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Abstract

Background MADS-box transcription factors have been shown to be involved in multiple developmental processes,
including the regulation of floral organ formation and pollen maturation. However, the role of the MADS-box gene
family in floral development of the alpine plant species Coptis teeta Wall, which is widely used in Traditional Chinese
Medicine (TCM), is unknown.

Results Sixty-six MADS-box genes were identified in the C. teeta genome. These genes were shown to be unevenly
distributed throughout the genome of C. teeta. The majority of which (49) were classified as type | MADS-box genes
and were further subdivided into four groups (Ma, M@, My and M§). The remainder were identified as belonging

to the type Il MADS-box gene category. It was observed that four pairs of segmental and tandem duplication had
occurred in the C. teeta MADS-box gene family, and that the ratios of Ka/Ks were less than 1, suggesting that these
genes may have experienced purifying selection during evolution. Gene expression profiling analysis revealed that 38
MADS-box genes displayed differential expression patterns between the M and F floral phenotypes. Sixteen of these
MADS-box genes were further verified by RT-gPCR. The 3D structure of each subfamily gene was predicted, further
indicating that MADS-box genes of the same type possess structural similarities to the known template.

Conclusions These data provide new insights into the molecular mechanism of dichogamy and herkogamy
formation in C. teeta and establish a solid foundation for future studies of the MADS-box genes family in this medicinal
plant species.
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Introduction

Transcription factors (TFs) regulate gene expression and
play a variety of roles in higher plant species [1, 2]. They
are extensively involved in plant growth and develop-
ment, organ morphogenesis, stress, and hormone signal-
ing responses [3—5]. The MADS-box gene family is one
of the largest eukaryotic transcription factor families, and
plays an important role in the regulation of a plethora of
developmental processes [6], including flower initiation
[7, 8], floral organ development [9], pollen maturation
and pollen tube growth [10]. The MADS-box family can
be divided into two groups, based on the differences in
the highly conserved DNA-binding MADS-domain, type
I and type II.

Type I MADS-box transcription factors only possess
a simple SRF-like MADS domain, whereas type II has a
complex characteristic domain: MADS-box (M) domain,
intervening (I) domain, keratin-like (K) domain and a
variable C-terminal (C) region [11-15].

Type I MADS-box transcription factors can be further
classified into four subfamilies (Ma, M, My and MJ), by
the M domain variance of the encoded protein [7, 13].
Type II MADS-box transcription factors were named as
MIKC type, derived from their four plant-specific charac-
teristic domains and have been further divided into thir-
teen subclasses [16, 17].

MADS-box transcription factors (TFs) are widely
believed to serve an important function in flowering
and floral organ development. In hermaphrodite flow-
ers, herkogamy and dichogamy are common phenomena
during the formation of the floral organs.

Herkogamy is the spatial separation and dichogamy is
the temporal separation of the stamens and pistils [18],
which result in the reproductive assurance of high strin-
gency outbreeding [19-21]. Although dichogamy and
herkogamy have been extensively studied, the molecular
mechanism by which these processes are regulated is still
unclear, especially in less widely studied, non-model spe-
cies of angiosperm.

Coptis teeta Wall. (Yunnan goldthread), is a perennial,
alpine plant species indigenous to the low-latitude, alpine
environment of southwest China (E 95 °48, N 25 °09 to
E 98 °52, N 29 °51), which belongs to the genus Coptis
within the family Ranunculaceae [22]. Interestingly, we
discovered two floral phenotypes to be present in the
Yunnanese population of C. teeta; the first type possessed
a long pistil with short stamens (F-type) and the second
possessed a short pistil with long stamens (M-type). This
indicated that this population of C. teeta displayed a ‘typ-
ical’ herkogamy and dichogamy phenotype. As such, we
believe that C. teeta may represent a novel system, for the
investigation of floral development in general, and the
processes of herkogamy and dichogamy in particular.
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MADS-box genes are reported to participate in floral
organ specificity during angiosperm development [23].
The gene (CiMADS43) was found to regulate flowering
time in Arabidopsis [24]. Moreover, the MADS domain
heterodimers of the MJ subfamily were proven to play
an important role in pollen maturation [25-27]. The
MADS-box gene (AGL6) was shown to fulfill an impor-
tant role in floral organ identity [28-30]. However, to
date, no such information concerning the MADS-box
gene family and its potential role in floral development in
C. teeta has been reported.

Therefore, in order to gain an insight into the C. teeta
MADS-box gene family, a genome-wide exploration
methodology was employed. Sixty-six MADS-box genes
from C. teeta were shown to be highly homologous to
MADS-box proteins previously identified in other plant
species. The genetic and molecular characteristics of
these MADS-box genes, including phylogenetic rela-
tionships, gene structure, conserved motifs, exon-intron
organization, and chromosomal location prediction were
then elucidated. Furthermore, in order to investigate the
potential function of these genes in floral organ forma-
tion in C. feeta, the expression pattern of C. teeta MADS-
box genes related to floral organ identity was studied and
verified by real-time quantitative polymerase chain reac-
tions (RT-qPCR) during flower development. These data
may assist future elucidation of the molecular mechanism
of herkogamy and dichogamy in this species. A flowchart
depicting the experimental approach used in the current
study is presented in Supplementary Fig. 1.

Results
Genome-wide exploration and identification of MADS-box
genesin C. teeta
The Hidden Markov Model (HMM) was employed to
identify MADS-box genes present in the C. teeta genome.
A total of 66 sequences were obtained using the MADS
domain profile PF00319 as a query against the C. teeta
protein database (Table 1). Amongst which, 49 genes
were identified as belonging to the type I MADS-box
gene family, which were further classified into four sub-
families. Over 50% (27/49) of the putative type I MADS-
box genes were shown to belong to the Ma subfamily,
approximately 20% (10/49) were grouped into the Mp
subfamily and a further 20% (10/49) were grouped into
the My subfamily. A very small proportion of the genes,
0.4% (2/49) were identified as belonging to the MJ sub-
family. In addition, over a quarter (25.76%, 17/66) were
identified as members of the type II group of MADS-box
genes (Table 1). The molecular characteristics of the 66
MADS-box genes were then analyzed in more detail.

The results of this more in-depth analysis, revealed
that the amino acid sequences of the 66 predicted
MADS-box proteins varied from 100 (CteMADS48)
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Table 1 Overview of MADS-box genes identified in C. teeta genome

Gene ID Name Type Protein
Length (aa) MW(KDa) pl

Cte01G002407.t1 CteMADSO1 Typel (Ma) 270 3046 435
Cte01G002336.t1 CteMADS02 Typel (Ma) 175 19.88 6.14
Cte01G001931.t1 CteMADS03 Typel (My) 230 2595 9.28
Cte01G001798.t1 CteMADS04 Typel (Ma) 264 29.86 427
Cte01G001690.t1 CteMADS05 Typel (Ma) 264 29.86 4.27
Cte01G001939.t1 CteMADS06 Typel (My) 230 2595 9.28
Cte01G002507.t1 CteMADS07 Typel (Ma) 257 2894 4.53
Cte01G002498.t1 CteMADS08 Typel (Ma) 255 2891 4.78
Cte02G003740.t1 CteMADS09 Typel (MB) 365 42.14 9.12
Cte02G003752.t1 CteMADS10 Typel (MB) 329 3828 8.57
Cte02G002649.t1 CteMADST1 Typel (My) 230 2595 893
Cte02G000124.t1 CteMADS12 Typel (My) 232 26.77 6.02
Cte02G000126.t1 CteMADS13 Typel (My) 242 27.84 544
Cte02G004466.t1 CteMADS14 Typel (Ma) 228 2559 9.18
Cte03G002403.t1 CteMADS15 Typel (Ma) 200 2264 949
Cte03G003343.t1 CteMADS16 Typel (MB) 122 14.60 6.77
Cte04G005234.t1 CteMADS17 Typel (Ma) 200 2267 9.56
Cte04G000799.t1 CteMADS18 Typel (M&) 337 3841 5.60
Cte04G003145.t1 CteMADS19 Typel (My) 230 26.19 9.49
Cte04G004575.t1 CteMADS20 Typel (Ma) 342 39.08 5.59
Cte05G002958.t1 CteMADS21 Typel (Ma) 249 2811 9.03
Cte06G000790.t1 CteMADS22 Typel (M) 1206 137.92 648
Cte06G001381.t1 CteMADS23 Typel (Ma) 301 34.07 4.73
Cte06G001749.t1 CteMADS24 Typel (M) 227 2595 522
Cte06G001699.t1 CteMADS25 Typel (M) 227 25.95 522
Cte06G001038.t1 CteMADS26 Typel (My) 169 19.34 9.69
Cte06G001925.t1 CteMADS27 Typel (My) 1873 208.92 7.51
Cte06G001382.t1 CteMADS28 Typel (Ma) 232 2646 645
Cte06G001245.t1 CteMADS29 Typel (MB) 743 85.44 779
Cte07G002817.t1 CteMADS30 Typel (M) 199 2212 464
Cte07G004663.t1 CteMADS31 Typel (Ma) 340 3843 4.23
Cte07G000391.t1 CteMADS32 Typel (Ma) 218 24.70 9.13
Cte07G000389.t1 CteMADS33 Typel (Ma) 218 2497 9.31
Cte07G000390.t1 CteMADS34 Typel (Ma) 753 8252 842
Cte07G000384.t1 CteMADS35 Typel (Ma) 192 21.50 6.85
Cte07G000381.t1 CteMADS36 Typel (Ma) 191 2132 6.85
Cte07G000383.t1 CteMADS37 Typel (Ma) 504 55.98 573
Cte07G000392.t1 CteMADS38 Typel (Ma) 190 2161 9.17
Cte07G002168.t1 CteMADS39 Typel (MB) 199 2293 5.06
Cte07G000388.t1 CteMADS40 Typel (Ma) 670 7344 578
Cte08G001368.t1 CteMADS41 Typel (M) 351 39.57 6.40
Cte09G001067.t1 CteMADS42 Typel (My) 246 28.05 937
Cte09G003719.t1 CteMADS43 Typel (Ma) 465 52.25 4.51
Cte09G001151.t1 CteMADS44 Typel (My) 230 2673 8.62
Cte09G003853.t1 CteMADS45 Typel (Ma) 220 2492 4.68
Cte09G001297.t1 CteMADS46 Typel (Ma) 227 25.70 8.99
Cte09G002568.t1 CteMADS47 Typel (Ma) 383 42.78 4.20
Cte09G002067.t1 CteMADS48 Typel (M) 100 11.23 5.66
Cte47G000003.t1 CteMADS49 Typel (Ma) 202 2281 9.36
Cte01G005971.t1 CteMADS50 Typell (MIKC) 241 2828 8.90
Cte02G005328.t1 CteMADS51 Typell (MIKC) 222 25.74 8.33
Cte02G000891.t1 CteMADS52 Typell (MIKC) 242 27.83 9.15
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Table 1 (continued)
Gene ID Name Type Protein

Length (aa) MW(KDa) pl
Cte02G005330.t1 CteMADS53 Typell (MIKC) 233 26.63 7.71
Cte02G004047.t1 CteMADS54 Typell (MIKC) 257 29.27 9.57
Cte03G004943.t1 CteMADS55 Typell (MIKC) 234 26.75 7.58
Cte03G004941.t1 CteMADS56 Typell (MIKC) 247 2831 9.11
Cte03G004930.t1 CteMADS57 Typell (MIKC) 254 29.24 8.96
Cte03G004957.t1 CteMADS58 Typell (MIKC) 234 26.75 7.58
Cte05G000515.t1 CteMADS59 Typell (MIKC) 531 60.57 561
Cte06G001056.t1 CteMADS60 Typell (MIKC) 612 69.29 9.25
Cte06G001042.t2 CteMADS61 Typell (MIKC) 245 28.09 873
Cte06G005318.t1 CteMADS62 Typell (MIKC) 247 28.15 892
Cte07G002352.t1 CteMADS63 Typell (MIKC) 219 25.80 8.96
Cte07G001694.t1 CteMADS64 Typell (MIKC) 226 25.69 6.93
Cte08G000912.t1 CteMADS65 Typell (MIKC) 244 27.81 828
Cte08G000913.t1 CteMADS66 Typell (MIKC) 247 2852 9.44

Note: pl, isoelectric point; MW, molecular weight

to 1873 (CteMADS27) amino acids (AAs) in length,
and that the relative molecular weights ranged from
11.23 kDa (CteMADS48) to 208.92 kDa (CteMADS27).
The predicted isoelectric point (pI) ranged from 4.2
(CteMADS47) to 9.69 (CteMADS26) (Table 1), indicat-
ing that the majority (36/66), encoded proteins with an
alkaline (pI value>7.5), 40% (26/66) were acidic (pI val-
ues<6.5), and only four (6%) were predicted to exhibit a
neutral pl, with predicted pI values between 6.5 and 7.5
(Table 1).

Phylogenetic analyses

In order to better understand the phylogenetic relation-
ship of the C. teeta MADS-box genes to those present
in other plant species, and to group them into the estab-
lished subfamilies, two phylogenetic trees for the type I
(49) and type II (17) MADS-box genes were constructed
using the IQ-TREE method (Figs. 1 and 2). According to
the phylogenetic trees, the type I MADS-box genes could
be subdivided into four subfamilies (Ma, M, My and
M9) (Fig. 1). The type Il MADS-box genes (MIKC) could
be further subdivided into nine subfamilies, namely the
AG, AP3/PI, Bs/TT16, API/FUL, AGL6, SEP, AGL15, SVP
and SOCI subfamilies (Fig. 2) AGL6 and SEP were the
largest subfamilies, both with three members whereas
Bs/TT16, AG, AGL15 and SVP each had only one mem-
ber. Compared with the number of type II MADS-box
genes numbers previously recorded in Coptis chinensis
and Aquilegia coerulea, C. teeta had fewer members in
the AG, SOC1 and AP3 subfamilies.

To investigate the relationship of the MADS-box genes
present in C. teeta and other, selected plant species (Ara-
bidopsis thaliana, Coptis chinensis and Aquilegia coeru-
lea), comparative synteny analysis of the entire genome
sequences of these species was conducted. The results

demonstrated that the MADS-box genes in C. teeta had
the highest collinearity with C. chinensis. Nearly 60%
(38/66) of MADS-box genes in C. teeta showed a syn-
tenic relationship to C. chinensis (Fig. 3), followed by
25 MADS-box genes with a syntenic relationship to A.
coerulea and 9 genes to those present in Arabidopsis
thaliana.

Gene structure and conserved motifs

In order to investigate the structural diversity and evo-
lution of C. teeta MADS-box genes, the exon-intron
structure was analyzed using TBtools (Fig. 4 and Sup-
plementary Table S1). The results showed that the
gene structure of C. teeta MADS-box genes was quite
complex, with differing exon and intron distributions
observed between the type I and type II class genes. The
number of introns in C. teeta MADS-box genes was
shown to range from 0 to 27, and the number of exons
ranged from 1 to 28. Most type I genes were quite simple
and only contained one or two exons, 68.8% contained no
introns. However, five type I genes displayed a complex
gene structure, Cte MADS27 (My) contained 28 exons
and 27 introns, CteMADS22 (M) possessed 15 exons
and 14 introns, CteMADS29 (Mp) had 13 exons and 13
introns, and CteMADS41 (M) and CteMADS18 (MJ)
contained 11 exons and 10 introns. The type II genes also
contained multiple exons and introns 94% (16/17) con-
tained at least 7 exons and 6 introns (Fig. 4).

In order to further investigate the structure of the C.
teeta MADS-box genes, the conserved motifs of the pre-
dicted MADS-box proteins were estimated by using the
Multiple EM for Motif Elicitation (MEME) program. A
total of 20 conserved motifs were found in the C. teeta
MADS-box proteins, which we named motif-1 to motif-
20 (Fig. 5). Motif-1, motif-2 and motif-5 were conserved
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across most C. teeta MADS-box proteins, except for the
My subfamily, which had no motif-2 domain. Motif-6
and motif-11 were only present in type II MADS-box
proteins (Fig. 5). The Ma subfamily contained unique
motifs such as motif-4, motif-14, motif-15, motif-18,
and motif-20, while the My subfamily possessed the
motif-3, motif-7, motif-8, and motif-13. Motif-16 was
only present in the Ma and Mf subfamilies, while the

M subfamily was shown to contain motif-9 and motif-
12. Motif-6, motif-10 and motif-17 were also conserved
across most of the type II (MIKC) MADS-box proteins,
except two proteins encoded by the genes CteMADS05
and CteMADS04. Among the type II MADS-box pro-
teins, motif-19 was only found to be present in three
proteins encoded by CteMADS51, CteMADS53 and
CteMADS63, whereas the motif-10 was only present in
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Fig. 2 Phylogenetic trees of type Il MADS-box proteins

Phylogenetic tree of the type I MADS-box proteins between among C. teeta (star, light blue), C. chinensis (circle, pink), A. coerulea (star, pink), P somniferum

(rectangle, light cyan) and A. thaliana (triangle, pink)

the proteins encoded by CteMADS56, Cte MADSS57 and
CteMADS62, respectively.

Chromosomal locations and duplication analysis

Based on the genome database of C. teeta, 65 MADS-box
genes were located on chromosomes within the genome,
and one gene (CteMADS49) was found to locate to an
unanchored scaffold. The 65 MADS-box genes were
shown to be unevenly distributed across the C. teeta
genome (Fig. 6). The Ma and My subfamilies of type I
genes were widely distributed across the majority of the

C. teeta chromosomes, with the exception of chromo-
some 8. Similarly, the type II MADS-box genes were dis-
tributed on most of the C. teeta chromosomes, with the
exception of chromosomes 4 and 9. As shown in Fig. 6,
chromosome 7 possessed the highest number of MADS-
box genes (13), while chromosome 5 contained only two
MADS-box genes.

Gene duplication events represent gene family expan-
sion and genome complexity in plants and often result
in an increase in numbers of gene families. In the cur-
rent study, we detected both segmental and tandem
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duplication events of the identified MADS-box genes.
The results showed that four pairs of genes were tandem
duplicates, which were distributed on chromosomes
2 and 7. Four pairs of segmental duplications in the
MADS-box genes were found, which were distributed on
chromosomes 1, 2, 6, 7 and 9 respectively (Table 2).
Furthermore, to explore the evolutionary selec-
tion pressure experienced by MADS-box genes after
the duplication, we calculated the substitution ratios
of nonsynonymous (Ka), versus synonymous substitu-
tion (Ks) for each paralogous pair (Table 2). The Ka/
Ks ratio of duplication gene pairs ranged from 0.165
(CteMADS36 and CteMADS38) to 0.709 (CteMADS37
and CteMADS35) with an average of 0.361 (Table 2). The
ratios of Ka/Ks of all the MADS-box gene pairs were less
than 1, suggesting that these genes may have experienced
purifying selection during the process of evolution [31].

Expression profiling of MADS-box genes during floral
organ development in C. teeta

As mentioned above, two floral phenotypes are observed
in the C. teeta population indigenous to Yunnan prov-
ince, China: one with long stamens and a short pistil
(M-type) and a second with a long pistil and short sta-
mens (F-type). To understand the potential involvement

of the MADS-box gene family in the development of
these two floral phenotypes, we performed C. teeta tran-
scriptome sequencing (RNA-seq) of pistils and stamens
at a variety of stages of flower development (Fig. 7). A
total of 38 MADS-box genes were shown to display dif-
ferential patterns of expression between the M and F
flower types. Thirty MADS-box genes were shown to
be highly expressed in the M-type flowers, eight were
observed to be highly expressed in the F-type and two
(CteMADS12, CteM ADS48) were not expressed in either.
In the M-type plants, eight genes were more highly
expressed in stamens than in pistils, and CteMADS56
and CteMADS21 showed highest expression at the
mature stage of flower development, whilst CteMADS40,
CteMADSO03, CteMADS06, CteMADS25, CteMADS57
and CteMADS24 were shown to be highly expressed at
the initial stage of stamen development (Fig. 7). The
results suggest that these 8 genes may play a role in the
formation of the M-type floral phenotype by controlling
the development of the stamens. Moreover, four MADS-
box genes (CteMADS35, CteMADS26, Cte MADS30 and
CteMADS62) were found to be highly expressed in the
pistils of the F-type and lowly expressed in the stamens
of the M-type (Fig. 7). This suggests that these 4 genes
may be involved in the formation of the phenotypic
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Fig. 4 Gene structural analysis of MADS-box genes
The yellow-white boxes represent CDS, and the black lines represent introns
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All the conserved motifs were predicted by the Multiple EM for Motif Elicitation (MEME) database, using the complete amino acid sequences of the C.
teeta MADS-box genes. The twenty conserved motifs are indicated by different colors

differences between F and M type by controlling pistil
development.

Expression analysis of C. teeta MADS-box genes at different
stages of flower development

According to the expression profile predictions, six-
teen C. teeta MADS-box genes were selected, and their
expression patterns analyzed by RT-qPCR, at different
stages of flower development, using both the M and F
type flowers. The selected genes included thirteen type I
genes and three type II genes. Amongst which, nine genes
belong to the My subfamily (Table 1) and four genes to
the Ma subfamily. The results indicated that most of the
selected genes showed similar expression patterns to the
RNA-seq expression profiles. Fifteen of the selected genes
displayed differential patterns of expression between

the M and F flower types. The CteMADS30(AGLS80),
CteMADS45(AGL16), CteMADS39, CteMADS56(RSB1),
CteMADS62(RSB1), CteMADS24(AGL90) and
CteMADS25(AGL90) genes were most highly expressed
in the M-type plants at full anthesis, with the expres-
sion level at this developmental stage being on aver-
age 55.6% higher in M-type flowers, than that observed
in F-type flowers. These data suggest that these genes
may be involved in the formation of the M-type floral
phenotype (Fig. 8). In addition, CteMADS26(AGLS80),
CteMADSI0(AGL47), CteMADS01(AG),
CteMADS66(FUL), CteM ADS11(AGLS),
CteM ADS44(AGL80) showed higher levels of expression
in M-type flowers at the initial stage of flower develop-
ment, but were all highly expressed in the F-type plants
in mature flowers. This suggests that these genes play
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Table 2 Analysis of duplication events of MADS-box gene pairs

in C. teeta
Gene pairs Ka Ks Ka/Ks Duplicat-
value value ed type
CteMADS12&CteMADS13 0059 0095 0622 tandem
CteMADS36&CteMADS37 0153 0247 0618 tandem
CteMADS36&CteMADS35 0009 0054 0.170 tandem
CteMADS37&CteMADS35 0176 0248  0.709 tandem
CteMADS06&CteMADST1 0013 0035 0377 segment
CteMADS51&CteMADS63 0.321 1.006 0319 segment
CteMADS22&CteMADS25 0440 0847 0520 segment
CteMADS40&CteMADS43 0489 0940 0520 segment

different roles at different developmental stages and
were involved in the formation of both the F-type and
M-type floral phenotype. It is also of interest to note
that CteM ADS19(AGL80), which was highly expressed
at the mature stage of flower development (P4) displayed
a higher level of expression in the F-type, conversely,
CteMADS21(AGL62) which was also highly expressed
at the mature stage of floral development showed higher
expression in the M-type, both genes may therefore play
arole in the maturation of pistils and stamens (Fig. 8).

To further demonstrate the significant role of
CteMADS26, CteMADS30, and CteMADS62 in the phe-
notypic differences between F and M types by controlling
pistil development, we conducted fluorescence quanti-
tative analysis in different types of pistils and stamens.
The results indicated that the genes CteMADS26 and
CteMADS30 were likely to play a crucial role in the phe-
notypic differences between F and M types by controlling
pistil development (Fig. 8).

Structure prediction of C. teeta MADS-box protein

To further understand whether there were structural
similarities among the subfamilies, we conducted a 3D
structural analysis. Thirteen MADS-box proteins were
selected to represent each subfamily. The secondary
structure prediction and a 3D structure simulation were
conducted, based on homology modelling. The predicted
secondary structure of all the selected C. teeta MADS
proteins was dominated by alpha helices and random
coil regions (Table 3). The 3D structural stimulation data
showed that type I protein Mo (CteMADS18) and Ma
(CteMADS21) were structurally similar to the template
7nb0.1 (Lai, X. et al.,2021), with similarities of 51.71% and
62.5%, respectively. The structure of type II proteins AP3
(CteMADS51), AG (CteMADS54), SOC1 (CteMADS55),
AGL6 (CteMADS56), API (CteMADS66) was similar to
that of the template 6byy.2 (Lei, X. et al.,2018), and their
similarities were 44%, 51.32%, 43.02%, 52% and 51.32%,
respectively (Fig. 9; Table 3).

Materials and methods

Plant material, DNA extraction and genome sequencing
Plant material was collected from the low-latitude, alpine
environment of Yunnan Province, located in southwest
China (E 95 °48, N 25 °09 to E 98 °52, N 29 °51). High-
quality genomic DNA was prepared from fresh leaves of a
single C. teeta plant, using a modified CTAB method that
was subsequently used for Illumina, PacBio, and Hi-C
library construction. Genomic data was acquired but is
yet to be published. These materials were formally iden-
tified by Researcher Wenguang Yang (Kunming Institute
of Botany). The plant specimens of the materials used in
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Fig. 7 Heat map representation of MADS-box genes within the two floral phenotypes of C. teeta at different stages of floral development

M: short pistil and long stamen genotype of C.teeta; F: long pistil and short stamen genotype; Z: pistil; Y: stamen; stage 1: The bracts were dehiscent and
florets unexposed; stage 2: The florets were just exposed, and sepals were unexpanded; stage 3: The sepals had fully expanded; stage 4: The anthers had
dehisced and had begun to disperse pollen. Blue font: expressed highly in the M type; Red Font: expressed highly in the F type; The blue five-pointed star:
indicates higher levels of gene expression in the stamens than in pistils of M type; The red five-pointed star: indicates higher levels of gene expression in

the pistils of the F type and low gene expression in the stamens of the M type

the experiment are stored in the Southwest Biodiversity
Laboratory (No: XINAN201901706).

The test materials used for total RNA extraction for
the transcriptome sequencing and RT-qPCR were taken
at four stages of floral development: stage 1. In which
the bracts were dehiscent and florets unexposed; stage
2: In which the florets were just exposed, and the sepals
were unexpanded; stage 3: In which the sepals had fully
expanded; stage 4: In which the anthers had dehisced
and begun to disperse pollen (Fig. 10). The pistils and

stamens of M and F type flowers were used for transcrip-
tome sequencing and whole, intact flowers of M and F
types were used for the RT-qPCR.

Identification and classification of MADS-box genes in C.
teeta

The hidden markov model (HMM) of the MADS-box
domains was retrieved from the Pfam database (PF00319)
[32], and the MADS-box genes were identified using
TBtools software [33]. The ProtParam tool (https://web.
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Fig. 8 Expression profiles of selected MADS-box genes analysed by RT-gPCR analysis in different tissues of C. teeta
M: short pistil and long stamen genotype of C.teeta; F: long pistil and short stamen genotype; Z: pistil; Y: stamen; The error bars indicate the standard
deviation (SD). The lowercase letters (a-e) represent the significant differences among the three samples at p <0.05

expasy.org/protparam/) [34] was employed to estimate templates, the MADS-box protein sequences of C. teeta
the physicochemical properties of each C. teeta MADS-  were identified using the multiple sequence alignment by
box predicted protein, including the molecular weight employment of MAFFT v7.490 software. A phylogenetic

(MW) and theoretical isoelectric point (pI). tree was then constructed using the maximum likelihood
(ML) method, using IQ-TREE v2.2.0-beta software, the
Phylogenetic analysis of MADS-box genes model was JTT+F+R5, and the parameter was set to-B

The MADS-box genes of Arabidopsis thaliana were  2000-alrt 2000 [36].
retrieved from the TAIR website (https://www.arabidop-
sis.org/browse/genefamily/index.jsp) [35]. By using the
MADS-box protein sequences of Arabidopsis thaliana as
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Table 3 Secondary structure and 3D structure simulation of C. teeta MADS-box protein

Protein Name Subfamily AH% (aa) RC% (aa) ES% (aa) BT% (aa) homologous template Seq identity%
CteMADS18 M& 3531 49.85 11.28 3.56 7nb0.1 51.72
CteMADS24 MB 54.19 2863 12.33 4.85 6byy.1 3298
CteMADS21 Ma 40.56 31.33 2249 5.62 7nb0.1 62.50
CteMADS44 My 5435 34.78 6.96 391 Tmnm.1 36.84
CteMADS50 Bs 57.68 27.80 8.71 8.71 7%x1n.2 50
CteMADS51 AP3 57.66 18.92 15.77 7.66 6byy.2 44
CteMADS52 SEP 56.20 30.99 8.68 413 40x0.2 7353
CteMADS54 AG 52.92 31.91 12.06 3.11 6byy.2 51.32
CteMADS55 SOC1T 56.84 32.05 8.12 2.99 6byy.2 4302
CteMADS56 AGL6 53.85 34.82 7.69 3.64 6byy.2 52
CteMADS59 AGL15 38.04 32.58 20.53 8.85 2pxx.1 38.32
CteMADS64 SVP 57.96 26.11 12.39 12.39 6byy.1 48
CteMADS66 API 5547 32.79 32.79 2.83 6byy.2 51.32

I

® &k
§ e R A

IX
XIII
(%
Fig. 9 3D structural analysis of C. teeta MADS-box predicted proteins
Simulated three-dimensional structures with ligand-binding regions (I-XIIl). M&: CteMADS18 (1), My: CteMADS24 (1), Ma: CteMADS21 (1ll), My: CteMADS44

(IV), Bs: CteMADS50 (V), AP3: CteMADS51 (VI), SEP: CteMADS52 (VIIl), AG: CteMADS54 (VII), SOCT: CteMADS55 (IX), AGL6: CteMADS56 (X), AGL15:
CteMADS59 (X1), SVP: CteMADS64 (XII), API: CteMADS66 (XIlT)



Duan et al. BMC Plant Biology

(2024) 24:1023

Page 14 of 18

Fig. 10 Selected stages of flower development

The four selected stages of flower development, as shown in this figure, in plants exhibiting the M and F type floral phenotypes were: stage 1 (P1). The
bracts were dehiscent and florets unexposed; stage 2 (P2): The florets were exposed, and sepals were unexpanded; stage 3 (P3): The sepals had fully
expanded; stage 4 (P4): The anthers had dehisced and had begun to disperse pollen

Conserved motif and gene structure analysis of MADS-box
genes

The conserved motifs of the MADS-box proteins of C.
teeta were estimated by using MEME (http://meme.nbcr.
net/meme/intro.html) [37] online tools with the follow-
ing parameters: maximum number of motifs=20. The
number of introns and exons was analyzed and visualized
by TBtools [33].

Chromosomal location and gene duplication analysis

The location of the individual MADS-box genes was pre-
dicted according to the genome annotation of C. teeta. To
know the genome collinearity between C. teeta and other
species (Arabidopsis thaliana, Coptis chinensis and Aqui-
legia coerulea), the genomic data of each species were
downloaded from the NCBI database (https://www.ncbi.
nlm.nih.gov). The collinearity, chromosome localization,
the non-synonymous (Ka) and synonymous (Ks) values
of C. teeta MADS-box genes were then estimated using
TBtools software [33].

Expression analysis

Total RNA was extracted from fresh M and F type flow-
ers according to the manufacturer of the RNA extraction
kit (Magen, Guangzhou, China). The concentration of
the extracted total RNA was measured using the Nano-
Drop technique (Thermo Fisher Scientific, USA), the
equivalent amount RNA was reverse transcribed into
cDNA by using a reverse transcription kit (TAKARA,
Beijing, China). Sixteen candidate genes were chosen to
verify the RNA-seq data. The quantitative real-time PCR
(RT-qPCR) was performed using an Applied Biosystems
QuantStudio 5 system (Thermo Fisher Scientific, USA)
with the ChamQ Universal SYBR qPCR Master Mix.
The reaction procedure was carried out as follows: pre-
denaturation 95°C for 30s, denaturation at 95°C for 30 s,
annealing at 58°C for 30s, for 40 cycles, the fluorescence
signal was then detected. Subsequently, an extra proce-
dure was conducted as follows: denaturation at 95°C for

15s, annealing at 60°C for 1 min, extension at 72°C for
15s. The fluorescence signal was then detected, and the
dissolution curve analyzed. The primer sequences of the
candidate genes are listed in Table 4. The relative expres-
sion patterns of the target genes were calculated using
the 27AACT method and repeated three times [38]. The
selected gene expression patterns were visualized using
TBtools [33] (Supplementary Table S3).

Protein structure prediction

The MADS-box domain protein secondary structure
(alpha helices, random coils, beta turns and extended
strands) was predicted using the self-optimized pre-
diction method with alignment (SOPMA) [39]. The
MADS-box domain protein tertiary structure modelling
prediction was performed using the SWISS-MODEL
[40].

Discussion
MADS-box genes have previously been shown to play an
important role in the initiation of floral organ formation
and floral morphogenesis in a number of plant species.
In light of which, in order to investigate the potential
function of MADS-box genes in the formation of herk-
ogamy and dichogamy in developing flowers of C. teeta,
a genome-wide exploration and identification of the
MADS-box genes present in this species was performed.
A total of 66 MADS-box genes were identified in C.
teeta genome compared to the 0.107 found present in
the Arabidopsis thaliana genome [41]. In other widely
studied species in which MADS-box genes have been
identified 101 have been shown to be present in Litchi
chinensis, 78 in Callicarpa americana, 75 in Orysa sativa
[7], 72 in Panicum italicum [42], 69 in Theobroma cacao
[27] and 45 in Bletilla striata, respectively [20]. The
unequal distribution of MADS-box genes between dif-
ferent plant species might be due to gene segmental
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Table 4 Primer information of selected MADS-box genes in verification of gene expression

Gene Primer sequence (5'to3’) Anneal temperature (C) GC Content (%)
CteMADS30 5'F: TTTGTGTGACGTGGAAGCAT 60.16 45
3'R: TTCCGATCCAACGAATTAGC 60.04 50
CteMADS26 5'F: CAGCCAAAATGAGGGAGCAA 58.74 50
3'R: GCCTGAACCACCATAGTCCT 59.09 55
CteMADS21 5'F: TTGGTCAATGCTTCCATGCC 59.10 50
3'R: AACCACGTCCGAAACCAAAG 59.98 50
CteMADS56 5'F: AGGCTCATGGGAATCAACTG 60.07 50
3'R: TTAGTCTCCCCAGCAGCACT 60.01 55
CteMADS45 5'F: TGTTTCGAGACGGTTGGAGA 58.97 50
3'R: CCTCCTGATGATGACGACGA 5897 55
CteMADS10 5'F: CATGTGGAAGGACAACATGC 59.97 50
3'R: CCATCGGGCCTATACTGAAA 59.92 50
CteMADS39 5'F: AAGTCATGGTTGGACGGTTC 59.83 50
3'R: CCACTTCTTCATGCAGTCCA 59.83 50
CteMADSO1 5'F: TCATCATCGTCGAGTTTTGC 59.81 45
3'R: TTGCTGGCAATCTCATCAAG 59.95 45
CteMADS02 5'F: AGATCGTCGTTCTTGCGTTT 59.88 45
3'R: TTCTCCCACCAGAACTCACC 60.09 55
CteMADS66 5'F: ACCAACTCGTCCATGAGTCC 59.97 55
3'R: GGGCCACCAATGTTTAGAGA 59.93 50
CteMADS44 5'F: GGGTAATGCGGGAATGTATG 60.04 50
3'R: CCTCTTCACCACCACCAGTT 60.00 55
CteMADS19 5'F: AGGTCAAGCTTGCATGGATT 59.70 45
3'R: GAGATGGCCAAACATCTGGT 59.93 50
CteMADST1 5'F: TCATCGTGTGGTCATGAGGT 59.96 50
3'R: ATGCCCACAGCATTTAGTCC 59.96 50
CteMADS62 5'F: AGGCTCATGGGAATCAACTG 60.07 50
3'R: TTAGTCTCCCCAGCAGCACT 60.01 55
CteMADS24 5'F: TGAGGGAAAGGGTTCATCAG 60.04 50
3'R: CGTAGCACTCTGCCATCGTA 60.03 55
CteMADS25 5'F: TGAGGGAAAGGGTTCATCAG 60.04 50
3'R: CGTAGCACTCTGCCATCGTA 60.03 55
EFla 5'F: CTCCAGGCCATCGTGATTTC 60.13 55
3'R: AGTGAAGGCAAGTAGAGCGT 59.97 50

duplication, tandem duplication, or whole genome dupli-
cation [43].

Forty-nine of the C. teeta MADS-box genes were cat-
egorized as type I genes, including Ma subfamily (27
genes), M subfamily (10 gene), My subfamily (10 genes),
and M9 subfamily (2 genes). Seventeen C. teeta MADS-
box genes were categorized as type II genes, including
SOC1 (2), SVP (1), AGLIS (1), SEP (3), AGL6 (3), AP/
FUL (2), BS/TT16 (1), AP3/PI (3), AG (1).

The fact that the number of type I genes in C. teeta
was found to be larger than the number of type II genes
is similar to the distribution observed in in Theobroma
cacao, L. chinensis and Rhododendron hainanense
(Supplementary Table S2). These results suggest that
the genome evolution of these species may have led to
the different distribution patterns of MADS-box genes
observed in different species.

Type II MADS-box genes (SEP) have been shown to
be necessary for the specification of petals, stamens, and
carpels in Arabidopsis thaliana [44]). AP3 and PI are also
involved in petal and stamen development in Arabidop-
sis thaliana [45]. The AGL6-like gene OsMADS6 and
the SVP-like gene OsMADS22 have been reported to be
differentially expressed in flower organs such as stamen
and carpel in rice, during the flowering stage [41] and the
gene SOCI has been shown to effect flower initiation and
to facilitate adaptation to different latitudes in soybean
[46]. The homologs of these genes were identified in C.
teeta and may fulfill similar roles in this species.

The results of the phylogenetic tree analysis showed
that there were great differences in the number of
MADS-box genes among the selected species which
shows that replication events or the expansion and diver-
sification of subfamilies might have occurred during the
process of evolution.
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MADS-box gene structure and gene duplication events in
C. teeta

Previous studies found that the intron-exon organization
of MADS-box genes from different plant species var-
ied. Thus, the exon-intron organization of the identified
C. teeta MADS-box genes were analyzed to reveal their
structural diversity. Major differences in gene structure
were observed between the type I and type II MADS-box
genes. The type I genes were shown to either lack introns
or only possess a single intron. Conversely, the type II
genes were shown to contain multiple introns, with an
average number of 8 per gene. This exon-intron arrange-
ment of the type I and II MADS genes also observed in
other plant taxa, such as Vitis vinifera L [47]. and Lactuca
sativa L [48]. This suggests that the MADS-box tran-
scription factors are highly conserved in plants.

Conserved motif analysis revealed that the same sub-
family contained most conserved motifs (Fig. 5), which
suggests that these conserved motifs play important roles
in family-specific functions.

The location analysis showed that the C. teeta MADS-
box genes were unevenly distributed throughout the
genome similar to data reported for Medicago sativa
L [5, 23]. It is well known that gene duplication events
play an important role in the expansion and evolution
of gene families [49]. Duplications of MADS-box genes
have been found in many species, including Medicago
sativa [5] and Solanum lycopersicum [50]. Four pairs of
tandemly duplicated genes and four pairs of segmentally
duplicated MADS-box genes were found in C. teeta.

The Ka/Ks ratios of all gene pairs of C. teeta were less
than 1, indicating that this MADS-box gene family had
undergone purification selection pressure, similar to the
MADS-box gene family in Solanum tuberosum [51].

Potential function of MADS-box genes on the development
of floral dichogamy and herkogamy in C. teeta

The results of the current study demonstrated that some
of the MADS-box genes identified in C. teeta, displayed
differential patterns of expression within the two flower
types.  CteMADS24(AGL90), CteMADS25(AGL90),
CteMADS45(AGL16) and CteMADS30(AGL80) were
more highly expressed in the M-type than in the F-type
plants at full anthesis.

Previous studies have shown that AGLI16 regulates
flowering by interacting with other MADS-box genes.
It targets approximately seventy flowering related
genes involved in multiple developmental pathways
[5]. In our study we found that CteMADS26(AGL80),
CteMADS11(AGL6), CteMADS44(AGL80)  showed
higher expression in the M-type plants at the initial
stage of flower development, and expressed highly in the
E-type plants in mature flowers.
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Two of the identified genes were highly expressed
only at the P4 (mature) stage of flower development.
CteMADSI9(AGL80) only displayed high levels of
expression in mature flowers of the F-type plant and
CteMADS21(AGL62) was only expressed at high levels at
the P4 stage of flower development in the M-type plants.

AGL62 is a key transcription factor required for activa-
tion of auxin synthesis [52]. Auxin plays an essential role
in regulating plant reproduction. Auxin deficient mutants
are often associated with impaired reproductive traits
such as anther filament elongation [53]. In A. thaliana,
expression of a fusion of the AGL6 genomic sequence
(gAGL6::VP16) led to the formation of ectopic organs. As
the plants grew these ectopic organs became increasingly
carpel and stamen-like in later developing flowers, and
gradually the flowers were completely replaced by sta-
minode bracts, suggesting an important role for AGL6 in
floral organ identity [54]. It has also been demonstratded
that TuAGL6 regulates stamen development in Triticum
aestivum [31].

To summarise, the majority of the differentially
expressed MADS-box genes between the M and F
type plants, belong to AGL subfamily. The functions
of the AGL subfamily in flower development and flo-
ral organogenesis are well established in the literature
[55]. Therefore, it is logical to hypothesize that the dif-
ferentially expressed genes (CteMADS24, CteMADS2S,
CteMADS21, CteMADS45 and CteMADS56) may play
important roles in the formation of herkogamy and
dichogamy in C. teeta.

The 3D structure prediction of CteMADS proteins
suggested that the MADS-box gene family in C. teeta is
structurally conserved. The results are similar to earlier
reports on Malus sylvestris and Vanilla planifolia [56,
57].

Conclusions

In this study, a total of 66 MADS-box genes were iden-
tified to be present in the C. teeta genome, which were
subsequently divided into type I and type II. The physi-
cochemical properties, phylogenetic relationships, con-
served motifs, chromosomal location, gene duplication,
exon-intron structure, and expression were analyzed.
These data provide a strong foundation for future studies
of the role of MADS-box gene expression in this species,
particularly in relation to floral development.
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