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Abstract

Background In research to improve the quality of transgenic crops, it is often necessary to introduce multiple
functionally related genes into recipient plants simultaneously to improve crop genetic traits effectively. Compared
with unidirectional promoters, bidirectional promoters simultaneously regulate the expression of multiple genes and
improve the efficiency of biotechnology. Therefore, in this study, bidirectional gene pairs were systematically analyzed
in Gossypium hirsutum TM-1, and the structure, function and evolutionary relationships of the bidirectional genes were
analyzed. The endogenous bidirectional promoters of cotton were mined, and their specific regulatory elements and
biological functions were explored to provide useful promoter resources and a theoretical basis for cultivating new
cotton germplasms with excellent fiber quality.

Results Using an improved search model, a total of 1,383 bidirectional transcript pairs were identified in the
Gossypium hirsutum TM-1 genome, and their gene structure and functional annotations were systematically analyzed.
Thirty bidirectional intergenic sequences were randomly screened for promoter activity analysis via a transient
expression system, and 25 intergenic sequences were found to have bidirectional promoter activity. Comparative
analysis of the bidirectional gene profiles of the four cotton subspecies revealed that these subspecies presented
abundant bidirectional gene pairs with high homology and that the bidirectional genes in the cotton subspecies
were more similar in terms of their molecular functions, cellular components and biological processes. In addition,
parallel analysis of bidirectional genes in dicotyledons and monocotyledons revealed that abundant bidirectional
gene pairs exist in different species. Although the total number of orthologous bidirectional genes was similar,
there was a significant difference in the number of orthologous bidirectional gene pairs between dicotyledons and
monocotyledons. This evolutionary analysis of the function and structure of homologous bidirectional gene pairs
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genetic engineering research and applications.

in different varieties and different subspecies of the same species revealed potential pathways by which these gene
pairs originated, which may be necessary for the evolution of a new species.

Conclusion In this study, many bidirectional gene pairs in Gossypium hirsutum TM-1 were identified using computer
programming, and systematic analysis was conducted to explore their functions and evolutionary relationships. In
addition, the promoter activity of the bidirectional intergenic sequences was verified. The combination of computer
programming screening, experimental validation and other methods is expected to provide preferred bidirectional
promoters for transgenic breeding work via multigene cotransformation methods, and this information is valuable for

Keywords Gossypium hirsutum, Bidirectional gene pairs, Bidirectional promoter, Gene function, Genome-wide

Introduction

With the rapid development of genome sequencing tech-
nology, this technique has rapidly become widely used
in scientific research. By the end of 2020, whole-genome
sequencing of 1,031 genomes of 788 different plant spe-
cies was completed [1]. An increasing number of studies
have revealed many types of genome structures and gene
expression patterns, such as intron splicing, gene meth-
ylation, spatiotemporal gene expression and gene coex-
pression [2-5]. In recent years, the study of bidirectional
gene pairs and their bidirectional promoters has attracted
increasing attention from researchers. A bidirectional
gene pair refers to two adjacent genes in a “head-to-head”
arrangement with opposite transcriptional directions.
Gene structure is a special gene arrangement in which a
shared intergene sequence region regulates the transcrip-
tion of both genes. The region between the transcription
start site (TSS) of two genes is called the “bidirectional
promoter”. Because of its ability to drive the expression
of two genes simultaneously, the bidirectional promoter
has great application potential for research on gene engi-
neering and metabolic engineering related to multigene
expression, so it has attracted increasing attention from
researchers.

Bidirectional promoters are a class of structurally spe-
cial promoters that can drive the expression of genes at
both ends symmetrically or asymmetrically. Research-
ers hypothesize that the bidirectional transcriptional
activity mechanism of the bidirectional promoter can
be attributed mainly to two RNA polymerases simulta-
neously aggregating at the boundary of the nucleosome
region and initiating transcription from two directions
[6]. Specific sequence signals, chromatin modifications
and three-dimensional structures of transcription sites
facilitate unconventional yet tightly regulated transcrip-
tion proceeding in both directions from bidirectional
promoters [7]. There is no strict specific standard for
the length of bidirectional promoters. There are signifi-
cant differences in the lengths of bidirectional promoters
among different species, with short bidirectional promot-
ers reaching approximately 100 bp and long promoters
reaching more than 2,000 bp. In animals, bidirectional

promoters generally exhibit a sequence length of 1,000 bp
or less [8]. For example, in the human genome, more than
10% of genes are arranged in a “head-to-head” manner,
the sequence length between bidirectional gene pairs
is less than 1 kb, and these bidirectional gene pairs are
driven by 1,352 bidirectional promoters [9]. In plants,
many bidirectional promoters have sequences longer
than 1,000 bp, extending up to 1,500 bp [10]. For exam-
ple, in the Arabidopsis thaliana genome, many (13.3%)
bidirectional gene pairs have been found, and many inter-
genic regions are 1,000 bp to 1,500 bp in length among
these bidirectional gene pairs [11]. Some researchers
believe that there are many cis-acting elements, such as
expression regulatory elements and inducible expression
elements related to tissue-specific expression in the bidi-
rectional promoter sequences of plants; therefore, bidi-
rectional promoters require longer sequences to meet the
expression needs of the plant itself [12].

Since the discovery of the first bidirectional promoter
in the chloroplast genome of maize and experimental
verification, researchers have successively discovered
bidirectional promoters in Capsicum annuum, Arabidop-
sis thaliana, Oryza sativa, Glycine max, Populus and Zea
mays [11, 13—15] and have conducted detailed studies on
their functions. For example, the expression of anthocy-
anin biosynthesis-related genes (ZmBzl, ZmBz2, ZmCl
and ZmR2) was driven by the maize embryo-specific bidi-
rectional promoter PZmBD1 in maize seeds, and the first
anthocyanin-rich purple maize variety was obtained [16].
An asymmetrically expressed bidirectional promoter
(At5g10300 and At5g10290) was screened in Arabidop-
sis thaliana, in which the expression of the bidirectional
promoter was induced when the plant was subjected to
pest bite injury. This bidirectional promoter can express
multigene traits in a synergistic manner and can be used
in plant biotechnology for pest control applications that
require the stacking of defense genes [17]. The bidirec-
tional promoter RPBSA was used to drive the expression
of short RNAs in the Sleeping Beauty system to alter the
original cell phenotype [18]. Using natural bidirectional
promoters, regulatory elements are added or modified to
synthesize green tissue-specific bidirectional promoters,
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which exhibit strong promoter activity in both directions
and enormous potential for utilization [19]. A high-astax-
anthin maize germplasm was created using a maize seed-
specific bidirectional promoter to drive the B-carotene
hydroxylase- and ketoenzyme-encoding genes to extend
the carotenoid synthesis pathway to the astaxanthin syn-
thesis pathway in maize grains [20].

For transgenic improvement, it is occasionally nec-
essary to transfer multiple exogenous genes into spe-
cific organisms, and these exogenous genes need to be
expressed under the regulation of their respective pro-
moter sequences [21]. Owing to the limited number
of promoters used for genetic improvement, a specific
promoter or a promoter with a similar sequence is often
repeatedly used when multiple genes are transferred into
an organism. Although this approach can achieve the
goal of simultaneously transferring multiple genes, the
construction of this type of vector is time-consuming
and labor-intensive [22]. However, bidirectional pro-
moters are able to drive gene expression in both direc-
tions, allowing the fusion of two or more genes at both
ends when bidirectional promoters are used for trans-
genic purposes. This not only avoids the tedious steps of
introducing different genes but also reduces the number
of promoters introduced into the receiving organism
and avoids concerns about the occurrence of transgenic
silencing caused by the sequence homology between pro-
moters introduced into the organism. Therefore, the min-
ing of plant endogenous bidirectional promoters is a key
goal in the application of plant endogenous bidirectional
promoters for research on improving the variety of trans-
genic plants.

In this study, bidirectional gene pairs and their bidi-
rectional promoters in Gossypium hirsutum TM-1 were
systematically analyzed and verified using bioinformat-
ics, qRT-PCR, and a plant transient expression system.
The phylogenetic relationships of the bidirectional gene
pairs and bidirectional promoters in three other cot-
ton cultivars (Gossypium raimondii, Gossypium herba-
ceum and Gossypium barbadense) and two other plant
species (Arabidopsis thaliana and Oryza sativa) were
subsequently analyzed, and the results revealed high sim-
ilarities between the different varieties of cotton and dif-
ferent plant species. In addition, evolutionary analysis of
the functions and structures of orthologous bidirectional
gene pairs in different plant species revealed their origins
and potential evolutionary pathways. Mining the endog-
enous bidirectional promoters of cotton and exploring
their specific regulatory elements and biological func-
tions are helpful for rationally using transgenic tech-
nology to improve cotton fiber quality and provide rich
promoter resources and a theoretical basis for cultivating
new cotton germplasms with excellent fiber quality.
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Results

Genome-wide screening of Gossypium hirsutum
bidirectional gene pairs

The search model used in this study included a screen-
ing procedure for different transcripts of the same gene
at both ends (Fig. 1C) on the basis of the search model of
Liu (Fig. 1B) and screened bidirectional transcript pairs
in the Gossypium hirsutum TM-1 genome. We wrote
the screening procedure on the basis of a search pattern
in which two adjacent genes may encode multiple tran-
scripts. The screening parameters were set as follows:
the distance between the transcription initiation sites of
the bidirectional transcript pairs was <1,500 bp; tran-
scripts with short translated proteins or discontinuously
translated proteins and transcripts that could not be
translated into complete proteins were deleted; and the
5’-UTR sequence did not exceed 300 bp. Therefore, 1,383
bidirectional transcript pairs were screened from 76,943
transcripts in the whole genome of Gossypium hirsu-
tum TM-1 (Supplementary Table 1), and the nucleotide
sequences and encoded amino acid sequence informa-
tion of these bidirectional transcripts were extracted.

Chromosomal distribution and gene structure analysis of
bidirectional gene pairs in Gossypium hirsutum
Using MG2C analysis for the distribution of bidirectional
transcript pairs, there were no significant differences in
the At and Dt subgenomes of Gossypium hirsutum, which
presented 522 and 514 bidirectional transcript pairs,
respectively. However, 322 bidirectional transcript pairs
were distributed on scaffolds, and the greatest numbers
of these transcript pairs were distributed on At_chr7,
Dt_chr9 and At_chr9 among the 26 chromosomes of
Gossypium hirsutum (Fig. 2). Among these genes, 1,034
bidirectional genes could be linked to other genes in the
cotton genome, and the associated genes were mainly
unidirectional genes. Moreover, bidirectional gene pairs
were distributed mainly in regions with high chromo-
some gene density, and the GC content in these regions
was relatively high. The number of bidirectional gene
pairs distributed on the chromosome was independent of
the length of the chromosome, and they were densely dis-
tributed at specific locations on the chromosome (Fig. 3).
The gene structure was summarized and analyzed via
bidirectional gene pair annotation information in the
genomic data for Gossypium hirsutum TM-1. The results
revealed that the length of each gene in the bidirectional
gene pairs, the numbers of introns and exons, their
lengths, and their distribution characteristics were ran-
dom. No similarity in gene structure of the bidirectional
gene pairs was observed (partial results Fig. 4, Supple-
mentary Fig. 1).



Yang et al. BMC Plant Biology (2024) 24:829

Page 4 of 22

A Gene 1 location
5’ 39
N < 1,000 bp .
Gene 2 location
Gene 1 location
T1 S
B >
T2 S
T3 S
5 L 3’
3, 59
< T1
Gene 2 location
Gene 1 location
T1 >
T2 S
C >
T3 N
5’ L 3’
3 5
T3
T2

AN

T1

&
<

Gene 2 location

Fig. 1 Model of bidirectional gene pair screening in the whole genome. A: Bidirectional gene pair search pattern created by Trinklein. The gene loca-
tion coordinates do not specify the location coordinates of different transcripts. B: The bidirectional transcript pair search model established by Liu. The
search model uses the location coordinates of transcripts rather than unique gene location coordinates. For example, gene 1 has three transcripts, and
the intergenic region between the three transcripts (T1, T2, T3) and the transcript of gene 2 can be considered a bidirectional promoter. The bidirectional
promoter between T2-gene2 and T3-gene2 was not detected via Trinklein's search model because the transcriptional start site of the first transcript (T1) of
gene 1 was considered the 5'end boundary of gene 1 overlapping with gene 2. C: The bidirectional transcript pair search model established in this study.
The search model of this study is based on the Liu model, which involves adding the location coordinates of multiple transcripts of gene 2. For example,
genes 1 and 2 have three transcripts, and the intergenic region between the three transcripts of gene 1 (T1,T2,T3) and the three transcripts of gene 2 (T1,
T2,73) can be considered a bidirectional promoter, making the search range more comprehensive

Gene expression profiling and functional annotation
analysis of bidirectional gene pairs in Gossypium hirsutum
In a combined analysis with transcriptome data from
seven different tissues (root, leaf, anther, stigma and fiber
developmental stages (7 days post-anthesis (DPA), 14
DPA, and 26 DPA)) constructed in our laboratory [23],
the intertissue expression levels of these bidirectional
gene pairs were analyzed. In this study, tissue expression
data for 1,891 bidirectional genes were obtained from
2,766 (1,383 pairs) bidirectional genes, among which
752 pairs had available tissue expression information in
the transcriptome data. According to the trend of the
expression level of each gene in seven different tissues
of cotton, it was found that most bidirectional gene pairs
(688, 91.5%) presented different expression patterns for
each gene in different tissues, and only a small number
of bidirectional gene pairs (64, 8.5%) presented the same
expression patterns for each gene in different tissues.
Therefore, the expression patterns of each gene in the
bidirectional gene pairs were not interdependent (part of
the results are shown in Fig. 5). To verify the reliability

of the transcriptome data, 10 pairs of bidirectional genes
with significantly different expression levels among dif-
ferent tissues were selected for qRT-PCR. The results
revealed that the selected genes presented significant dif-
ferences in expression in different tissues of cotton, and
the expression trend was consistent with the RNA-Seq
results (Fig. 6).

Previous studies have shown that bidirectional tran-
script pairs may be functionally associated in vertebrates
[9] and plants [11]. To clarify the biological function of
bidirectional transcript pairs in the genome of Gossypium
hirsutum, we conducted functional annotation analysis
of the obtained bidirectional transcript pairs using the
bioinformatics software blast2GO. The general analysis
was performed on the basis of the three functional cat-
egories of cellular components, molecular functions and
biological processes analyzed by GO enrichment. The
advantage of blast2GO is that the functional informa-
tion on the GO direct acyclic graph (DAG) was visualized
and displayed in a combined graph. The color shading
indicates the enrichment level of the bidirectional genes
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Fig. 2 Positional distribution of bidirectional gene pairs on the Gossypium hirsutum TM-1 chromosome. The left ruler is the chromosome length ruler, and
the genes on the left and right sides of the chromosome at the same position represent a pair of bidirectional genes. The number of bidirectional gene
pairs is not positively correlated with chromosome length, and the amount of gene pairs distributed on the chromosome is not related to the chromo-
some length

within the GO term, and the colored nodes indicate the
places of direct annotation. To obtain a compact repre-
sentation of bidirectional transcript pair information,
we set the sequence filter to 10%, which means that
only those nodes with at least 10% of the total sequence
assignments are displayed, and the score filter is set to
100. Consequently, the number of annotated sequences
does not exceed the parent nodes of their children, which
will be omitted from the graph. These parameters ulti-
mately led to the most concentrated DAG with detailed
sequence annotations (Fig. 7B, D and E). This graph can
provide more information about the most concentrated
function of bidirectional transcript pairs. However, to

provide an optimal view of the dataset’s most relevant
terms, the multilevel pie method was employed to ‘cut’
the GO DAG locally at different levels, and only the low-
est number of GO terms per branch were displayed by
setting the same sequence filter to 10%. Regarding cellu-
lar components, the expression products of bidirectional
genes were mainly concentrated in cells and cell parts,
intracellular and intracellular parts, organelles and mem-
brane-bound organelles (Fig. 7A/B). Regarding molecular
function, the main functions of these bidirectional gene
products were related to catalytic activity, binding mol-
ecules, transferase activity, hydrolase activity and DNA
binding (Fig. 7C/D). Regarding biological processes, the
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Fig. 3 Association analysis of bidirectional gene pairs in the cotton genome. In the circle, lines of the same color connect two genes with an associa-
tion relationship. The inner circle is the GC skew of the chromosome sequence. The red polyline indicates the leading strand, which is a positive value;
the blue polyline indicates the lagging strand, which is a negative value. The heatmap of the outer circle indicates the distribution of gene density. The
number of genes per 100 Mb, with blue—yellow-red indicating that the number of genes increased. The broken line represents the GC content per 10 Mb
of sequence length. The outermost gene is the distribution position of the gene in the bidirectional gene pair in the chromosome, the gene in red is the

gene with an association in the genome, and the gene in black is the gene without an association in the genome

expression products of these bidirectional genes were
found to be involved in a variety of metabolic processes,
cellular processes and biosynthetic processes (Fig. 7E/F).
The GO enrichment analysis results revealed that the
associations of bidirectional transcript pairs with func-
tional classes were not random. These genes are associ-
ated with a relatively limited set of cellular components,

molecular functions, and biological processes, suggesting
that they play important roles in cotton.

Sequence characteristics of bidirectional promoters and
analysis of cis-acting elements

Bidirectional promoters refer to the regional sequences
between two adjacent gene transcription start sites in a
“head-to-head” orientation with opposite transcriptional
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Fig. 4 Gene structure analysis of bidirectional gene pairs. The green column represents the exons, and the black solid line represents the introns. The
length of each gene in the bidirectional gene pairs was not related, and the number of introns and exons in the bidirectional genes was not related

directions. One of the distinguishing features of bidi-
rectional promoters is their high GC content. To verify
whether the bidirectional promoter sequences in the
genome of Gossypium hirsutum have this characteristic,

we analyzed the sequence characteristics of all the bidi-
rectional promoters and 1,000 random unidirectional
promoters in Gossypium hirsutum using a computer bio-
informatics program (Python v3.9 and PlantCARE). The
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Fig. 5 Analysis of the tissue expression profiles of bidirectional gene pairs. The bottom left triangle represents the expression of the left genes in the bi-
directional gene pairs, and the top right triangle represents the expression of the right gene in the bidirectional gene pairs. Fiber_7: 7 DPA fiber, Fiber_14:

14 DPA fiber, Fiber_26: 26 DPA fiber
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Fig. 6 gRT-PCR and RNA-seq analysis results of bidirectional gene pairs. The bars represent the gRT-PCR results, and the lines represent the RNA-seq
results. The left vertical coordinate indicates the relative expression level, and the right vertical coordinate represents the FPKM value

length of the random unidirectional promoter sequences
extracted was the average length of all bidirectional pro-
moter sequences, which was 880 bp. The results revealed
that the GC content in these bidirectional promoter
sequences was as high as 35.05%, whereas the GC con-
tent in the randomly screened unidirectional promoters
was 31.3% (Table 1). The core components of promoters,
such as TATA-boxes, GC-boxes, and CAAT-boxes, were

subsequently analyzed, revealing that 6.58% of the bidi-
rectional promoters had TATA-box elements, whereas
11% of the unidirectional promoters that were randomly
screened had TATA-box elements. There was no sym-
metry in the distribution of the cis-acting elements in
the bidirectional promoter sequence, and the distribu-
tion of the cis-acting elements in each bidirectional pro-
moter was independent and had no regular arrangement
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Fig.7 GO enrichment analysis of the bidirectional transcript pairs of Gossypium hirsutum. A and B, Cand D, E and F: Histogram charts and directed acyclic
graphs of cellular components, molecular functions, and biological processes. A combo chart was generated by filtering annotation sequences together
with a node sequence filter (more than 10% of the total number of sequences) and a score filter (> 100). The parental nodes that had more annotated se-
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(Table 1; Fig. 8 and Supplementary Fig. 2). The lengths
of the bidirectional promoters were subsequently col-
lated and counted, and they were found to be distributed
mainly in the range of 1,200 ~ 1,500 bp (Fig. 9).

Cloning and functional verification of bidirectional
promoters

To verify whether the bidirectional promoters screened
according to the Python programming search pattern
presented promoter activity at both ends, 30 bidirec-
tional promoters were randomly selected from bidirec-
tional intergenic sequence intervals of different lengths
for promoter activity functional analysis, and combined
with transcriptome data from different tissues, tissue
expression pattern data for these candidate bidirectional
genes were obtained (Supplementary Table 2). Using the

double reporter (gus and gfp) pBD2G vector preserved
for many years in our laboratory as the vector skeleton,
a plant expression vector containing a bidirectional pro-
moter sequence was constructed and transformed into
cotton for verification using a transient expression sys-
tem. The results revealed that 25 bidirectional gene inter-
genic sequences could drive the expression of the gus
and gfp reporter genes in opposite directions, indicating
that these intergenic sequences had promoter activity
in both the positive and negative directions. These find-
ings revealed that these bidirectional gene intergenic
sequences are bidirectional promoters. The intergenic
sequences of the other five bidirectional genes had pro-
moter activity in a single direction. Specifically, for two
of these, promoter activity was only detected in the GUS
direction, and promoter activity in the GFP direction was
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Fig. 8 Analysis of the distribution characteristics of cis-acting elements in partial bidirectional promoters. With the use of PlantCARE (http://bioinformat-
ics.psb.ugent.be/webtools/plantcare/ntml/) online analysis software, the types, quantities, locations and other information of the cis-acting elements of
the bidirectional promoter sequences were predicted. TBtools software was used to construct the graphs, and each square represents a cis-acting ele-
ment. Different cis-acting elements are distinguished by different colors. The important cis-acting elements are listed in the graph so that the distribution

of cis-acting elements in the promoter can be clearly seen

Table 1 Statistics of the GC content and core elements in

bidirectional promoters and random promoters

Type of promoter GC content TATA-box  GC-box CAAT-

box
Random unidirec-  31.3% 11% 0.23% 0.32%
tional promoters
Bidirectional 35.05% 6.58% 2.96% 3.83%
promoters

exclusively detected in the remaining three (Fig. 10). In
summary, bidirectional promoters were identified in the
regional sequence between the bidirectional gene pairs
screened in this study, further demonstrating that the
bidirectional gene pairs screened in this screening mode
actually existed in the genome of Gossypium hirsutum
and were expressed.


http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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Fig. 9 Analysis of the length distribution of bidirectional promoter sequences. The number of bidirectional promoters within the range of 100 bp was
counted. The abscissa shows the length distribution of the bidirectional promoters, and the ordinate shows the number of bidirectional promoters. The
general trend was that the number of bidirectional promoters increased with increasing length

Fig. 10 Functional identification of bidirectional cotton promoters with dominant expression in cotton leaves. Gossypium hirsutum plants with 3-5 true
leaves were selected. Agrobacterium was injected into the lower surfaces of the leaves, and the plants were cultivated for 48 h. Holes were punched in the
infection site, and the diameter of the holes was 1.0 cm. Histochemical staining and green fluorescence were observed. The visible green fluorescence
scale bar is 100 um. The results revealed that the promoter activities of 19 and 26 could only be detected in the GUS direction; the promoter activities
of 13,25, and 27 could only be detected in the GFP direction; and the other genes presented promoter activity in both directions. 35U: 35 S-qus; 35 F:
355-gfp



Yang et al. BMC Plant Biology (2024) 24:829

Comparative analysis of bidirectional gene pairs and their
bidirectional promoters in four cotton subspecies

This study revealed many bidirectional gene pairs and
bidirectional promoters in the genome of Gossypium
hirsutum; thus, to address the question of whether these
special gene expression structure forms and their unique
bidirectional promoters also widely exist in other subspe-
cies of cotton, we screened bidirectional gene pairs and
bidirectional promoters in the genomes of three cotton
subspecies (Gossypium raimondii, Gossypium herba-
ceum and Gossypium barbadense) with available com-
plete whole-genome sequences (Table 2). The results
revealed many bidirectional gene pairs in the genomes
of the four cotton subspecies, but the number of bidirec-
tional gene pairs in the genome of Gossypium hirsutum
was the greatest, reaching 1,383, followed by Gossypium
raimondii and Gossypium barbadense, with 1,249 pairs
and 1,091 pairs, respectively. The smallest number of
bidirectional gene pairs was noted in the genome of Gos-
sypium herbaceum, with 839 pairs. However, according
to the ratio of bidirectional gene pairs among all genes in
the genome, Gossypium raimondii had the highest ratio,
accounting for 6.1% of all genes in this cotton subspe-
cies. Gossypium barbadense had the lowest percentage,
accounting for 2.7% of all genes. The above results indi-
cated that many bidirectional gene pairs were present in
the genomes of different subspecies of cotton, but the
number of bidirectional gene pairs and their proportion
relative to the number of all genes in the genome were
not the same.

Functional annotation analysis of bidirectional genes in
four cotton subspecies

To explore the relationships and differences in func-
tional clustering between bidirectional gene pairs and
bidirectional promoters in different cotton subspecies,
this study conducted GO cluster and KEGG metabolic
pathway analyses on all the bidirectional gene pairs in
the genomes of Gossypium hirsutum, Gossypium bar-
badense, Gossypium herbaceum and Gossypium rai-
mondii. The results of the GO clustering analysis of the
bidirectional genes in the four different cotton subspecies
revealed that the most important molecular functions

Table 2 Search for bidirectional gene pairs in the genomes of
four cotton subspecies

Species Genome  Total Total Total
size (Mb) genes BDGPs BDGs/
total
genes
Gossypium hirsutum 2,430 76,943 1,383 3.6%
Gossypium barbadense 2,570 80,876 1,091 2.7%
Gossypium herbaceum 1,556 43,952 839 3.8%
Gossypium raimondii 775.2 40,976 1,249 6.1%

Note BDGPs: bidirectional gene pairs; BDGs: bidirectional genes
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of the bidirectional genes in all the cotton subspecies
were the regulation of molecular binding, reaction cata-
lytic activity, transfer activity and molecular functions
(Fig. 11). Some bidirectional genes in Gossypium herba-
ceum and Gossypium raimondii also have antioxidant
functions, but no bidirectional genes with this function
were found in Gossypium hirsutum or Gossypium bar-
badense. Compared with those in the other three subspe-
cies, some bidirectional genes in Gossypium hirsutum
also presented increased transcription factor activity and
protein binding. The greatest number of bidirectional
gene products of the four cotton subspecies were related
to cell and cell components, membrane and membrane
components, organelles, and macromolecular complexes,
organelles, and membrane-enclosed lumens. In terms of
the clustering of biological processes, many differences
exist between different subspecies of cotton. Gossypium
raimondii has more bidirectional genes involved in the
positive and negative regulation of biological processes
and its own unique immune system processes. However,
only bidirectional genes involved in the positive regula-
tion of biological processes have been identified in Gos-
sypium hirsutum. However, in contrast to Gossypium
hirsutum, island cotton contains only bidirectional genes
involved in negatively regulating biological processes.
In general, more bidirectional genes in the four differ-
ent subspecies of cotton were involved in biological pro-
cesses such as metabolic processes, cell processes, single
biological processes, localization, biological and process
regulation, and cell component organization or biogen-
esis. By comparing the clustering degree of bidirectional
genes in different subspecies of cotton in terms of cell
composition, molecular function and biological process,
we found that bidirectional gene enrichment in the two
diploid cotton subspecies (Gossypium herbaceum and
Gossypium raimondii) was relatively consistent, whereas
Gossypium hirsutum and island cotton presented some
differences compared with other subspecies but gener-
ally presented consistent patterns. This finding revealed
that bidirectional gene pairs maintained a high degree of
conservation during the evolution of different subspecies
of cotton and played important roles in the growth and
development of cotton.

We subsequently conducted a cluster analysis of the
KEGG metabolic pathways of bidirectional gene pairs in
different subspecies of cotton. The results revealed that
bidirectional genes in different subspecies of cotton were
relatively concentrated in metabolic pathways such as
protein translation and processing, signal transduction,
carbohydrate metabolism, transportation and catabo-
lism, energy metabolism, environmental adaptation, cell
growth and death and other metabolic pathways, but
slight differences were noted among the different sub-
species (Fig. 12). This finding revealed that bidirectional
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Fig. 11 GO cluster analysis of bidirectional genes in different cotton subspecies. All the bidirectional genes in each cotton subspecies were analyzed for
GO functional clustering. The functions of the bidirectional genes were studied at the following three levels: molecular function, biological process and
cellular component. A: Gossypium hirsutum; B: Gossypium barbadense; C: Gossypium herbaceum; D: Gossypium raimondii

gene pairs maintained a high degree of conservation dur-
ing the evolution of different subspecies of cotton and
played an important role in the specific metabolic path-
ways involved in cotton growth and development.

Analysis of the positional distribution and sequence
characteristics of bidirectional promoters in four cotton
subspecies

The above results indicated that the bidirectional genes
in the four different cotton subspecies presented some
similarities in many functional characteristics, leading

to the question of whether the bidirectional promoter
sequences also exhibited special commonalities. There-
fore, bidirectional intergenic sequences screened from
the four different cotton subspecies were compared and
analyzed in this study. Owing to the high GC content
of bidirectional promoters, we analyzed the GC content
of bidirectional intergenic sequences in different cotton
subspecies. The results revealed that the GC contents of
the bidirectional intergenic sequences in Gossypium bar-
badense, Gossypium herbaceum and Gossypium raimon-
dii were 32.6%, 33.4% and 29.8%, respectively, whereas
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Fig. 12 Cluster analysis of the KEGG metabolic pathways of bidirectional genes in different cotton subspecies. All bidirectional genes in each cotton
subspecies were analyzed for KEGG metabolic pathways to elucidate the functions of bidirectional genes from different metabolic pathways in cotton. A:
Gossypium hirsutum, B: Gossypium barbadense, C: Gossypium herbaceum, D: Gossypium raimondii

the GC contents in the random promoters were 30.1%, GC content of the bidirectional promoters in the Gossy-
30.9% and 28.3%, respectively (Fig. 13A). These results  pium hirsutum genome.

indicate that the GC content of the bidirectional promot-

The chromosomal distribution of bidirectional gene

ers in Gossypium barbadense, Gossypium herbaceum and  pairs in the genome was subsequently statistically ana-
Gossypium raimondii was generally greater than that of lyzed. No significant differences in the distribution of
the random promoters, which was consistent with the bidirectional gene pairs were noted in the At and Dt



Yang et al. BMC Plant Biology (2024) 24:829
A 40.00% 1
35.05% o
35.00% 1 ! 12.60% 33.44%
° 31.30% 30.10% 30.94% 29.80%
B 30.00% o 28.30%
=
S 25.00% ]
3
2
= 20.00%
e
§ 1500% ]
Q
O 10.00%
5.00% A
0.00% - T T T
G hi G barbad. G herb G rai lii
Different subspecies of cotton
u bidirectional promoters ® random unidirectional promoters
C 400

350

300

250
200
150
100
50
0

1-300 301-600 601-900 901-1200

u G hirsutum
® G barbadense
G herbaceum

G raimondii

Number of bidirectional promoters

1201-1500

Length interval of bidirectional promoters

Page 16 of 22

B 1400

1225
1200

1000

767
800 B G hirsutum

u G barbadense

600 522

448

514

455 G herbaceum

400 347 G raimondii

Number of bi-directional gene pairs

72
24

0 T T J
A D scaffold
Subgenomic categories

Fig. 13 Sequence characteristics of bidirectional promoters in cotton subspecies. A: Statistical analysis of the GC contents of bidirectional promoter se-
quences in four cotton subspecies. The blue column represents the average GC content of bidirectional promoter sequences, and the red line represents
the average GC content of random promoter sequences. B: The distributions of bidirectional gene pairs in the A-genome and D-genome were statistically
analyzed separately. C: Statistical analysis of bidirectional promoter sequence length in four cotton subspecies. The number of bidirectional promoters
distributed in different length intervals exhibited different distribution trends, and the distribution trends of Gossypium hirsutum, Gossypium barbadense
and Gossypium herbaceum were consistent, with the highest percentage occurring in the interval of 1,201-1,500 bp. The distribution trends of Gossypium

raimondii had the greatest percentage in the range of 1-300 bp

subgenomes of the Gossypium barbadense genome,
which contained 448 and 455 bidirectional gene pairs,
respectively, and 188 bidirectional genes were located
on the scaffolds. In the Gossypium barbadense genome,
bidirectional gene pairs were distributed mainly on the
26 chromosomes of A05, A1l and D05 (Supplementary
Fig. 3). In the genome of Gossypium herbaceum, bidirec-
tional promoters are distributed mainly on the A05, A11
and A09 chromosomes (Supplementary Fig. 4). In the
genome of Gossypium raimondii, bidirectional promot-
ers are distributed mainly on the D09, D07 and D04 chro-
mosomes (Supplementary Fig. 5). The distributions of
bidirectional gene pairs in the A-genome and D-genome
were statistically analyzed separately. The results revealed
that in the A-genome, Gossypium herbaceum presented
the most bidirectional gene pairs, followed by Gossy-
pium hirsutum, whereas in the D-genome, Gossypium
raimondii presented the most bidirectional gene pairs,
followed by Gossypium hirsutum (Fig. 13B). These find-
ings indicate that during the process of diploid cotton
hybridization, chromosome reconstruction, chromosome

displacement, and human domestication to form allotet-
raploid cotton, significant changes in the position and
structure of bidirectional gene pairs occurred, leading to
variations in the number of genes in the A-genome and
D-genome. The statistical results for the bidirectional
promoter sequence length revealed that the distribution
of bidirectional promoters in Gossypium barbadense
and Gossypium herbaceum were essentially consistent
with that in Gossypium hirsutum, which increased with
length, with the highest percentage in the range of 1,200-
1,500 bp. In the genomes of Gossypium raimondii, bidi-
rectional promoters were most common in the range of
1-300 bp (Fig. 13C).

Phylogenetic analysis of bidirectional genes

The importance of gene function is reflected mainly by
conservation during the evolutionary process. There
are many bidirectional gene pairs in animals, plants and
microorganisms, and whether their functions are con-
served in different species needs to be explored. There-
fore, we analyzed the homologous genes of bidirectional
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genes in the genomes of Gossypium hirsutum and three
other subspecies of cotton, the monocotyledon species
rice and the dicotyledon species Arabidopsis thaliana.
The comparison analysis of homologous genes was per-
formed using BLAST software. In total, 2,711 unigenes of
1,383 pairs of bidirectional gene pairs based on bidirec-
tional intergenic sequences of less than 1,500 bp in Gos-
sypium hirsutum were searched for homologous genes in
the genomes of Gossypium barbadense, Gossypium her-
baceum, Gossypium raimondii, Arabidopsis thaliana and
Oryza sativa; specifically, 2,468, 2,412, 2,341, 2,032 and
2,112 homologous genes were searched, respectively. The
evolutionary relationships of bidirectional genes in dif-
ferent species were identified by calculating the distances
between these homologous gene TSSs, and five length
thresholds of 0.5 kb, 1.0 kb, 1.5 kb, 3.0 kb and 5.0 kb
were set (Table 3). The proportion of bidirectional gene
pairs formed by homologous genes from different sub-
species of cotton, such as Gossypium barbadense, Gos-
sypium herbaceum and Gossypium raimondii, and the
dicotyledon Arabidopsis thaliana was greater than that
of the monocotyledon Oryza sativa. In the genomes of
three different cotton subspecies, Gossypium barbadense,
Gossypium herbaceum and Gossypium raimondii, 812,
822 and 838 pairs of homologous genes conform to the
characteristics of bidirectional gene pairs, respectively. In
total, 894 pairs were present in the dicotyledon Arabidop-
sis thaliana, whereas only 127 pairs exist in rice. Given
that the 2,766 bidirectional genes of Gossypium hirsutum
presented a relatively close overall number of homolo-
gous genes among the above five species, the number of
bidirectional genes present in the genomes of the above
five species was also relatively large. It was inferred that
the bidirectional genes present in the genome of Gossy-
pium hirsutum exhibited a certain degree of conserved
function, and their sequence characteristics were also
conserved.

Materials and methods

Identification and screening of bidirectional gene pairs
The genome-wide data and functional annotation
information of Gossypium hirsutum, Gossypium bar-
badense, Gossypium herbaceum and Gossypium raimon-
dii were obtained from the CottonGen (https://www.
cottongen.org/) website. The genome annotation data
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for Arabidopsis thaliana and Oryza sativa were down-
loaded from the Phytozomel3 (https://phytozome-next.
jgi.doe.gov/) website. The species genome data contain
much gene annotation information, including exons,
introns, 5-UTRs, 3’-UTRs, intergene sequences, gene
locations, forward and reverse strands and other infor-
mation. Therefore, useless redundant information was
filtered before screening bidirectional gene pairs and
their intergenic region sequences for subsequent analy-
sis. We used the Python program compiled by Liu [15]
and modified it to screen bidirectional gene pairs in the
genome of Gossypium hirsutum (Supplementary script
1). The following screening conditions were employed.
First, the basic annotation information of “genes” or
“mRNASs” in the genome was determined, and informa-
tion regarding the chromosome, starting position, ending
position, and positive and negative strands was obtained.
The screening parameters were set as follows on the basis
of the definition of bidirectional gene pairs: (1) The two
“head-to-head” genes must be on the same chromo-
some. (2) There must be a single gene on the positive
and negative strands. (3) The starting point value of the
positive-strand gene minus the starting point value of the
negative-strand gene should be set within the range of
0~ 1,500 bp. These screened gene pairs were considered
bidirectional gene pairs.

Functional annotation and clustering analysis of
bidirectional genes

The distribution of bidirectional transcript pairs on the
Gossypium hirsutum TM-1 chromosome was system-
atically collated using MG2C (http://mg2c.iask.in/mg2c_
v2.0/) online analysis software and TBtools mapping
software. GO enrichment analysis and gene functional
annotation of the obtained bidirectional gene pairs were
performed using blast2GO bioinformatics software, and
the bidirectional gene pairs were analyzed in detail based
on three categories: cell composition, molecular func-
tion and biological process. By setting the corresponding
analysis parameters, the main functions of gene enrich-
ment were displayed via blast2GO (v2.2.31+) software.
The metabolic pathways associated with the obtained
bidirectional gene pairs were analyzed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database,
and the main metabolic pathways associated with gene

Table 3 Orthologous genes of bidirectional gene pairs of Gossypium hirsutum in five other plant species

Species Total Distance between TSSs of gene pairs

0.5 kb 1.0 kb 1.5 kb 3.0kb 5.0 kb
Gossypium barbadense 2,468 236 574 812 932 1,165
Gossypium herbaceum 2412 272 568 822 948 1,136
Gossypium raimondii 2,341 302 584 838 967 1,096
Arabidopsis thaliana 2,032 387 612 894 1,068 1,220
Oryza sativa 2,112 32 68 127 146 162
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enrichment were mapped to identify the specific pro-
cesses involved in the growth and development of cotton.

Tissue expression profile analysis and qRT-PCR validation
of bidirectional gene pairs

Upland cotton K312 was planted in a greenhouse. The
roots and leaves were collected at 15, 25, and 35 days
after germination, and the surfaces of the materials were
cleaned with ddH,O. The root materials from the three
periods were mixed together as the root tissue material
and wrapped with aluminum foil, and the leaf material
was subjected to the same procedure. The material was
frozen in liquid nitrogen for 5 min and then transferred
to a -80 °C refrigerator for storage. Anthers were col-
lected from cotton at -3 ~0 DPA. Stigmas were collected
on the day of flowering, and fibers were collected at 7,
14, and 26 DPA (removing ovules). These samples were
quickly placed in liquid nitrogen for freezing treatment
for approximately 10 min and then transferred to a -80 °C
freezer for storage. Total RNA was extracted from each
sample via the RNAprep Pure Plant Kit (Polysaccharides
& Polyphenolics-rich) (TIANGEN, Beijing, China) fol-
lowing the manufacturer’s protocol.

In this study, we completed transcriptome sequencing
of seven different tissues (roots, leaves, anthers, stigmas
and fibers at 7, 14, and 26 DPA) of Gossypium hirsutum
K312 [23], and the tissue expression profiles of bidirec-
tional gene pairs were obtained by combining the tran-
scriptome data for different cotton tissues. Ten pairs of
bidirectional genes were randomly screened, and specific
PCR primers were designed with the Primer3 online tool
(http://bioinfo.ut.ee/primer3-0.4.0/). c¢DNA synthesis
was performed from 1 pg of total RNA in a 20-pL reac-
tion mixture using a PrimerScript RT kit (TAKARA,
Dalian, China) according to the manufacturer’s instruc-
tions. The 20 pL reactions were performed with 10 pL of
SYBR Premix Ex Taq II (TLi RanseH Plus) (TAKARA,
Dalian, China), 0.8 uL of 10 mM forward and reverse
primers each, 7.4 uL of ddH,O and 1.0 pL of cDNA
template, after which amplification reactions were
conducted. The cotton Ghsadl gene (NCBI reference
sequence: NM_001327106.1) was used as an internal ref-
erence gene [23]. The qRT-PCR conditions were as fol-
lows: 95 °C for 2 min followed by 40 cycles of 95 °C for
5 s and 62 °C for 34 s. The tissue expression profile was
analyzed via qRT-PCR to verify the reliability of the tis-
sue expression profile of the bidirectional gene.

Identification of orthologous bidirectional gene pairs

BLAST (v2.13.0+) software was used to analyze the
orthologous genes (E value<10~'°) of bidirectional gene
pairs in the genomes of Gossypium hirsutum, Gossypium
barbadense, Gossypium herbaceum, Gossypium raimon-
dii, Arabidopsis thaliana and Oryza sativa. Bidirectional
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gene pairs in the genomes of Gossypium barbadense,
Gossypium herbaceum, Gossypium raimondii, Arabidop-
sis thaliana and Oryza sativa were screened and analyzed
with a Python program. The phylogenetic relationships of
the bidirectional gene pairs were analyzed by comparing
four cotton subspecies and three plant species.

Identification of bidirectional promoters and analysis of
their sequence characteristics

According to the position annotation information for
the bidirectional gene pairs in the genome of Gossypium
hirsutum, Python programming was used to extract
the sequences between the transcription start sites of
the two genes in the bidirectional gene pair from the
genome sequence. Random unidirectional promoter
screening requirements: First, 2,766 bidirectional genes
were removed from the list of all cotton genes (76,943)
with annotation information, and the remaining genes
(74,177) were considered unidirectional genes. One thou-
sand unidirectional promoter sequences were randomly
extracted. Second, the length of random unidirectional
promoter sequences was the average length of all bidi-
rectional promoter sequences. Finally, the values of the
unidirectional promoter sequence features were the aver-
ages of three random screens of unidirectional promot-
ers. Using programs to calculate the GC content, TATA
boxes, GC boxes and other components in bidirectional
promoters and unidirectional promoter sequences, we
can predict whether these sequences contain the unique
sequence characteristics of bidirectional promoters.

Cloning and functional analysis of the bidirectional
promoters

Thirty bidirectional promoters were randomly screened
as targets for the verification of promoter activity,
and specific primers were designed according to the
sequences of these bidirectional promoters (Supplemen-
tary Table 3). EcoRI and HindIIl digestion sites were
added at both ends of the primers for PCR amplification
under the following conditions: 95 °C for 5 min; 30 cycles
of 95 °C for 30 s, 52—62 °C for 30 s, and 72 °C for 30-60 s;
and 72 °C for 10 min. After PCR amplification, sequenc-
ing was performed. The restriction endonucleases EcoRI
and HindIIl were subsequently used to double digest
the cloned bidirectional promoter and pBD-2G plasmid
containing both the gus and gfp reporter genes, which
were linked with T4 ligase, and transformed into E.coli
DH5a competent cells using the heat shock method.
The plasmid was extracted for sequencing and double
digestion verification, and the plasmid was successfully
transformed into Agrobacterium tumefaciens LBA4404.
Cotton was transiently transformed using the method
of Yang et al. for transforming cotton into a transient
expression system [26], and the expression of reported
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genes was tested using histochemical staining and green
fluorescence observation to judge the feasibility and reli-
ability of using this retrieval mode to screen bidirectional
promoters. An Axio LSM 700 laser-scanning confocal
microscope (Zeiss Co., Ltd., Jena, Germany) was used for
GEFP observations.

Discussion

In research on improving the quality of transgenic crops,
it is difficult to change the genetic characteristics of a tar-
get trait via the introduction of a single gene. It is often
necessary to introduce multiple functionally related
genes or even genes related to the entire metabolic path-
way into recipient plants simultaneously to effectively
improve the genetic traits of crops for research purposes.
Recently, the use of transgenic technology to introduce
multiple genes into plants at the same time to achieve
simultaneous improvement of multiple traits has become
a major research focus. However, simultaneous expres-
sion of multiple foreign genes in transgenic plants often
requires highly active promoters [24]. Previous stud-
ies have shown that if a homologous sequence between
two promoter sequences is introduced into plants, it may
cause “coinhibition” of gene expression in plants, which
subsequently leads to partial gene silencing [25]. There-
fore, the selection of highly expressed bidirectional pro-
moters is crucial in plant genetic engineering. Compared
with unidirectional promoters, bidirectional promot-
ers can simultaneously regulate the expression of mul-
tiple genes and improve the efficiency of biotechnology.
Bidirectional promoters will likely become the best pro-
moters for transgenic breeding via multigene cotrans-
formation methods in the future and have inestimable
value in the field of genetic engineering research and
application.

With the successful completion of human whole-
genome sequencing, researchers have sorted and ana-
lyzed the obtained data in detail. In the plant genome,
mining and functional studies of bidirectional promoters
at the genome-wide level have focused mainly on Ara-
bidopsis thaliana [11], Oryza sativa, Populus [13] and
Zea mays [15], and there has been no research on bidi-
rectional promoters in cotton species. In this study, the
bidirectional gene pairs and bidirectional promoters in
the terrestrial cotton genome were systematically stud-
ied using the discovered bidirectional gene pairs Ghrackl
and Ghuhrfl as the starting points [26]. Trinklein et al.
[9] first screened and studied bidirectional gene pairs and
their bidirectional promoters at the human genome-wide
level and compiled a set of procedures that can achieve
bidirectional promoter screening in the whole genome,
and this method has also been widely used in the screen-
ing of bidirectional promoters in plant genomes (Fig. 1A).
Given that the research objects in this case were genes, it
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was impossible to complete the screening of transcripts.
However, a gene can be differentially spliced because of
variability or multiple transcription start sites to form
multiple transcripts, which results in the loss of relevant
data. Liu et al. [15] added a screening procedure for tran-
scripts to the program written by Trinklein, thus increas-
ing the reliability of the screening of bidirectional gene
pairs (Fig. 1B). The search model employed in this study
was based on the screening model of bidirectional gene
pairs in the maize genome developed by Liu et al. [15],
and the location coordinates of multiple transcripts were
added. For example, gene 1 and gene 2 had three tran-
scripts, and the intergenic region between the three tran-
scripts of gene 1 (T1, T2, T3) and the three transcripts of
gene 2 (T1, T2, T3) could be considered a bidirectional
promoter, making the search range more comprehen-
sive (Fig. 1C). On the basis of previous research results
on bidirectional promoters combined with the charac-
teristics of plant promoters, the threshold value of the
length for screening bidirectional intergenic sequences
was determined to be 1,500 bp. The modified screening
model was used to screen and perform functional analy-
sis of bidirectional gene pairs in the Gossypium hirsutum
genome. The results were consistent with the results of
previous reports in other plants, and many (1,383) bidi-
rectional gene pairs were identified in the genome of Gos-
sypium hirsutum. The functional cluster analysis of these
genes was performed using blast2GO software. These
bidirectional genes were enriched mainly in cell and cell
parts, cells, organelles and membrane-bound organelles
and participated in a variety of metabolic processes, cell
processes and biosynthetic and other biological pro-
cesses, mainly involving molecular functions such as cat-
alytic activity, binding, transfer activity, hydrolase activity
and DNA binding. This result was consistent with pre-
vious research reports showing that most bidirectional
genes are housekeeping genes in species and were rela-
tively conserved during the process of evolution [7, 15].
For bidirectional promoters, the most important
orthologous role involves the sharing of transcriptional
regulatory elements and RNA polymerase II binding
sites [27]. When bidirectional promoter sequences are
short, all cis-acting elements involved in transcription are
shared to achieve the functions necessary for transcrip-
tion. Therefore, bidirectional promoters drive the sym-
metrical expression patterns of genes at both ends [28].
Thus, at a relatively close distance, interactions at the
orthologous transcription level become quite important.
However, when the length of the bidirectional promoter
sequence is more than 400 bp, there are more regulatory
elements in the promoter. Both ends can use their own
unique elements to drive the expression of downstream
genes, resulting in fewer and fewer types of shared
regulatory elements. Thus, the expression patterns of



Yang et al. BMC Plant Biology (2024) 24:829

bidirectional gene pairs differ across different tissues,
resulting in an asymmetric expression pattern [28, 29].
In summary, no interdependence of the expression pat-
tern of each gene in the bidirectional gene pair was
observed, which is consistent with the results of Liu and
Ahmad et al. [7, 30], indicating that the data obtained via
the screening model applied in this study are highly reli-
able. Given that the expression patterns of bidirectional
gene pairs differ, the specific mechanisms whereby bidi-
rectional promoters drive gene expression in both direc-
tions need to be further studied. In addition to promoter
length and transcriptional regulatory elements, other fac-
tors may affect the regulatory functions of bidirectional
promoters in the bidirectional promoter structure [2, 7].
Future research will also require numerous experiments
to verify the functions of these genes in transgenic plants
to confirm the expression pattern of bidirectional tran-
scription gene pairs, which will play an important aux-
iliary role in revealing the coexpression mechanism of
gene pairs with bidirectional transcription.

A high GC content is an important feature of bidirec-
tional promoters. Previous studies have shown that 70.8%
of human bidirectional promoters exhibit a GC content of
more than 60%, and the average GC content is 66%, which
is much greater than the GC content of 53% observed
among randomly selected promoters [31]. Similarly, the
GC contents of bidirectional promoters in sorghum, rice,
soybean, Arabidopsis thaliana and maize are 55%, 48.2%,
31%, 34% and 49.9%, respectively, and these values are
also significantly greater than the reported GC contents
of randomly selected promoters in these species, which
are 46.5%, 44.3%, 29.8%, 32.1% and 44.5%, respectively
[13, 15]. On the basis of the genome sequence informa-
tion of Gossypium hirsutum, we extracted the interre-
gional sequences between these bidirectional genes and
analyzed the GC content of these sequences. The results
revealed that the GC content in these bidirectional pro-
moter sequences was as high as 35.05%, whereas the GC
content in the randomly screened unidirectional promot-
ers was 31.3%. These study results were consistent with
those of previous studies. Moreover, bidirectional gene
interregional sequence lengths mainly range from 1,200
to 1,500 bp, verifying the hypothesis of Mitra et al. that
there are many cis-acting elements, such as expression
regulatory elements and inducible expression elements
related to tissue-specific expression in the bidirectional
promoter sequences of plants, such that bidirectional
promoters require longer sequences to meet the expres-
sion needs of the plant itself [12].

To verify the bidirectional promoter activity of the
screened bidirectional intergenic sequences, 30 pairs
were randomly selected for intergenic sequence cloning
and transient cotton expression verification. The results
revealed that 25 bidirectional intergenic sequences had
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bidirectional promoter activity, and the other 5 had pro-
moter activity in one direction. Among these pairs, only
2 showed detectable promoter activity in the GUS direc-
tion, and the other 3 only showed detectable promoter
activity in the GFP direction. This finding revealed that
bidirectional promoters were present in the inter-interval
sequences of the screened bidirectional gene pairs, but
some pseudobidirectional promoters were also present.
In this work, we used a computer program to screen bidi-
rectional promoters in cotton. In the results of big data
screening, ensuring 100% accuracy is difficult, and devia-
tions in the selected bidirectional promoters may exist
[6]. It is possible that the bidirectional intergenic region
sequences were too short to include the basic cis-acting
elements that each end of the bidirectional promoter is
expected to include, resulting in an inability to drive
reporter gene expression [32]. It is also possible that these
promoters are nonleaf tissue-specific expression promot-
ers expressed in nonleaf tissues of cotton such that some
bidirectional promoters, or one end thereof, cannot drive
the expression of reporter genes in the transient expres-
sion system of cotton leaves [33]. The situation described
in this article also applies to maize. Liu et al. noted in the
“Identification and functional characterization of bidirec-
tional gene pairs and their intergenic regions in maize”
that “Five of the MA (9) candidates and seven of the RS
(18) candidates were transcribed in only one direction.
One of the MA candidates showed no promoter activity
in either direction”” The bidirectional promoters screened
on the basis of big data showed similar results, with no
promoter activity at one or both ends [15]. In summary,
these bidirectional promoters with promoter activity in
both directions can be used as promoter resources in
research on cotton fiber quality improvement.

In total, 1,091, 839 and 1,249 bidirectional gene pairs
were identified in the other subspecies of cotton. The
genome size of Gossypium herbaceum is more than twice
that of Gossypium raimondii, but the number of bidirec-
tional gene pairs is only two-thirds that of Gossypium
raimondii. The reason for this phenomenon may be that
the genome of Gossypium herbaceum underwent a large-
scale inversion at the overall level during evolution [34],
leading to a large expansion of the genome, destruction
of the original intergenic structure, and separation of
its original bidirectional gene pairs. We subsequently
compared and analyzed the bidirectional genes in the
genomes of Gossypium hirsutum in the Gossypium bar-
badense, Gossypium herbaceum, Gossypium raimondii,
Arabidopsis and Oryza sativa genomes, identified many
homologous genes, and identified and analyzed the TSSs
among these genes. The results revealed that the number
of homologous bidirectional genes in different subspe-
cies of cotton and monocotyledonous and dicotyledon-
ous plants was similar to that in Gossypium hirsutum.
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However, the proportion of these homologous genes
forming bidirectional gene pairs in different subspecies
of cotton and dicotyledons was much greater than that in
the monocotyledon Oryza sativa, which was consistent
with the results obtained by Liu et al. for monocotyle-
dons [15]. Green algae are the smallest eukaryotic organ-
isms currently known and are the species of origin for
green plant evolution. Species that evolved from green
algae retain almost all of these homologous genes [35]. By
comparing the bidirectional genes among Zea mays, Sor-
ghum bicolor, Glycine max, Oryza sativa and Arabidop-
sis, Liu et al. reported that these genes presented a high
degree of similarity in structure and function and further
reported that the bidirectional genes were conserved
both functionally and structurally by comparing the bidi-
rectional genes among Zea mays, short-stemmed grass
and green algae; however, the specific genetic composi-
tion of the bidirectional gene pairs changed constantly
[15]. Therefore, it is hypothesized that in the process of
species evolution, although the genes of the original spe-
cies are selectively retained, new genes also develop, and
the genome capacity expands as the gene population
expands, resulting in the formation of a new species after
a certain stage [36]. However, species with different lev-
els of evolution retain different numbers of homologous
genes relative to the original species. Species with low
evolutionary rates retain a greater number of homolo-
gous genes of their original species compared with spe-
cies with high evolutionary rates, and species with more
similar evolutionary rates share a greater number of
homologous genes and a greater frequency of homolo-
gous genes in pairs [37]. This is one of the evolutionary
pathways and manifestations from lower plants to higher
plants. Most bidirectional genes are housekeeping genes
that are relatively conserved in the process of species
evolution [7, 15]. These results demonstrated that bidi-
rectional genes are conserved in the process of evolution
and that their structures and functions are conserved to
some extent.
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