containing the 35S promoter 
and GFP was digested with the NcoI and SpeI restriction 
endonucleases. The amplified gene and the digested vec-
tor were ligated to construct a vector, pCAMBIA1304-
TfKNAT-GFP, driven by the 35S promoter. The ligated 
plasmid was subsequently transformed into competent 
Agrobacterium tumefaciens strain GV3101 cells, which 
were cultured on LB supplemented with kanamycin at 
28 °C for 2‒3 days. Single colonies were picked, and the 
positive strains were screened via PCR and then verified 
via first-generation sequencing (Shanghai Biotech Co., 
Ltd.). After the construction of the overexpression vector, 
the pCAMBIA1304-GFP and pCAMBIA1304-TfKNAT-
GFP fusion vector strains were infiltrated into five-week-
old N. benthamiana leaves via a buffer mixture (10 mM 
MES pH 5.6, 10 mM MgCl2, or 200 µM acetosyringone) 
[49]. After 24  h of incubation in the dark, the GFP sig-
nals were detected using a confocal laser scanning micro-
scope (OLYMPUS FV3000).

http://memesuite.org
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
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http://bioinformatics.psb.ugent.be/webtools/plantcare/html
http://bioinformatics.psb.ugent.be/webtools/plantcare/html
https://cn.string-db.org/
https://string-db.org/
https://cytoscape.org/
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Drought stress and hormones treatments and expression 
patterns determined by qRT‒PCR
As mentioned above, warming and drought conditions 
might threaten T. fargesii, and KNOX genes significantly 
contribute to the drought resistance of many plants. One-
year-old T. fargesii seedlings were used for the drought 
stress experiment. The drought stress experiments were 
designed including a PEG treatment at a concentration of 
75 mM to simulate drought conditions according to pre-
vious studies [50, 51]. The treatment durations were 0 h, 
6  h, 12  h, and 24  h, respectively. Five plants from each 
treatment were used as replicates. Furthermore, previ-
ous studies have shown that KNOX is closely related to 
the regulation of plant hormones. To investigate the hor-
mones impact on gene expression, we applied treatments 
with three hormones: cytokinin (kinetin, 10 µM), auxin 
(IAA,10 µM), and abscisic acid (ABA, 100 µM), which is 
highly associated with the drought stress. The seedlings 
were sprayed with these hormones, and samples were 
collected 6  h later to assess relative expression levels of 
KNOX family members according to the PEG treatment 
results.

The primers for qRT‒PCR were designed by using 
Oligo v7.0 to analyze the expression pattern of each 
TfKNAT family member. To specify primer sequences 
and avoid interference from homologous sequences, the 
primers were aligned against the genome (Table S1). The 
actin gene was used as the internal reference gene [52]. 
The PCR conditions were as follows: 60 s at 95 °C for ini-
tial denaturation, followed by 40 cycles of 15 s at 95  °C, 
60 s at 60 °C, 15 s at 95 °C, 30 s at 60 °C, and 15 s at 95 °C 
for annealing. The standard deviations (SDs) were calcu-
lated in triplicate. The relative expression levels were cal-
culated using the 2−ΔΔCT method. The statistical analysis 
of the data was performed by SPSS (v24.0) with one-way 
ANOVA model and LSD test.

Results
Identification of TfKNAT genes and analysis of their 
physicochemical properties
To better extract the members of KNOX in T. farge-
sii, HMMER and BLAST were both implemented, and 
their results were unified. To reveal the evolutionary 
relationships of the TfKNAT genes, a phylogenetic tree 
was constructed using the KNOX protein sequences 
derived from six species, including A. thaliana, Z. mays, 
O. sativa, P. trichocarpa, S. lycopersicum, and A. sativum 
(Fig.  1; Table S3). Consequently, a total of 21 TfKNAT 
members were identified and clustered into three sub-
families composed of six subclades. TfKNATs are classi-
fied into three subfamilies: class I KNOX, class II KNOX 
and class M KNOX. The class I KNOX subfamily was 
divided into three clades, namely, KNAT1-like, STM-
like, and KNAT2/6-like; class II had two clades, namely, 

KNAT7-like and KNAT3/4-like; and class M possessed 
only one clade, namely, KNATM-like, which included 
TfKNATMa, TfKNATMb and TfKNATMc three mem-
bers, according to the classification of KNOX genes in 
Arabidopsis (Fig. 1).

Furthermore, the characterization of proteins encoded 
by TfKNAT genes was presumed by multiple methods. 
First, the length of the protein encoded by the TfKNAT 
genes varied from 134 aa to 521 amino acid (aa). The 
shortest amino acid sequence was TfKNATMa, which 
is 134 aa in length, whereas the longest sequence was 
encoded by the TfKNAT3/4a gene, which is 521 aa in 
length. Additionally, the relative molecular weights 
of the proteins encoded by the TfKNAT genes ranged 
from 15531.21 to 58958.71 Daltons (Da) and were posi-
tively correlated with amino acid length. Moreover, the 
theoretical isoelectric point analysis exhibited that all 
of the KNOX proteins exhibit isoelectric points below 
7.0, indicating that they both encode acidic amino acid 
sequences. Among them, TfKNAT2/6b presented the 
lowest isoelectric point at 4.82, while TfKNAT3/4a pre-
sented the highest isoelectric point (pI) at 6.68. In addi-
tion, the instability coefficients ranged from 40.29 to 
64.73, which were greater than 40.0, indicating that all 
the TfKNAT proteins were unstable and that all the 
TfKNAT proteins were hydrophilic, and the prediction of 
their subcellular localization revealed that they were pre-
dicted to be located in the cell nucleus (Table 1).

Analysis of TfKNAT gene location, collinearity and 
duplication
To further understand the TfKNAT gene location on the 
chromosomes (Chr), the chromosomes were adjusted to 
be in same direction according to the gene density on the 
chromosome. Generally, all the TfKNAT genes were dis-
tributed on the 14 chromosomes, including Chr1, Chr7, 
Chr10, Chr12, Chr13, Chr16, Chr21, Chr19, Chr23, 
and Chr25 (Fig.  2A). Notably, the genes TfKNAT2/6d, 
TfKNAT7b, and TfKNATMb were sequentially colocal-
ized on Chr13, resembling gene linkages, and their cor-
responding paralogs, TfKNAT2/6c, TfKNAT7a, and 
TfKNATMa, colocalized on Chr21 in the same order. 
Additionally, a similar phenomenon was observed on 
Chr7 and Chr11, where TfKNAT3/4a and TfKNAT3/4c 
were colocalized on Chr7, while their paralogs, 
TfKNAT3/4b and TfKNAT3/4d, were similarly colocal-
ized on Chr11 (Fig. 2A).

To further examine the relationships among the 
TfKNAT genes within the species, interspecies collin-
earity analysis was systematically conducted. Here, the 
TfKNAT gene family exhibited a significant paralogous 
relationship, which might have originated from large-
scale chromosome duplications, leading to TfKNAT gene 
family expansion. Except for Chr23 and Chr27, each 
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paralogous pairs were separately located on two different 
chromosomes whose lengths and gene density were rela-
tively similar. Moreover, these paralogs displayed high 
collinearity (Fig. 2B).

Additionally, the 𝐾𝑎/𝐾𝑠 values of the paralogous pairs 
were both less than 1.0, suggesting that they experienced 
purifying selection (Table S4). No tandem duplications 
were detected on any of the chromosomes. In addi-
tion to TfKNATMa, all the TfKNAT genes underwent 

duplications in the genome. Furthermore, we calculated 
the divergence time between the paralogs, and the diver-
gence time ranged from 4.2 to 8.4 MYA. Interestingly, 
this time range was close to the WGD in the Toona genus 
(22.1 ~ 50.1 MYA). Strong collinearity was also detected 
between the chromosomes on which pairs of paralogs 
were separately located.

To better reveal the homologous relationship between 
different species, intraspecies synteny analysis was 

Fig. 1  Phylogenetic tree analysis of KNOX members among T. fargesii, A. thaliana, Z. mays, O. sativa, P. trichocarpa, S. lycopersicum, and A. sativum species. 
The red names indicate the members of TfKNAT of T. fargesii
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conducted among T. fargesii and two representative dicot 
plants, A. thaliana and T. sinensis, a close relative of T. 
fargesii, to further examine the relationships among the 
KNOX genes. In total, 21 pairs of homologs containing 65 
synteny lines were found between T. fargesii and T. sinen-
sis, indicating close relations of KNOX members between 
the species. Moreover, seven pairs of homologs with 29 
syntenies were identified between T. fargesii and A. thali-
ana (Fig. S1). The KNAT genes in Arabidopsis corre-
sponded to their homologous genes in T. fargesii partially 
support the reliability of TfKNAT identification. Besides, 
this result was correlated with the close relationships 
between T. fargesii and T. sinensis underlying homolo-
gous evolution in the Toona genus.

Analysis of the relationships, gene structure and motifs of 
the TfKNAT family
Interestingly, ten pairs of paralogs were identified in 
the family, and the sequence similarity of the paralog 
pairs was greater than 79%, except for TfKNAT3/4a and 
TfKNAT3/4b, which had a similarity of 68.54% (Fig. 3A, 
Table S4). On the basis of the gene structure informa-
tion extracted from the genome, analysis of the gene 
structures displayed that the TfKNAT genes presented 
similar structures, including UTRs, CDSs, and introns, 
between the paralogs. For instance, the TfKNAT2/6c 
and TfKNAT2/6d presented 90% sequence similar-
ity and displayed almost the same UTRs, CDSs, and 
introns (Fig. 3B). Remarkably, TfKNAT2/6a, TfKNAT7a, 

TfKNAT7b, TfKNATMa, TfKNATMb and TfKNATMc 
lost an ELK domain. Indeed, KNOX typically con-
tains four conserved domains: the KNOX1 domain, the 
KNOX2 domain, the ELK domain, and the homeobox 
KN domain. Nevertheless, TfKNATMa and TfKNATMb 
only possessed two conserved domains, namely, the 
KNOX1 domain and the KNOX2 domain, indicating that 
they belong to the same subfamily, KNOX M, which was 
a family reported more recently (Fig. 3D). Furthermore, 
TfKNAT3 lacked the KNOX2 domain, and it also lacked 
a UTR at the 5’ end and a motif6 (Fig. 3C and E). More-
over, the conserved protein motifs of the TfKNAT genes 
were analyzed by using the MEME suite, and a total of 
fifteen conserved motifs were identified. The length of 
the motifs ranged from 20 to 50 amino acids. In general, 
the structure of TfKNAT genes varies slightly within the 
family corresponding to its versatile functions. Gener-
ally, most paralogs presented similar structures, includ-
ing sequences, motifs, conserved domains and CDSs, 
indicating that the identification of TfKNAT genes was 
reliable and suggesting similar functions among the 
paralogs.

To further characterize the proteins, the three-dimen-
sional structures of the TfKNAT proteins were pre-
dicted and visualized (Fig. 4). Except for the TfKNATM 
subclade, most TfKNAT proteins contained three typi-
cal three-helix structures that corresponded to three 
conserved domains, namely, the KNOX1, KNOX2, and 
homeobox KN domains. Additionally, except for the 

Table 1  Basic information of the TfKNAT in T. fargesii
Gene name Number of amino 

acid (aa)
Molecular 
weight (Da)

Theoreti-
cal pI

Instability 
index

Aliphatic 
index

Grand average of 
hydropathicity

Subcellular 
localization 
prediction

TfKNAT1a 365 41525.39 6.09 49.03 61.26 -0.899 Nucleus.
TfKNAT1b 365 41644.42 6.1 50.17 59.64 -0.924 Nucleus.
TfKNAT2/6a 330 37558.01 4.93 49.43 62.15 -0.762 Nucleus.
TfKNAT2/6b 336 38379.77 4.82 47.17 61.9 -0.757 Nucleus.
TfKNAT2/6c 319 35954.33 5.24 34.34 68.24 -0.636 Nucleus.
TfKNAT2/6d 318 35818.22 5.22 34.37 69.62 -0.567 Nucleus.
TfKNAT2/6e 309 35415.02 4.84 40.33 70.78 -0.644 Nucleus.
TfKNAT2/6f 313 35764.46 5.09 40.11 72.68 -0.592 Nucleus.
TfKNAT3/4a 521 58958.71 6.68 49.63 76.05 -0.772 Nucleus.
TfKNAT3/4b 446 50396.49 5.71 51.17 70.85 -0.854 Nucleus.
TfKNAT3/4c 353 39927.36 5.66 55.34 68.53 -0.833 Nucleus.
TfKNAT3/4d 353 40018.44 5.6 50.65 69.07 -0.862 Nucleus.
TfKNAT7a 297 33582.92 6.32 59.18 84.38 -0.612 Nucleus.
TfKNAT7b 287 32739.97 6.32 64.73 83.59 -0.655 Nucleus.
TfKNATMa 134 15531.21 5.39 65.75 60.45 -1.073 Nucleus.
TfKNATMb 140 16099.76 5.22 63.13 62.79 -1.037 Nucleus.
TfKNATMc 162 18401.87 4.98 42.14 77.72 -0.663 Nucleus.
TfSTMa 301 34064.40 5.58 56.4 64.55 -0.662 Nucleus.
TfSTMb 359 40550.47 6.14 52.35 57.63 -0.736 Nucleus.
TfSTMc 327 36177.98 5.92 38.83 67.77 -0.488 Nucleus.
TfSTMd 327 36448.18 5.68 40.29 64.22 -0.58 Nucleus.
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TfKNATM subclade, we found that the protein struc-
tures within the same subclade were highly similar, sug-
gesting that they may have similar functions.

The cis-elements in upstream regions of TfKNAT genes
To better understand the regulatory elements of TfKNAT 
genes, the cis-regulatory elements in the 2000  bp 
upstream promoter sequences of the TfKNAT cod-
ing regions were analyzed via PlantCARE to examine 
the potential regulation of TfKNAT genes. The core cis-
elements in the promoter region of TfKNAT genes are 
diversely include lots of elements responsive to plant 

hormone signals and environmental stresses. Among 
them, many cis-elements are associated with hormones, 
such as auxin, abscisic acid (ABA), cytokinin and MeJA, 
suggesting regulatory interactions between KNOX and 
hormones (Fig. 5). In addition, a total of 20 types of cis-
acting elements related to the regulation of plant physio-
logical activities were examined. Even though the coding 
sequences displayed high similarity among the paralogs, a 
few pairs of paralogs slightly varied in cis-elements. Anal-
ysis of these hormone-related cis-elements suggested that 
all the genes upstream regions, except for TfKNAT2b, 
contained the ABA-responsive element (ABRE) and 

Fig. 2  Gene locations and synteny of TfKNAT genes. (A) Gene location and duplication analysis of TfKNAT genes. Red signifies a high density of genes on 
the chromosome; blue represents a low density of genes on the chromosome. (B) Gene locations and interchromosomal relationships of TfKNAT genes. 
The circos plot represents, from inside to outside, synteny relationships between chromosomes, GC content, gene density and chromosomes. The orange 
lines represent pairs of syntenic relationships in the class I KNOX family, the green lines indicate pairs of syntenic relationships in the class II KNOX family, 
and the blue lines signify pairs of syntenic relationships in the class M KNOX family
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TfKNAT3/4 subclade gene promoters had the most 
ABREs which are highly associated with drought stress 
(Fig. 5). Besides, the promoters of TfKNAT3/4 contained 
the most elements related to the drought stress, includ-
ing dehydration responsive element, antioxidant respon-
sive element, W-box and TCA-elements. Of these, the 
promoter of TfKNAT3/4d possessed 13 G-box elements, 
indicating the presence of numerous binding sites for 
various transcription factors. Execpt for the TfKNAT3/4a 
promoter, which had only two ABREs, the other 
TfKNAT3/4 promoters possessed more than six ABREs. 
The TfKNAT3/4d promoter had eight ABREs, indicat-
ing that the regulation of TfKNAT3/4d gene expression is 
closely related to ABA regulation (Fig. S2). Additionally, 
two auxin-responsive cis-acting elements, AuxRR-core 
and TGA-element, were identified in this study. Gener-
ally, most of the cis-elements gave rise to drought stress.

Interplay of TfKNAT members
KNOX proteins are involved in large-scale plant devel-
opment and interact with multiple genetic factors to 

orchestrate complex regulatory networks. As no studies 
have reported KNOX genes in T. fargesii, we referred to 
the homologs of KNOX proteins in Arabidopsis to bet-
ter represent the putative regulatory networks (Fig.  6). 
First, interactions within the family were complex, sug-
gesting KNOXs versatile functions in coordination. For 
example, TfKNAT1 was predicted to significantly inter-
act with KNOX2 and KNOX6. Second, most of the reg-
ulators were transcription factors, such as NAC, BLH, 
MYB, WUS, AS1 and AS2. In particular, TfKNAT7 and 
TfKNATM interact with NACs, which are also vital tran-
scription factors involved in biological regulation pro-
cesses, especially abiotic stresses, indicating that these 
two members might participate in the abiotic resistance 
of T. fargesii. Third, as demonstrated above, regulators 
involved in the production of hormones, such as GA and 
auxin, were found in the networks. Specifically, GA20ox 
was associated with GA regulation, and ARF was related 
to auxin regulation, indicating its potential involve-
ment in hormone regulation. TfKNAT3/4 can interact 
with BHL1, typically forming a dimer to regulate ABA 

Fig. 3  Phylogenetic tree, encoding regions, motifs and gene structure analysis of TfKNAT. (A) Relationships of TfKNAT family members; (B) coding struc-
ture of TfKNAT; (C) conserved motifs; (D) conserved domains; (E) sequences of the motifs
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hormones and increase drought resistance. TfKNAT7 can 
interact with OFP, which might be related to regulating 
secondary cell wall and lignin formation, such as OFP2 
and OFP4 [53]. Additionally, the interaction between 
TfKNAT3/4 and KNOX7 also suggests that TfKNAT3/4 
members may act as potential transcriptional activators, 
working together with KNAT7 to promote secondary 
cell wall biosynthesis [53, 54]. This finding supports our 
result that KNAT7 was expressed at lower levels in the 
xylem than in the phloem.

Subcellular localization and gene interactions of TfKNAT
To further verify the subcellular localization of TfKNAT, 
all the TfKNATs were introduced into the pCAM-
BIA1304-GFP vector with the CaMV35S promoter. The 
fusion vectors were subsequently expressed in N. ben-
thamiana leaf epidermal cells via A. tumefaciens. Most 
KNOX proteins with green fluorescent protein (GFP) flu-
orescence, such as TfKNAT1a, TfKNAT1b, TfKNAT2/6a 
and TfKNAT2/6b, were primarily detected in the nuclei 

of leaf epidermal cells, and several TfKNATs, such as 
TfSTMa-d and TfKNAT2/6a-f, were also detected in the 
plasma membrane and cytoplasm (Fig.  7). These results 
were partially in accordance with the subcellular local-
ization prediction (Table  1). Generally, class I KNOX 
genes were localized in both the nucleus and the plasma 
membrane, and class II KNOX proteins are also primarily 
localized in the nucleus. The localization signals of class 
M KNOX members are relatively weak, but they can be 
also observed in the nucleus.

Expression profiles of TfKNAT genes
To clarify tissue-specific expression, comparative analy-
sis of the relative expression levels of TfKNAT genes 
was performed in different tissues, including roots, 
stems, leaves, buds, petioles, flowers, phloem, primary 
xylem, and secondary xylem, respectively. To better 
present the specific expression patterns in different tis-
sues, we sketched the seedlings and different tissues of 
T. fargesii and painted different colors representing gene 

Fig. 4  Three-dimensional structure of TfKNAT proteins
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expression levels (Fig. 8). The class I KNOX genes of T. 
fargesii, with the exception of TfSTMd, presented high 
expression in the leaf buds, which coincided with pre-
vious studies reporting that these genes are expressed 
mainly in the early stage of leaf development. In addition, 
a few members, including TfKNAT3/4a, TfKNAT3/4b, 

TfKNAT3/4c, TfKNAT3/4d and TfKNAT7b, were signifi-
cantly expressed in the leaflets. TfKNAT7a was expressed 
at low levels in most tissues, whereas TfKNAT7b was 
upregulated in leaflets. Notably, we detected relatively 
high expression of TfKNATMa in roots, but it was seldom 
expressed in other tissues, indicating its involvement in 

Fig. 6  Protein‒protein interaction (PPI) networks of TfKNAT. The purple color and large circle represent strong interactions between the proteins. The dark 
purple color indicates strong interaction correlations

 

Fig. 5  Analysis of cis-regulatory elements in TfKNAT members. The numbers on the branches signify the reliability of the relationship
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roots. The gene expression levels varied across differ-
ent tissues, indicating that family members within the 
same subclade may have slight divergences. Generally, 
TfKNAT family members generally play key roles in the 
growth and development of T. fargesii, with each member 
potentially performing distinct functions across different 
tissues.

Expression profile analysis of TfKNAT genes under PEG and 
hormones treatments
As mentioned above, the cis-elements of TfKNAT are 
largely related to drought stress, and water deficiency 
might be a threat to T. fargesii. We therefore detected the 
expression patterns of TfKNAT genes under four dura-
tions of PEG stress to further explore the potential func-
tion of TfKNAT genes with respect to drought stress. 
The results demonstrated that the relative expression 
levels of TfKNAT3/4c, TfKNATMa and TfSTMa were 
significantly declined under PEG stress treatment and 
tended to decrease with increasing PEG stress duration 
(Fig.  9), indicating that the stress affected their expres-
sion. The expression of TfKNATMa and TfSTMa was 
highly expressed in the roots, as presented above (Fig. 8), 
further suggesting that these genes might be involved 
in drought stress. Interestingly, the expression of three 
TfKNAT3/4 genes including TfKNAT3/4a, TfKNAT3/4b 
and TfKNAT3/4d, sharply increased and gradually 
decreased with increasing stress duration. This finding 
was generally consistent with the analysis of TfKNAT3/4 

cis-elements, which largely included drought-related 
elements.

According to previous reports and our above predic-
tion, KNOX genes can regulate various plant hormones, 
particularly auxin, cytokinin and ABA. First, we found 
that ABA treatment significantly increased the expres-
sion of several TfKNAT genes. Notably, the treatment 
enhanced the expression of threeTfKNAT3/4 genes, 
namely TfKNAT3/4a, TfKNAT3/4c, and TfKNAT3/4d. 
This result was highly coincidence with previous study 
and our prediction which indicated that the upstream 
regions of TfKNAT3/4 contain many cis-elements of 
ABA response. Additionally, cytokinin treatment led to 
decrease in several TfKNAT genes expression, but most 
changes were not substantial. Auxin treatment had an 
inhibitory effect on TfKNAT expression (Fig. 10). Gener-
ally, we observed that the expression trends of most para-
logs showed high similar expression patterns strengthen 
our hypothesis of KNOX family expansion in T. fargesii.

Discussion
Identification, classification and evolution of TfKNAT genes
Identification and classification are integral for gene 
family analysis. To better understand the relationships 
among genes, this study identified KNOX genes in T. 
fargesii predominantly by referring to the well-studied 
KNAT genes in Arabidopsis. In Populus (P. alba × P. glan-
dulosa), for example, a KNOX gene, pagKNAT2/6b is 
named according to its homologs of KNAT2/6 (KNOT-
TED-LIKE FROM ARABIDOPSIS THALIANA) in 

Fig. 7  Subcellular location analysis using GFP fused with TfKNATs in leaf epidermal cells of tobacco. The orange arrowheads indicate signals of green 
fluorescent protein fluorescence
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Arabidopsis. Accordingly, the KNOX gene in T. fargesii 
was named as TfKNAT, reflecting their homologs in Ara-
bidopsis. Notably, among the 21 members, ten pairs of 
paralogous genes were found in the last branches of the 
phylogenetic tree, and each pair of paralogs presented 

the closest phylogenetic relationships, suggesting that 
the divergence of these paralogs was relatively recent and 
occurred simultaneously.

KNOX genes are versatile regulators and display pro-
found diversity in plant evolution [23, 55]. Previous 

Fig. 8  Tissue-specific expression patterns of KNAT members. Orange represents high expression of the gene; green indicates low expression of the gene. 
The last figure illustrates the different tissues of the plant
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reviews have summarized the multiple roles played by 
class I and class II KNOX genes in plant developmen-
tal regulation [5, 7, 55, 56]. Class I KNOX genes are 
expressed mainly in meristems and are involved in tran-
scriptional regulation, whereas class II KNOX genes 
exhibit more diverse expression patterns and various 
functions [7]. These genes are generally categorized into 
three subfamilies (Fig.  1). Regardless of recent dupli-
cation of the KNOX family, the class I KNOX genes 
diverged in early seed plants. The first duplication of the 
ancient KNOX1 gene likely generated STM and another 
gene, and the second duplication of the latter gave rise to 
the BP/KNAT1 and KNAT2/6 subclades [57]. Here, our 
results were highly coincidence with these studies. Addi-
tionally, a previous study suggested that KNOX genes 

duplicated into two subfamilies after the land plants 
diverged from algae and before the split between bryo-
phytes and land plants occurred 400 MYA [32, 58]. Since 
the KNOXM subfamily was defined more recently, it is 
sometimes overlooked in family analysis. In the phylo-
genetic tree, we initially omitted the KNATM from Ara-
bidopsis, which is unique in that it lacks the typical HD 
domain (Fig. 5D). Consequently, we identified a solitary 
branch among the KNOX members that was unclas-
sified. We then included the members on the solitary 
branch with the KNATM, and it was successfully classi-
fied as the KNOX members under the KNATM subclade 
(Fig. 1). Additionally, most TfKNAT genes possess three 
typical conserved domains presenting typical KNOX 
functions. As mentioned above, the study defined a 

Fig. 9  Relative expression of TfKNAT genes under PEG stress. Data are presented as mean ± SE at each time point, with *, ** and ns indicating significant 
differences at p < 0.05, p < 0.01 and non-significance, respectively
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KNOXM subfamily in which the structure of the home-
odomain was lost. Similarly, in this study, three members 
of TfKNAT diverged from a distinct group and contained 
only the two domains KNOX1 and KNOX2, strengthen-
ing that they are members of KNOXM (Fig.  5). Indeed, 
KNATM is in a new subfamily and is conserved in dicoty-
ledons [23], and the KNATM family arose at a later stage 
during plant evolution, as it is restricted to eudicots [32].

As described in the methods section, BLAST and 
HMM approaches were both used to identify KNOX 
family members. The intersection of the results gen-
erated by the two approaches identified only 12 genes 
of TfKNAT in T. fargesii. Among these, four syntenies 

were detected and four pairs of orthologs were mapped 
onto seven pairs of chromosomes. Notably, TfKNAT7a 
and TfKNATMb were colocalized on the same chromo-
some (Chr13), and their paralogs were colocalized on 
another chromosome (Chr21) with similar locations 
(Fig.  2A). We speculated that a recent WGD, including 
at least seven pairs of chromosomal duplications, might 
have occurred in the species and that many duplica-
tions might have been overlooked due to limitations of 
identification methods. Hence, the KNOX family mem-
bers were re-identified, and the result selected a combi-
nation of BLAST and HMM approaches. A total of 21 
TfKNAT genes were ultimately obtained through the 

Fig. 10  The relative expression of 21 TfKNAT genes under ABA, IAA and KT treatments. CK stands for control, ABA for abscisic acid, IAA for indole-3-acetic 
acid, and KT for kinetin. Data are presented as mean ± SE at each treatment, with *, ** and ns indicating significant differences at p < 0.05, p < 0.01 and 
non-significance, respectively
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re-assessment. Ten pairs of paralogs were identified, 
except for TfKNATMc, and strong collinearity were also 
found between these chromosomes, on which pairs of 
paralogs were separately localized. For example, Chr7 
and Chr11, on which TfKNAT3/4a and TfKNAT3/4b 
were separately located, exhibited strong collinearity 
and similarities in terms of gene density and chromo-
some length (Fig.  2). Additionally, the 𝐾𝑎/𝐾𝑠 values of 
the paralogous pairs were both lower than 1.0, and nei-
ther tandem duplication nor segmental duplication was 
found, indicating that the TfKNAT gene family was 
conserved and underwent purifying selection (Table 
S4, Fig. 2). The 𝐾𝑠 ranged from 0.15 to 0.25, which is a 
relatively small range, and we accordingly calculated that 
the divergence time ranged from 4.2 to 8.4 MYA (Table 
S4). Interestingly, this time range was close to a reported 
tetraploidization events (T. sinensis special tetraploidiza-
tion) occurred approximately 15 ~ 17 MYA in T. sinensis 
[59, 60]. Hence, we suggest that TfKNAT family expan-
sion is predominantly driven by the recent WGD events 
(tetraploidization event) in T. fargesii. In summary, the 
integration of these multiple methods, along with the 
identification of WGD events, strengthens the reliability 
of TfKNAT identification and provides novel insights into 
the gene family expansion within the Toona genus.

As above illustrated, TfKNATMc was the only gene 
lacking a paralog. To verify our identification, we 
realigned the TfKNATMc sequence with the genome 
to confirm that no paralogous sequence of TfKNATMc 
exists. On the basis of the above findings, we speculated 
three possible reasons for this: first, the homologous gene 
was lost after the WGD (7.9 MYA); second, it was undu-
plicated during the WGD process; and third, TfKNATMc 
was a novel gene and did not undergo the most recent 
WGD event. Remarkably, it was reported that the pro-
portion of paralogues among the total collinear genes 
of T. sinensis was 93.60%. However, we speculate that 
the remaining portion may have been lost due to chro-
mosomal rearrangements, which strengthens the first 
hypothesis. The specific reasons require further in-depth 
research.

Furthermore, TfKNATMc was highly expressed in 
roots, highlighting its important roles in root develop-
ment and adaptation to more recent environmental con-
ditions. With respect to gene expression, since the family 
analysis revealed that almost all members had a paralog, 
we designed specific primers for each gene and aligned 
the primers to the genome sequence to ensure their 
specificity, thereby avoiding the influence of homolo-
gous genes. Interestingly, the expression patterns of 
most genes were highly similar to those of their paralogs, 
resembling the co-expression pattern. It also suggests 
that the WGD event may have contributions to the gene 
dosage effect. We thus hypothesize that owing to the lack 

of a homolog, TfKNATMc may have crucial functions 
in roots and compensate for the gene dosage effect by 
increasing expression levels in roots. Further the func-
tional verification and investigation of TfKNATMc may 
be needed in the future.

The specific expression pattern of TfKNAT
Plants alter their physiology and modify their growth and 
architecture to adapt to moist environments [61, 62]. As 
demonstrated above, T. fargesii was an endangered spe-
cies in China owing to issues induced by human beings 
and poor habitat conditions. Recently, it was reported 
that T. ciliata, a close relative of T. fargesii, was likely to 
continually decline under drying conditions induced 
by global warming [2]. Indeed, drought stress could 
be a significant risk to T. fargesii, as this species natu-
rally grows near rivers where water is abundant. Hence, 
we designed a PEG stress experiment and examined 
TfKNAT genes expression. A recent study suggested 
that GhKNOX4-A and GhKNOX22-D, two homologs of 
KNAT4 and KNAT3, contribute to the drought response 
by ABA coordination ang regulating stomatal open-
ing and oxidative stress in cotton [13]. Similarly, our 
results showed that the expression of three homologs of 
KNAT4, TfKNAT3/4a, TfKNAT3/4b and TfKNAT3/4d, 
sharply increased and gradually decreased with increas-
ing drought stress duration, and these TfKNAT3/4 genes 
were highly expressed in leaflets. Moreover, the subclade 
of TfKNAT3/4 presented the greatest number of ABRE 
cis-elements, which are highly related to ABA indicat-
ing that they were sensitive to the drought stress and 
potentially contributed to drought resistance (Fig. S1). 
We therefore speculated that most TfKNAT3/4 genes 
might be involved in the process of drought stress, which 
is highly correlated with previous studies [13]. Of these, 
the ABA treatment was performed to further examine 
KNOX expression change by the ABA inducing. The 
expression of TfKNAT3/4 genes was expectedly upregu-
lated by ABA treatment. This also strengthens our con-
clusion that TfKNAT3/4 genes may play crucial roles in 
drought response through ABA coordination. Notably, 
the PEG treatment used in this study simulates drought 
stress rather than applying it directly for two main rea-
sons. First, drought stress treatment may involve the 
combined effects of various environmental factors such 
as temperature, air humidity and soil moisture content, 
whereas PEG treatment provides a more controlled sim-
ulation of drought stress. Second, the use of PEG treat-
ment is based on relevant studies from previous studies 
[50, 51]. Furthermore, the purpose of this work is to ana-
lyze the characteristics of the KNOX family in T. fargesii, 
so the PEG treatment is more controllable, which may 
better facilitate our objectives. The further information 
between the identified TfKNAT3/4 genes and drought 
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stress requires further investigation. In this study, the 
cis-regulatory elements of class II KNOX genes were 
highly diverse and that class II KNOX gene was exten-
sively expressed in different tissues (Fig. 9). These implied 
that class II KNOX genes might be involved in multiple 
biological processes and highlight the evolutionary sig-
nificance of class II KNOX genes in T. fargesii. In addi-
tion, transgenic plants in which STM is overexpressed 
are more tolerant to drought stress, suggesting that 
STM contributes to drought resistance in Arabidopsis 
[11]. Our results showed that the TfSTMa and TfSTMb 
genes presented relatively high expression in roots but a 
decreasing trend in gene expression under drought stress. 
Conversely, its ortholog, TfSTMc, tended to increase and 
then decrease in gene expression with increasing drought 
stress duration but exhibited low expression in roots, 
indicating that TfSTMc might involve in drought stress 
and there could be slight divergence among the members 
of TfSTM in T. fargesii. Therefore, we would like to know 
if TfKNAT genes were tissue-specifically diverged and 
therefore carried out further tissue-specific expression 
pattern analysis. The tissue-specific expression analysis 
further validated our hypothesis that was most paralo-
gous genes displayed similar tissue-specific expression 
patterns.

All the species in the Toona genus are deciduous trees 
with pinnate compound leaves, such as T. fargesii, T. 
ciliata and T. sinensis, and they are ideal materials for 
exploring compound leaf formation. As vital regulators 
that greatly contribute to the complexity of leaves, KNOX 
genes, especially class I KNOX genes, are well known for 
promoting compound leaves. A previous study elucidated 
that the evolution of A. thaliana involved a recent selec-
tive sweep, cis-regulatory divergence, which involved the 
loss of STM leaf expression in A. thaliana, resulting in 
unlobed leaves [63]. Recently, a study revealed that the 
class II KNOX family is also involved in controlling com-
pound leaf patterning in M. truncatula [36]. In this work, 
all the class II members, TfKNAT3/4a, TfKNAT3/4b, 
TfKNAT3/4c, TfKNAT3/4d and TfKNAT7a exhibited 
high expression in the leaflets of compound leaves, sug-
gesting that their putative functions in compound leaf 
formation. These results might provide genetic informa-
tion on compound leaf formation and evolution in the 
Toona genus. Additionally, T. fargesii is also an economic 
wood tree whose timber is used for manufacturing high-
grade furniture and decorations. Notably, KNOX genes 
serve as negative or positive regulators involved in sev-
eral processes of wood formation. For instance, class II 
KNOX can repress cell wall thickness during wood devel-
opment in many plants [34, 36, 64, 65]. As mentioned 
above, overexpressing PagKNAT2/6b resulted in altered 
vascular patterns characterized by decreased secondary 
xylem with thin cell walls containing less cellulose, xylose 

and lignin in poplars. In this study, TfKNAT2a and most 
of class II KNOX including TfKNAT3/4c, TfKNAT3/4d, 
TfKNAT7a and TfKNAT7b were significantly down-
regulated in the xylem within the stem, indicating their 
similar functions with respect to wood quality. However, 
heartwood formation, by no means, solely coordinates 
through KNOX genes, and it is worth verification in the 
future. Even if we examined these paralogous genes, 
the divergences among these paralogs also underlie the 
emergence of novel functions or functional divergences.

Future studies on TfKNAT and gene evolution in Meliaceae 
family
Although many studies have conducted genome-wide 
identification of gene families in several species of the 
Toona genus, this study first time reports a significant 
duplication induced by WGD within a gene family. Given 
that paralogous genes present high sequence similar-
ity and that their expression patterns have not largely 
diverged, several factors need to be considered in molec-
ular biology experiments. For example, the karyotype of 
T. fargesii partially resembles a putative tetraploid due 
to the WGD but the paralogous pairs have not totally 
diverged in their expression patterns. Similar cases may 
also exist in other species of the Toona genus, includ-
ing T. sinensis and T. ciliata. Even though no significant 
divergence between the paralogous pairs has been found 
in the sequences, gene structures, collinearity relation-
ships, and expression patterns of these genes, more evi-
dence is needed to determine whether they have diverged 
functionally. Besides, only the TfKNAT family exhibited 
the apparent duplications in this study, the other fami-
lies may need to be further identified in the future in the 
Toona genus.

The species of the Toona genus always contains 28 pairs 
of chromosomes, such as T. fargesii, T. sinensis and T. cili-
ata [59], but the species of the Melia genus usually has 
14 pairs of chromosomes, which is half as many. Whether 
strong synteny exists between the Toona genus and the 
Melia genus also needs further research for revealing the 
details of the evolution of the Meliaceae family. Although 
a genome paper of species in Melia genus, such as M. 
indica, has been published, the genomic data have been 
unreleased yet [60]. It can only be expected that more 
genomic data will be released in the future, which is 
expected to provide further supporting evidence.

Conclusion
In this study, we identified a total of 21 members of the 
KNOX family in the T. fargesii genome using multiple 
methods. Generally, TfKNAT genes were classified into 
three subfamilies: class I, class II, and class M, based 
on phylogenetic relationships. Notably, ten paralogous 
pairs were detected, each exhibiting high similarity in 
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sequences, gene structures, cis-elements, subcellular 
localizations and expression patterns. Evolutionary anal-
ysis indicated that a specific WGD event greatly drove the 
expansion of the TfKNAT family. These results suggest 
that the duplicated genes have not significantly diverged 
from their original counterparts, with only slight differ-
ences observed between paralogous pairs. Additionally, 
the cis-regulatory elements of class II KNOX genes are 
more diverse than those of the other two subfamilies, 
partially explaining the extensive expression patterns of 
class II KNOX genes across different tissues. Further-
more, three TfKNAT3/4 genes contained a large num-
ber of cis-regulatory elements related to drought stress, 
and their expression levels sharply increased and then 
gradually decreased with prolonged PEG stress, indicat-
ing their role in drought stress response. Moreover, ABA 
treatment induced three TfKNAT3/4 genes expression 
indicating that these genes may play significant roles in 
drought response through ABA hormone mediation. 
Collectively, this study highlights the KNOX family genes 
characterization, evolution and expression and indicates 
TfKNAT3/4 genes may contribute to the drought resis-
tance in T. fargesii.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​6​4​-​0​2​5​-​1​1​6​2​8​-​4.

Supplementary Material 1

Supplementary Material 2: Table S1 The primer sequences for qRT-PCR 
experiment

Supplementary Material 3: Table S2 The primer sequences for the PCR 
experiment

Supplementary Material 4: Table S3 Protein sequence of KNOXs from T. 
fargesii, Arabidopsis thaliana, Oryza sativa, Solanum lycopersicum, Zea 
mays, Allium sativum and Populus trichocarpa

Supplementary Material 5: Table S4 The divergence estimation of the 
paraplogs

Acknowledgements
We would like to thank all the project participants for their contributions, 
and National Natural Science Foundation of China (32101515, 31860202) 
and Jiangxi Provincial Department of Education in Science and Technology 
(GJJ200447) projects for their support of this study.

Author contributions
J.M. conceived and designed the experiments.; Q.Z. and Q.C. sampled the 
materials; Q.Z. conducted most of the experiments; J.M. and Q.Z. performed 
the data analysis; Q.Z. and J.M. participated in the gene isolation and 
subcellular localization experiments; X.D. drew the genes expression figures; 
Q.Z. and J.M. wrote the original draft; C.G and Y.X. provided suggestions 
and edited the paper; J.M. and L.Z. reviewed the paper; J.M. and L.Z. got the 
funding acquisition. All authors have read and agreed to the published version 
of the manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(32101515, 31860202) and Jiangxi Provincial Department of Education in 
Science and Technology project (GJJ200447). The funders had no role in the 

design of the study and collection, analysis, and interpretation of data and in 
writing the manuscript.

Data availability
The genome raw reads produced in this study have been deposited in 
the CNCB genome sequence archive (GSA) under accession number 
GWHEQVK00000000 (https://ngdc.cncb.ac.cn/).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Jiangxi Provincial Key Laboratory of Subtropical Forest Resources 
Cultivation, 2011 Co-Innovation Center of Jiangxi Typical Trees Cultivation 
and Utilization, Jiangxi Agricultural University, Nanchang 330045, China
2Jiangxi Provincial Key Laboratory of Improved Variety Breeding and 
Efficient Utilization of Native Tree Species, Jiangxi Agricultural University, 
Nanchang 330045, China
3Jiangxi Province Key Laboratory of Vegetable Cultivation and Utilization, 
Jiangxi Agricultural University, Nanchang 330045, China

Received: 31 August 2024 / Accepted: 22 April 2025

References
1.	 Du L-B, Sheng D-M, Lou H-Y, Liu H-F, Li J-Y, Pan W-D. Limonoids from the bark 

of Toona ciliata var pubescens and their anti-tumor activities. Phytochem 
Lett. 2022;49:157–61.

2.	 Sharma B, Fan Z-X, Panthi S, Gaire NP, Fu P-L, Zaw Z. Warming induced 
tree-growth decline of Toona ciliata in (sub-) tropical Southwestern China. 
Dendrochronologia. 2022;73:125954.

3.	 Freeling M, Hake S. Developmental genetics of mutants that specify knotted 
leaves in maize. Genetics. 1985;111(3):617–34.

4.	 Hake S, Vollbrecht E, Freeling M. Cloning knotted, the dominant morphologi-
cal mutant in maize using Ds2 as a transposon Tag. EMBO J. 1989;8(1):15–22.

5.	 Hake S, Smith HM, Holtan H, Magnani E, Mele G, Ramirez J. The role of Knox 
genes in plant development. Annu Rev Cell Dev Biol. 2004;20:125–51.

6.	 Jia P, Wang Y, Sharif R, Dong QL, Liu Y, Luan HA, Zhang XM, Guo SP, Qi GH. 
KNOTTED1-like homeobox (KNOX) transcription factors - Hubs in a plethora 
of networks: A review. Int J Biol Macromol. 2023;253(Pt 3):126878.

7.	 Hamant O, Pautot V. Plant development: a TALE story. CR Biol. 
2010;333(4):371–81.

8.	 Vollbrecht E, Veit B, Sinha N, Hake S. The developmental gene Knotted-1 is a 
member of a maize homeobox gene family. Nature. 1991;350(6315):241–3.

9.	 Chuck G, Lincoln C, Hake S. KNAT1 induces lobed leaves with ectopic meri-
stems when overexpressed in Arabidopsis. Plant Cell. 1996;8(8):1277–89.

10.	 Du J, Mansfield SD, Groover AT. The Populus homeobox gene ARBORKNOX2 
regulates cell differentiation during secondary growth. Plant Journal: Cell Mol 
Biology. 2009;60(6):1000–14.

11.	 Lee HG, Choi YR, Seo PJ. Increased STM expression is associated with drought 
tolerance in Arabidopsis. J Plant Physiol. 2016;201:79–84.

12.	 Song X, Zhao Y, Wang J, Lu MZ. The transcription factor KNAT2/6b mediates 
changes in plant architecture in response to drought via down-regulating 
GA20ox1 in Populus alba × P. glandulosa. J Exp Bot. 2021;72(15):5625–37.

13.	 Sun R, Qin T, Wall SB, 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 
GhKNOX4-A and GhKNOX22-D in response to salt and drought stress. Int J 
Biol Macromol. 2023;226:1248–60.

14.	 Derelle R, Lopez P, Le Guyader H, Manuel M. Homeodomain proteins belong 
to the ancestral molecular toolkit of eukaryotes. Evol Dev. 2007;9(3):212–9.

https://doi.org/10.1186/s12864-025-11628-4
https://doi.org/10.1186/s12864-025-11628-4
https://ngdc.cncb.ac.cn/


Page 19 of 20Zhong et al. BMC Genomics          (2025) 26:423 

15.	 Nakayama H, Nakayama N, Seiki S, Kojima M, Sakakibara H, Sinha N, Kimura S. 
Regulation of the KNOX-GA gene module induces heterophyllic alteration in 
North American lake Cress. Plant Cell. 2014;26(12):4733–48.

16.	 Chen H, Banerjee AK, Hannapel DJ. The tandem complex of BEL and KNOX 
partners is required for transcriptional repression of ga20ox1. Plant Journal: 
Cell Mol Biology. 2004;38(2):276–84.

17.	 Felipo-Benavent A, Úrbez C, Blanco-Touriñán N, Serrano-Mislata A, Baum-
berger N, Achard P, Agustí J, Blázquez MA, Alabadí D. Regulation of xylem 
fiber differentiation by gibberellins through DELLA-KNAT1 interaction. 
Development (Cambridge, England) 2018;145(23).

18.	 Hay A, Kaur H, Phillips A, Hedden P, Hake S, Tsiantis M. The Gibberellin path-
way mediates KNOTTED1-type homeobox function in plants with different 
body plans. Curr Biology: CB. 2002;12(18):1557–65.

19.	 Sakamoto T, Kamiya N, Ueguchi-Tanaka M, Iwahori S, Matsuoka M. KNOX 
homeodomain protein directly suppresses the expression of a Gibberel-
lin biosynthetic gene in the tobacco shoot apical meristem. Genes Dev. 
2001;15(5):581–90.

20.	 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(9):2085–98.

21.	 Yoon J, Cho LH, Antt HW, Koh HJ, An G. KNOX protein OSH15 induces 
grain shattering by repressing lignin biosynthesis genes. Plant Physiol. 
2017;174(1):312–25.

22.	 Kerstetter R, Vollbrecht E, Lowe B, Veit B, Yamaguchi J, Hake S. Sequence 
analysis and expression patterns divide the maize knotted1-like homeobox 
genes into two classes. Plant Cell. 1994;6(12):1877–87.

23.	 Magnani E, Hake S. KNOX lost the OX: the Arabidopsis KNATM gene defines 
a novel class of KNOX transcriptional regulators missing the homeodomain. 
Plant Cell. 2008;20(4):875–87.

24.	 Barkoulas M, Hay A, Kougioumoutzi E, Tsiantis M. A developmental frame-
work for dissected leaf formation in the Arabidopsis relative Cardamine 
hirsuta. Nat Genet. 2008;40(9):1136–41.

25.	 Shwartz I, Levy M, Ori N, Bar M. Hormones in tomato leaf development. Dev 
Biol. 2016;419(1):132–42.

26.	 Shani E, Burko Y, Ben-Yaakov L, Berger Y, Amsellem Z, Goldshmidt A, Sharon E, 
Ori N. Stage-specific regulation of Solanum lycopersicum leaf maturation by 
class 1 KNOTTED1-LIKE HOMEOBOX proteins. Plant Cell. 2009;21(10):3078–92.

27.	 Kierzkowski D, Runions A, Vuolo F, Strauss S, Lymbouridou R, Routier-
Kierzkowska AL, Wilson-Sánchez D, Jenke H, Galinha C, Mosca G, et al. A 
Growth-Based framework for leaf shape development and diversity. Cell. 
2019;177(6):1405–e14181417.

28.	 Wang S, Yamaguchi M, Grienenberger E, Martone PT, Samuels AL, Mansfield 
SD. The class II KNOX genes KNAT3 and KNAT7 work cooperatively to influ-
ence deposition of secondary cell walls that provide mechanical support to 
Arabidopsis stems. Plant J. 2020;101(2):293–309.

29.	 Zhao Y, Song X, Zhou H, Wei K, Jiang C, Wang J, Cao Y, Tang F, Zhao S, Lu MZ. 
KNAT2/6b, a class I KNOX gene, impedes xylem differentiation by regulating 
NAC domain transcription factors in Poplar. New Phytol. 2020;225(4):1531–44.

30.	 Zhang J, Xie M, Tuskan GA, Muchero W, Chen JG. Recent advances in the 
transcriptional regulation of secondary cell wall biosynthesis in the Woody 
plants. Front Plant Sci. 2018;9:1535.

31.	 Townsley BT, Sinha NR, Kang J. KNOX1 genes regulate lignin deposition and 
composition in monocots and dicots. Front Plant Sci. 2013;4:121.

32.	 Gao J, Yang X, Zhao W, Lang T, Samuelsson T. Evolution, diversification, and 
expression of KNOX proteins in plants. Front Plant Sci. 2015;6:822. 

33.	 Eftekhari M, Alizadeh M, Ebrahimi P. Evaluation of the total phenolics and 
Quercetin content of foliage in mycorrhizal grape (Vitis vinifera L.) variet-
ies and effect of postharvest drying on Quercetin yield. Ind Crops Prod. 
2012;38:160–5.

34.	 Laosatit K, Amkul K, Yimram T, Chen J, Lin Y, Yuan X, Wang L, Chen X, Somta P. 
A class II KNOX gene, KNAT7-1, regulates physical seed dormancy in Mung-
bean [Vigna radiata (L.) Wilczek]. Front Plant Sci. 2022;13:852373.

35.	 Chai M, Zhou C, Molina I, Fu C, Nakashima J, Li G, Zhang W, Park J, Tang Y, 
Jiang Q, et al. A class II KNOX gene, KNOX4, controls seed physical dormancy. 
Proc Natl Acad Sci USA. 2016;113(25):6997–7002.

36.	 Wang X, Zhang J, Chai M, Han L, Cao X, Zhang J, Kong Y, Fu C, Wang Z-Y, 
Mysore KS et al. The role of class II KNOX family in controlling compound leaf 
patterning in Medicago truncatula. J Integr Plant Biol. 2023;65(10):2279–91.

37.	 Jia P, Xing L, Zhang C, Zhang D, Ma J, Zhao C, Han M, Ren X, An N. 
MdKNOX19, a class II knotted-like transcription factor of Apple, plays roles in 
ABA signalling/sensitivity by targeting ABI5 during organ development. Plant 
Sci. 2021;302:110701.

38.	 Ma J, Cheng Q, Zhong Q, Fu F, Jia T, Du X, Cao W, Xu L, Cao F, Guo C et al. 
Chromosome-scale genomes of Toona fargesii provide insights into compe-
tency of root sprouting. J Syst Evol. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​1​​​1​1​​/​​j​s​e​.​1​3​1​4​4

39.	 Saidi A, Hajibarat Z. Genome wide identification of stknox gene family and 
characterization of their expression in Solanum tuberosum. Biocatal Agric 
Biotechnol. 2021;37:102160.

40.	 Katoh K, Standley DM. MAFFT multiple sequence alignment software 
version 7: improvements in performance and usability. Mol Biol Evol. 
2013;30(4):772–80.

41.	 Wang Y, Tang H, DeBarry JD, Tan X, Li J, Wang X, Lee T-h, Jin H, Marler B, Guo 
H, et al. MCScanX: a toolkit for detection and evolutionary analysis of gene 
synteny and collinearity. Nucleic Acids Res. 2012;40(7):e49–49.

42.	 Koch MA, Haubold B, Mitchell-Olds T. Comparative evolutionary analysis of 
chalcone synthase and alcohol dehydrogenase loci in arabidopsis, arabis, and 
related genera (Brassicaceae). Mol Biol Evol. 2000;17(10):1483–98.

43.	 Wan Q, Luo L, Zhang X, Lv Y, Zhu S, Kong L, Wan Y, Liu F, Zhang K. Genome-
wide identification and abiotic stress response pattern analysis of NF-Y gene 
family in peanut (Arachis Hypogaea L). Trop Plant Biology. 2021;14(4):329–44.

44.	 Lu J, Peatman E, Tang H, Lewis J, Liu Z. Profiling of gene duplication patterns 
of sequenced teleost genomes: evidence for rapid lineage-specific genome 
expansion mediated by recent tandem duplications. BMC Genomics. 
2012;13(1):246.

45.	 Leister D. Tandem and segmental gene duplication and recombination in the 
evolution of plant disease resistance genes. Trends Genet. 2004;20(3):116–22.

46.	 Nystrom SL, McKay DJ. Memes: A motif analysis environment in R using tools 
from the MEME suite. PLoS Comput Biol. 2021;17(9):e1008991.

47.	 Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, Simonovic 
M, Doncheva NT, Morris JH, Bork P, et al. STRING v11: protein-protein 
association networks with increased coverage, supporting functional 
discovery in genome-wide experimental datasets. Nucleic Acids Res. 
2019;47(D1):D607–13.

48.	 Lee T, Yang S, Kim E, Ko Y, Hwang S, Shin J, Shim JE, Shim H, Kim H, Kim C, et 
al. AraNet v2: an improved database of co-functional gene networks for the 
study of Arabidopsis thaliana and 27 other nonmodel plant species. Nucleic 
Acids Res. 2015;43(Database issue):D996–1002.

49.	 Sparkes IA, Runions J, Kearns A, Hawes C. Rapid, transient expression of 
fluorescent fusion proteins in tobacco plants and generation of stably trans-
formed plants. Nat Protoc. 2006;1(4):2019–25.

50.	 Tang X, Ghimire S, Liu W, Fu X, Zhang H, Sun F, Zhang N, Si H. Genome-wide 
identification of U-box genes and protein ubiquitination under PEG-induced 
drought stress in potato. Physiol Plant. 2022;174(1):e13475.

51.	 Chen Y, Li A, Yun P, Chen Q, Pan D, Guo R, Zhang H, Ahmed HAI, Hu H, Peng Y, 
et al. Genome-wide analysis of MYB transcription factor family and AsMYB1R 
subfamily contribution to ROS homeostasis regulation in Avena sativa under 
PEG-induced drought stress. BMC Plant Biol. 2024;24(1):632.

52.	 Song H, Mao W, Duan Z, Que Q, Zhou W, Chen X, Li P. Selection and validation 
of reference genes for measuring gene expression in Toona ciliata under 
different experimental conditions by quantitative real-time PCR analysis. BMC 
Plant Biol. 2020;20(1):450.

53.	 Li E, Wang S, Liu Y, Chen J-G, Douglas CJ. OVATE FAMILY PROTEIN4 (OFP4) 
interaction with KNAT7 regulates secondary cell wall formation in Arabidop-
sis thaliana. Plant J. 2011;67(2):328–41.

54.	 Qin W, Yin Q, Chen J, Zhao X, Yue F, He J, Yang L, Liu L, Zeng Q, Lu F, et al. The 
class II KNOX transcription factors KNAT3 and KNAT7 synergistically regulate 
monolignol biosynthesis in Arabidopsis. J Exp Bot. 2020;71(18):5469–83.

55.	 Hay A, Tsiantis M. KNOX genes: versatile regulators of plant development and 
diversity. Development. 2010;137(19):3153–65.

56.	 Meng L, Liu X, He C, Xu B, Li Y, Hu Y. Functional divergence and adaptive 
selection of KNOX gene family in plants. Open Life Sci. 2020;15(1):346–63.

57.	 Tsuda K, Maeno A, Otake A, Kato K, Tanaka W, Hibara KI, Nonomura KI. YABBY 
and diverged KNOX1 genes shape nodes and internodes in the stem. Sci-
ence. 2024;384(6701):1241–7.

58.	 Furumizu C, Alvarez JP, Sakakibara K, Bowman JL. Antagonistic roles for 
KNOX1 and KNOX2 genes in patterning the land plant body plan following 
an ancient gene duplication. PLoS Genet. 2015;11(2):e1004980.

59.	 Sahu SK, Liu M, Wang G, Chen Y, Li R, Fang D, Sahu DN, Mu W, Wei J, Liu J, et 
al. Chromosome-scale genomes of commercially important mahoganies, 
Swietenia macrophylla and Khaya senegalensis. Sci Data. 2023;10(1):832.

60.	 Cui G, Li Y, Yi X, Wang J, Lin P, Lu C, Zhang Q, Gao L, Zhong G. Meliaceae 
genomes provide insights into wood development and limonoids biosyn-
thesis. Plant Biotechnol J. 2023;21(3):574–90.

https://doi.org/10.1111/jse.13144


Page 20 of 20Zhong et al. BMC Genomics          (2025) 26:423 

61.	 Scharwies JD, Dinneny JR. Water transport, perception, and response in 
plants. J Plant Res. 2019;132(3):311–24.

62.	 Gupta A, Rico-Medina A, Caño-Delgado AI. The physiology of plant responses 
to drought. Science. 2020;368(6488):266–9.

63.	 Piazza P, Bailey CD, Cartolano M, Krieger J, Cao J, Ossowski S, Schneeberger 
K, He F, de Meaux J, Hall N, et al. Arabidopsis thaliana leaf form evolved via 
loss of KNOX expression in leaves in association with a selective sweep. Curr 
Biology: CB. 2010;20(24):2223–8.

64.	 Gong SY, Huang GQ, Sun X, Qin LX, Li Y, Zhou L, Li XB. Cotton KNL1, encoding 
a class II KNOX transcription factor, is involved in regulation of fibre develop-
ment. J Exp Bot. 2014;65(15):4133–47.

65.	 Reyes-Rivera J, Rodríguez-Alonso G, Petrone E, Vasco A, Vergara-Silva F, 
Shishkova S, Terrazas T. Expression of the KNOTTED HOMEOBOX genes in the 
Cactaceae cambial zone suggests their involvement in wood development. 
Front Plant Sci. 2017;8:218.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Genome-wide identification and integrative analysis of KNOX family characterization, duplication and expression provide insights into PEG-induced drought stress in ﻿Toona fargesii﻿
	﻿Abstract
	﻿Introduction
	﻿Methods and methods
	﻿Plant materials and genetic information
	﻿Identification and physicochemical properties of KNOX family in ﻿T. fargesii﻿
	﻿Phylogenetic tree, chromosome localization and collinearity analysis
	﻿Gene structure and protein motif, ﻿cis﻿-elements and protein–protein interaction (PPI) analysis
	﻿The isolation of ﻿TfKNAT﻿ genes and vector construction for subcellular localization
	﻿Drought stress and hormones treatments and expression patterns determined by qRT﻿‒﻿PCR

	﻿Results
	﻿Identification of ﻿TfKNAT﻿ genes and analysis of their physicochemical properties
	﻿Analysis of ﻿TfKNAT﻿ gene location, collinearity and duplication
	﻿Analysis of the relationships, gene structure and motifs of the TfKNAT family
	﻿The ﻿cis﻿-elements in upstream regions of ﻿TfKNAT﻿ genes
	﻿Interplay of TfKNAT members
	﻿Subcellular localization and gene interactions of TfKNAT
	﻿Expression profiles of ﻿TfKNAT﻿ genes
	﻿Expression profile analysis of ﻿TfKNAT﻿ genes under PEG and hormones treatments

	﻿Discussion
	﻿Identification, classification and evolution of ﻿TfKNAT﻿ genes
	﻿The specific expression pattern of ﻿TfKNAT﻿
	﻿Future studies on TfKNAT and gene evolution in Meliaceae family

	﻿Conclusion
	﻿References


