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Abstract 

Background  Gossypol is a unique secondary metabolite and sesquiterpene in cotton, which is mainly synthesized 
in the root system of cotton and exhibits many biological activities. Previous research found that grafting affected the 
density of pigment glands and the gossypol content in cotton.

Results  This study performed a transcriptome analysis on cotton rootstocks and scions of four grafting methods. 
The gene expression of mutual grafting and self-grafting was compared to explore the potential genes involved in 
gossypol biosynthesis. A total of six differentially expressed enzymes were found in the main pathway of gossypol 
synthesis-sesquiterpene and triterpene biosynthesis (map00909): lupeol synthase (LUP1, EC:5.4.99.41), beta-amyrin 
synthase (LUP2, EC:5.4.99.39), squalene monooxygenase (SQLE, EC:1.14.14.17), squalene synthase (FDFT1, EC:2.5.1.21), 
(-)-germacrene D synthase (GERD, EC:4.2.3.75), ( +)-delta-cadinene synthase (CADS, EC:4.2.3.13). By comparing the 
results of the gossypol content and the density of the pigment gland, we speculated that these six enzymes might 
affect the biosynthesis of gossypol. It was verified by qRT-PCR analysis that grafting could influence gene expression 
of scion and stock. After suppressing the expression of the LUP1, FDFT1, and CAD genes by VIGS technology, the gos-
sypol content in plants was significantly down-regulated.

Conclusions  These results indicate the potential molecular mechanism of gossypol synthesis during the grafting 
process and provide a theoretical foundation for further research on gossypol biosynthesis.

Keywords  Cotton, Grafting, Pigment gland density, Gossypol content, Gossypol synthesis related genes, 
Transcriptome analysis, Differentially expressed genes, Real-time PCR analysis

Background
Cotton (Gossypium spp.) is an annual herb native to sub-
tropical regions. It is one of the most important crops 
worldwide, with the main characteristics of low produc-
tion costs and high yield. Gossypol is a specific plant 
defense compound that cotton plants produce. It is a 
dimeric sesquiterpene, a secondary metabolite, and syn-
thesized in the cytoplasm. The exploration of the gossy-
pol biosynthetic pathway began decades ago, and many 
key enzymes and transcription factors were found to reg-
ulate the biosynthesis of gossypol. Chen et  al. reported 
the first sesquiterpene cyclase cadinene synthase and 
then the first cytochrome P450 mono-oxygenase by Luo 
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et  al. [1, 2]. In the cytoplasmic matrix, farnesyl diphos-
phate (FPP) is synthesized from the mevalonate (MVA) 
pathway. Isopentenyl diphosphate (IPP) and dimethy-
lallyl diphosphate (DMAPP) are catalyzed by farnesyl 
diphosphate synthase (FPS) to form FPP; then gossypol 
synthesis occurs under the catalytic action of several 
key enzymes such as ( +)-δ-cadinene synthase (CDN), 
transcription factor (GaWRKY1) and cytochrome P450 
mono-oxygenase (CYP706B1) [3, 4].

Gossypol is mainly synthesized in cotton roots, trans-
ported to aboveground parts, and eventually stored 
in the pigment glands [5]. Pigment glands are a unique 
morphological feature of cotton (Gossypium spp.), which 
are distributed in most organs of cotton plants. Studies 
have shown that the gossypol synthesis pathways and 
the development of pigment glands are independent of 
each other. The inhibition of the development of pigment 
glands may also inhibit the biosynthesis of gossypol [6]. 
Gossypol biosynthesis is not directly related to pigment 
gland expression, but the presence of pigment glands is 
essential for gossypol accumulation [7].

Gossypol has a variety of functions in different sec-
tors. In agriculture, it can inhibit the growth of cotton 
bollworm and other pests. It also has a certain inhibi-
tory effect on the development of spores of a fungal spe-
cies Verticillium dahliae, and an antifertility effect on 
rodents. In industry, depending on its chemical structure, 
gossypol can be used as an antioxidant, flame retardant, 
coloring agent, and stabilizer [8–11]. In addition, many 
studies have found that gossypol has antifertility, antioxi-
dant, antitumor, antiviral, and other medicine activities 
[12–15].

Grafting is an agricultural technique used for the veg-
etative propagation of crops, as early as 2000  years ago 
in China, grafting has been used in horticulture [16]. The 
method involves grafting branches or buds (scions) of 
one plant onto the stems or roots (rootstocks) of another 
plant so that the parts of two different plants can grow 
into a new plant. It is widely used in cultivation and for 
the improvement of crops, due to its low cost, simple 
operation, high value of use, and other advantages [17]; 
for some difficult-to-graft plants, such as walnuts, factors 
such as temperature, humidity, and treatment methods 
of grafting materials must be taken into account when 
grafting [18]. Previous studies have found that the graft-
ing technique is an effective way to study plant molecu-
lar communication signals and the exchange of genetic 
material [19]. The accumulation of biomass in the scion 
part and the response to abiotic stress can be changed 
depending on different rootstocks [20–22]. Li et al. (2021) 
found that using high disease-resistant varieties as root-
stocks can up-regulate the expression of disease-resist-
ant genes in scions, thereby improving the resistance of 

susceptible varieties [23], Zhang et al. (2019) used Arte-
misia-chrysanthemum as a rootstock to improve chry-
santhemum resistance to aphids [24]. This study found 
that root exchange could affect gland density and gossy-
pol content. The low-gossypol cotton root system caused 
a significant decrease in the gossypol content in the high-
gossypol scion. When low-gossypol cotton was used as a 
scion, the gossypol content in the high-gossypol cotton 
rootstock increased significantly. We speculated that the 
root system plays an important role in gossypol synthe-
sis. Therefore, we performed transcriptome sequencing 
to screen and analyze related genes involved in gossypol 
synthesis at the molecular level to provide a basis for fur-
ther research on gossypol biosynthesis in cotton.

Materials and methods
Plant materials
The seeds of high-gossypol upland cotton (Gossypium 
hirsutum L. cv. S9612) and glandless low-gossypol upland 
cotton (Gossypium hirsutum L. cv. Zhong –151) used in 
this study were provided by the Cotton Research Insti-
tute of the Chinese Academy of Agricultural Sciences 
(Anyang, China). The cotton plants were grafted by split-
ting at the 4–5 leaves stage. Four months after grafting, 
samples were taken for related experiments. In this study, 
scion leaves were taken from the second unfolded leaf of 
each plant (counting was done from top to bottom); root-
stock leaves were taken from the second true leaf of each 
plant. In total, four treatments were given in this study. 
The root systems of high-gossypol and low-gossypol cot-
ton plants exchanged for grafting are shown in Fig. 1.

The observation of pigment gland density
Four leaves and stems at the same growth stage were 
taken. Leaf samples were taken from different positions, 
including the right nectary, the left nectary, the middle 
vein, the middle left vein, the and right vein. The stem 
sample was dissected, and the internal tissue and the epi-
dermis were removed. A stereo microscope was used to 
observe the samples. Five fields of view were randomly 
selected, the average value of these fields was considered 
as the stem gland density, and the data were statistically 
analyzed using Excel. Use "one-way ANOVA" to calcu-
late the significance of the sample, In the output results, 
p-value < 0.05 indicates a significant difference, and 
p-value < 0.01 indicates a very significant difference.

Determination of gossypol content by UPLC
The cotton samples were dried at 45  °C to a constant 
weight, broken up into small pieces, passed through a 
60-mesh sieve, weighed (0.1  g; accurate to 0.0001  g), 
dissolved in acetonitrile-0.2% phosphoric acid aqueous 
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solution, extracted by ultrasonic vibration for 15  min, 
and centrifuged at 1000 × g for 5  min. The supernatant 
was filtered through a 0.22  µm water-based membrane 
filter and stored at –20 °C in the dark. The UItiMate 3000 
ultra-high performance liquid chromatography (Thermo, 
USA), with DAD-3000RS diode array detector (Thermo, 
USA), TCC-3000RS column thermostat (Thermo, USA), 
WPS-3000TRS autosampler (Thermo, USA), LPG-
3400RS quaternary pump (Thermo, USA), and SR-3000 
reagent rack (Thermo, USA), was used for the analysis. 
Separation was performed using a Hypersil GOLDTM 
C18 column (100  mm × 2.1  mm, 1.9  µm). The Mobile 
phase consisted of acetonitrile and 0.2% phosphoric acid 
aqueous solution (v/v). The mobile phase ratio was 90: 10, 
with a flow rate of 0.4 mL/min and a column temperature 
of 25 °C. The detection wavelength was 235 nm, and the 
injection volume was 10 µL. The gossypol standard prod-
uct (purity ≥ 95%)was purchased from Sigma. The gossy-
pol content was calculated based on the standard curve 
and the peak area of three biological replicates, and the 
data were analyzed using SPSS software.

RNA extraction, library construction, and sequencing
Total RNA was extracted from leaves using Trizol reagent 
(TaKaRa, China) according to the manufacturer’s proto-
col. The purity and concentration of RNA were measured 
using the Ultra-micro  full-wavelength reader (IMPLEN, 
Germany). The integrity of the RNA was determined by 
2% agarose gel electrophoresis. The library construction 
and the RNA-Seq analysis were performed using the Illu-
mina HiSeq X-ten platform by BGI.

Filtering on sequencing reads and aligning with reference 
genome
Original data were filtered in three steps: removing reads 
containing connectors (adapter contamination), eliminat-
ing reads with poly-N proportions greater than 5%, and 
ignoring low-quality reads (the bases defined with quality 
values less than 10, accounting for more than 20% of the 
total bases of reads, were considered as low-quality reads) 
[25]. After getting the clean reads, HISAT was used to 
map the clean reads to the reference genome (reference 
genome version: GCF_000987745.1_ASM98774v1) [26].

Functional annotation and classification
To annotate the unigenes, the BLAST software was used 
to search the unigenes against a large number of pro-
tein and nucleotide databases, including Kyoto Encyclo-
pedia of Genes and Genomes (KEGG), Gene Ontology 
(GO), protein families (Pfam), eggNOG, and Clusters of 
Orthologous Groups (COG) [27–34].

Analysis of DEG profiles
Unigene expression was normalized with FPKM (frag-
ment per kilobase per million mapped reads), and then 
differential expression analysis of two sample groups 
was performed by DESeq [35]. The ratios of FPKM val-
ues of different samples were calculated for DGEs. FDR 
(false discovery rate) was used to determine the thresh-
old of the p-value for multiple tests. FDR ≤ 0.001 and 
the absolute value of │log2 ratio│ ≥ 1 were considered 
to be the cutoff thresholds to determine the significance 

Fig. 1  Four grafting methods. Gray color represents low-gossypol cotton, black color represents high-gossypol cotton; 1 Represents scion, and 
2 Represents rootstock. A Scion and rootstock both are low-gossypol cotton B. Scion is low-gossypol cotton and rootstock is high-gossypol 
cotton C. Scion and rootstock both are high-gossypol cotton D. Scion is high-gossypol cotton and rootstock is low-gossypol cotton E. Ungrafted 
low-gossypol cotton F. Ungrafted high-gossypol cotton
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of expression. The DEGs involved in gossypol synthesis 
were screened, and GO and KEGG databases were used 
to annotate and classify DEGs.

Quantitative Real‑Time PCR
QRT-PCR was used to verify the expression of the 
selected DEGs, and GhUbiquitin (ghUBQ14, GenBank 
accession number: DW505546) was used as an internal 
reference gene. We used Quick RNA isolation Kit (Wary-
ong, Beijing, China) to extract RNA from eight grafted 
cotton samples and detected the purity and concentra-
tion of RNA by agarose gel electrophoresis. If the RNA 
quality was good, PrimeScript RT reagent Kit (TaKaRa) 
was used for reverse transcription into cDNA. A 10-µL 
aliquot of qRT-PCR mixture contained: SYBR qPCR 
SuperMix Plus 5 µL, template cDNA 1 µL, forward and 
reverse primers 0.3  µL each, and ddH2O 3.4  µL, the 
primer sequences were listed in Table 1. The delta-delta 
CT method was used to compare the relative expression 
levels of genes.

Functional characterization of the candidate genes 
through virus‑induced gene silencing
The online tool SGN VIGS (https://​vigs.​solge​nomics.​
net/) was used to design the appropriate silencing region 
in the target gene [36]. The parameters were set as fol-
lows: n-mer size is 21, fragment length is 300, and mis-
matches is 0. The specific parameters could be adjusted 
according to the score. DNAMAN8 was used for restric-
tion enzyme analysis, the target fragment was ligated to 
TRV2 (tobacco rattle virus) vector through EcoRI and 
BamHI digestion sites, and the recombinant vector was 
constructed into the competent cells of Agrobacterium 
tumefaciens GV3101 by freeze–thaw method. The bacte-
rium GV3101 containing pTRV1 vector was used as aux-
iliary bacteria, TRV1/GV3101 and TRV2/GV3101 were 
mixed in a 1:1 ratio and injected into the cotyledons of 
8-day-old cotton seedlings until the leaves were filled and 
incubated in the dark for 24 h, at least 30 cotton seedlings 

were injected for each gene. After 30  days, the leaves 
were harvested to measure the gossypol content.

Results
The observation of pigment gland density
The observation of the gland density of eight grafted 
leaves in four groups showed that the glands appeared 
in high-gossypol cotton leaves in different treatments 
(Fig. 2A-D) but were not formed in low-gossypol cotton 
leaves in all treatments (Fig.  2E-H), indicating that the 
roots of low-gossypol and high-gossypol cotton plants 
were exchanged for four months. The phenotype of the 
low-gossypol cotton with no glands was not significantly 
affected by the roots of high-gossypol cotton plants.

In the rootstock, the gland densities of the self-graft-
ing, mutual grafting and ungrafting high gossypol cotton 
leaves were: 53.83 ± 3.71, 45.95 ± 3.16 and 79.78 ± 5.49, 
respectively. In the scion, the gland densities of the 
self-grafting, mutual grafting and ungrafting high gos-
sypol cotton leaves were: 34.43 ± 2.37, 63.58 ± 4.38 and 
70.50 ± 4.86, respectively. Statistical analysis for the 
density of glands in the leaves of high-gossypol cotton 
showed that the density of pigment glands in leaves of 
ungrafted high-gossypol cotton was significantly higher 
than that of high-gossypol cotton with both their indi-
vidual roots and exchanged roots, indicating that graft-
ing can reduce the density of pigment glands in leaves. 
After the exchange of roots from high-gossypol and 
low-gossypol cotton plants, the low-gossypol cotton 
root system caused a significant decrease in the density 
of the pigment glands in the leaves of the high-gossypol 
cotton scion, but when low-gossypol cotton was used 
as the scion, the changes in pigment glands in the root-
stock leaves of high-gossypol cotton were not significant 
(Fig. 3). This indicates that the root system of low-gossy-
pol cotton can cause a significant decrease in the density 
of pigment glands in high-gossypol cotton, confirm-
ing that the density of pigment glands can be generally 
affected by the root system.

Table 1  Primer for qRT-PCR

Gene Forward primer sequence(5’-3’) Forward primer sequence(3’-5’)

UBQ14 CAA​CGC​TCC​ATC​TTG​TCC​TT TGA​TCG​TCT​TTC​CCG​TAA​GC

LUP1 AGA​TGG​TGA​GGA​AAT​GGC​TG GGA​AAG​AGG​TTA​GGT​AGA​AGC​

LUP2 CGG​TGA​CGG​TGA​GAT​TAG​ATAC​ AGG​TGA​ATT​GTT​AAG​GGT​GGG​

GERD CTA​GGG​CTC​CAT​TTC​CAG​TTC​ AAC​AGT​GAA​GTA​ATC​CCA​GCC​

FDFT1 AGG​AAA​ACT​CGG​TCA​AGG​C ACA​CCT​CGG​AAG​ACT​TTG​ATG​

SQLE GGG​TAT​TTG​AGA​CTT​GGA​GGG​ ATT​TAG​CCC​CAT​CCC​ACA​AG

CAD ACT​GTG​GGA​TTG​CCT​AAT​AAGCC​ TTG​CCA​CAT​CAA​TCA​CAA​ATCG​

https://vigs.solgenomics.net/
https://vigs.solgenomics.net/
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Determination of gossypol content by UPLC
UPLC was used to determine the gossypol content in 
eight samples of four grafted scions and rootstocks 
groups. The results of the analysis are shown in Fig.  4. 
The results of the analysis of the gossypol content in the 
leaves of low-gossypol cotton plants grafted onto differ-
ent roots revealed that the gossypol content in the leaves 
of low-gossypol cotton was much lower than that of 
high-gossypol cotton. The gossypol content in low-gos-
sypol cotton did not change significantly with both their 
individual roots and interchanged roots (Fig. 4A, B). This 
indicates that the root system of low-gossypol cotton has 
a weak ability to synthesize gossypol and lacks pigment 
glands. The presence or absence of pigment glands can 
seriously affect the gossypol content.

The results of the determination of the gossypol con-
tent in the leaves of high-gossypol cotton grafted onto 

different root systems revealed that the gossypol content 
of the leaves of ungrafted high-gossypol cotton was lower 
than that of the scion leaves of high-gossypol cotton with 
their individual roots and interchanged roots, indicating 
that grafting could increase the gossypol content (Fig. 4C, 
D). After exchanging the roots of high-gossypol and low-
gossypol cotton plants, the root system of low-gossypol 
cotton caused a significant decrease in the gossypol con-
tent in the scion leaves of high-gossypol cotton (Fig. 4C). 
When low-gossypol cotton was used as the scion, the 
gossypol content in the rootstock leaves of high-gossypol 
cotton increased significantly (Fig. 4D). This observation 
indicated that the root system of the low-gossypol cotton 
has a weaker ability to synthesize gossypol than that of 
the high-gossypol cotton, and the low-gossypol cotton 
cannot store gossypol due to the lack of pigment glands, 

Fig. 2  The formation of pigment glands in leaves of low-gossypol cotton and high-gossypol cotton after root exchange (bar = 500 µm); A leaves of 
b2, B leaves of c1, C leaves of c2, D leaves of d1, E leaves of a1, F leaves of a2, G leaves of b1, and H leaves of d2

Fig. 3  The gland density in leaves of the high-gossypol cotton plants; A The gland density in different rootstocks and scion of the high-gossypol 
cotton, f1 is the scion of the ungrafted high-gossypol cotton. B The gland density in different rootstocks and scion of the high-gossypol cotton, f2 is 
the rootstock of the ungrafted high-gossypol cotton. Different letters indicate differences at P < 0.05, while uppercase letters indicate differences at 
P < 0.01
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increasing the gossypol content in the rootstocks of the 
high-gossypol cotton.

Illumina Sequencing and data filtering
By sequencing using the Illumina HiSeq × platform, a 
total of 22,922,599, 22,748,498, 22,810,132, 22,885,527, 
22,850,618, 22,858,512, 22,627,110, and 22,701,936 clean 

reads were obtained from eight samples of four grafted 
cotton groups (Table 2). The values of Q20 and Q30 were 
higher (95.67–99.13%), indicating that the results of the 
RNA-seq analysis met the requirements for the qual-
ity evaluation for subsequent analyses. After obtaining 
the clean reads, the HISAT was used to align the clean 
reads to the reference genome sequence. The difference 

Fig. 4  A The gossypol content in the scion of different rootstocks of low- gossypol cotton; e1 is the scion of the ungrafted low-gossypol cotton, B 
The gossypol content in the rootstock of different scions of low-gossypol cotton, e2 is the rootstock of the ungrafted low-gossypol cotton. C The 
gossypol content in the scion of different rootstocks of high-gossypol cotton, f1 is the scion of the ungrafted high-gossypol cotton. D The gossypol 
content in the rootstock of different scions of high-gossypol cotton, f2 is the rootstock of the ungrafted high-gossypol cotton. Different letters 
indicate differences at P < 0.05, while uppercase letters indicate differences at P < 0.01

Table 2  The summary of the mapping of the transcriptome reads onto the reference sequence in grafted cotton plants

Sample Total Clean 
Reads(M)

Clean Reads 
Radio(%)

Clean Reads Q20 
(%)

Clean Reads Q30 
(%)

Total Mapped Total Mapping(%)

a1 22,922,599 96.85 99.07 96.59 19,917,446 94.98

a2 22,748,498 95.65 98.98 96.23 19,659,252 94.83

b1 22,810,132 96.40 99.13 96.59 19,733,045 94.65

b2 22,885,527 96.70 99.12 96.45 19,800,557 94.86

c1 22,627,110 95.14 99.01 96.2 19,674,272 94.57

c2 22,701,936 95.46 98.98 96.2 19,621,283 94.13

d1 22,850,618 96.09 98.95 95.67 19,964,585 94.92

d2 22,858,512 96.60 99.12 96.67 20,014,913 94.82
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between the efficiency of clean reads and the reference 
genome of eight samples was greater than 90%, indicating 
that the high utilization of gene expression profiling data 
and other data was sufficient for subsequent analysis.

Functional annotation and categorization
BLAST software was used to annotate all unique 
sequences in nucleotide and protein databases to obtain 
complete functional annotations, including KEGG, 
GO, Pfam, eggNOG, and COG. Among these unigenes, 
71,896 unigenes were annotated in at least one database. 
The unannotated unigenes may be specific to cotton or 
the homologous counterparts in other species, and their 
biological functions have not yet been studied. The num-
ber of genes expressed in each sample and the success 
rate of gene annotation in each database are shown in 
Table 3.

GO is an international classification system for stand-
ardized gene functions. The unigenes were assigned 
to GO terms for the functional classification. A total of 
71,896 unigenes were divided into three categories: bio-
logical process, cellular component, and molecular func-
tion. The largest category was the cellular component, 
with 64,682 unigenes, followed by the biological process 
(64,569 unigenes) and the molecular component (46,641 
unigenes). The metabolic process and binding were 
the two largest biological process and molecular func-
tion categories subcategories, respectively (Fig. S1). The 
results of the GO analysis showed that the unigenes iden-
tified by sequencing were involved in a series of biologi-
cal processes.

To identify active biological pathways during the graft-
ing process, a total of 47 pathways were predicted by 
searching for unigene sequences against the collection of 
pathways in the KEGG database. The most representa-
tive pathways include signal transduction, global and 
overview maps, immune system, and 1371 unigenes were 

related to the biosynthesis of other secondary metabo-
lites (Fig. S2).

Differential gene expression analysis
To further examine the effect of grafting on the content 
of gossypol, we analyzed the transcriptomes of grafting of 
eight samples onto four plant groups. Comparative tran-
scriptome analysis of the same part and various cotton 
plants was performed. A total of 2844 DEGs, including 
2051 positively regulated and 793 negatively regulated 
genes, were detected from a1vsb1. Furthermore, 3689 
DEGs, including 874 positively regulated and 2813 nega-
tively regulated genes, were detected from a2vsd2 and 
8710 DEGs, including 3289 positively regulated and 5421 
negatively regulated genes, were detected from c1vsd1. 
Finally, 3458 DEGs, including 1550 positively regulated 

Table 3  The summary of functional annotation of unigenes in Gossypium hirsutum Linn

Database Total unigene Annotated unigenes Percent

KEGG Pathway 71,896 27,600 38.39%

KEGG Disease 71,896 11,553 16.07%

KEGG Module 71,896 11,394 15.85%

KEGG Reaction 71,896 11,011 15.32%

GO C 71,896 22,876 31.82%

GO F 71,896 34,129 47.47%

GO P 71,896 27,848 38.73%

Pfam 71,896 50,599 70.38%

EggNOG 71,896 35,860 49.88%

COG 71,896 6713 9.34%

Fig. 5  The bar graph of up- and down-regulated genes from 
pairwise comparison
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and 1908 negatively regulated genes, were detected from 
c2vsb2 (Fig.  5). When low-gossypol cotton was grafted 
on high-gossypol cotton rootstock, the number of up-
regulated genes was much higher than those of down-
regulated genes. Similarly, when high-gossypol cotton 
was grafted on low-gossypol cotton rootstock, the num-
ber of down-regulated genes was much more than that of 
up-regulated genes.

GO enrichment analysis of DEGs was performed to 
reveal DEGs and the related pathways under different 
grafting treatments. A total of 9817 DGEs were classified 
into 48 functional groups, including biological process 
(23), cellular component (15), and molecular function 
(10). The largest category was the biological process 
(14,878 DGEs), followed by the cellular component 
(13,402 DGEs), and molecular function (11,045 DGEs). 
The main GO terms were catalytic activity, metabolic 
process, and binding (Fig. 6).

The KEGG database was used to annotate the function 
of DEGs. A total of 27,600 DEGs were annotated into 47 
pathways, including cellular processes, environmental 
information processing, genetic information processing, 
human diseases, metabolism, and organismal systems. 
Metabolism with 13 pathways was the largest category, 
and 348 DEGs were related to the biosynthesis of other 
secondary metabolites. The number of DEGs participat-
ing in categories such as global and overview maps, sig-
nal transduction, and carbohydrate metabolism was the 
largest. This indicates that more DEGs were involved in 
these pathways that were enriched in grafted cotton, pro-
viding useful information on the regulatory mechanism 
of grafted cotton (Fig. 7).

Fig. 6  The GO classification of DEGs. In this figure, the abscissa represents the secondary classification of GO terms; the ordinate represents the 
number of genes associated with the secondary classification; and the three colors represent three classifications, including biological processes 
(red), cellular component (green), and molecular function (blue)
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The selection of putative genes related to gossypol 
synthesis
Gossypol is a unique secondary metabolite and a ses-
quiterpene in cotton. Through the KEGG annotation of 
DEGs of the same part of the same cotton varieties after 
grafting, we found that a large number of DEGs partici-
pated in sesquiterpenoid and triterpenoid biosynthesis 
(map00909). Sesquiterpenoids (C15 terpenoids) are a 
group of terpenoids consisting of three isoprene units. 
They are derived from FPP and can undergo cyclization 

to produce various skeletal structures. Sesquiterpe-
noid biosynthesis begins with the loss of diphosphate 
from FPP under the action of sesquiterpene synthesis 
enzymes, generating an allylic cation that is highly sus-
ceptible to intramolecular attacks. The cyclization of the 
farnesyl cation may take place on either of the remain-
ing double bonds, resulting in the formation of 6-, 10-, or 
11-membered rings [37–39].

In this study, we found that a total of six enzymes, 
including lupeol synthase (LUP1, EC:5.4.99.41), 

Fig. 7  The KEGG annotation of DEGs. Permissions to use the KEGG pathway map was taken from the Kanehisa Laboratories (https://​www.​kaneh​isa.​
jp/)

https://www.kanehisa.jp/
https://www.kanehisa.jp/
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beta-amyrin synthase (LUP2, EC:5.4.99.39), squalene 
monooxygenase (SQLE, EC:1.14.14.17), squalene syn-
thase (FDFT1, EC:2.5.1.21), (-)-germacrene D synthase 
(GERD, EC:4.2.3.75), and ( +)-delta-cadinene synthase 
(CADS, EC:4.2.3.13), were differentially expressed in the 
pathways of sesquiterpenes and triterpenoid biosynthesis 
(map00909) (Fig. 8). The clustering heat map analysis of 
their expression levels revealed that most differentially 
expressed genes were located in the high-gossypol part 
of grafted plants. Among them, CADS is considered to 
be a key enzyme involved in the synthesis of gossypol 
[40, 41]. The screened differentially expressed CADS 
mainly belong to two subfamilies, including CDN1-
A and CDN1-C. The expression level of most of these 
enzymes increased significantly in the high-gossypol part 
of the grafted plants, while it partly increased and then 
decreased in the low-gossypol part.

Quantitative Real‑Time PCR Analysis for the Selected DEGs
In order to further analyze the differences in the expres-
sion levels of genes related to gossypol synthesis, we used 
qRT-PCR to detect the expression of the six selected 
genes (LUP1, LUP2, SQLE, FDFT1, GERD, CADS) 

selected under four grafting methods (Fig.  9). As the 
figure shows, when low-gossypol cotton was connected 
with high-gossypol cotton, the expression of most genes 
in low-gossypol cotton increased significantly or very 
significantly. For example, when low-gossypol cotton 
was connected with high-gossypol cotton rootstock, the 
expression of the other five genes increased significantly 
except LUP2. When high-gossypol cotton was connected 
with low-gossypol cotton, the expression of most genes 
in high-gossypol cotton decreased significantly or very 
significantly. For example, when high-gossypol cotton 
was grafted with low-gossypol cotton, the expression of 
the other four genes decreased significantly except SQLE 
and GERD.

Knockdown of LUP1, FDFT1 and CAD genes in cotton 
through VIGS
In order to further verify the role of these genes in the 
gossypol synthesis pathway, this study used HPLC to 
determine gossypol in the leaves of VIGS plants, and 
verified the actual function of these genes through 
their content changes, the results are shown in Fig.  10. 

Fig. 8  A The expression of six enzyme-related genes in a1 VS b1; B The expression of six enzyme-related genes in a2 VS d2; C The expression of six 
enzyme-related genes in c1 VS d1; D The expression of six enzyme-related genes in c2 VS b2

Fig. 9  I. Relative expression of SQLE in rootstock or scion; II. Relative expression of CAD in rootstock or scion; III. Relative expression of GERD in 
rootstock or scion; IV. Relative expression of LUP1 in rootstock or scion; V. Relative expression of LUP2 in rootstock or scion; VI. Relative expression of 
FDFT1 in rootstock or scion. A Low-gossypol scion grafted on low-gossypol rootstock or high-gossypol rootstock. B High-gossypol scion grafted 
on high-gossypol rootstock or low-gossypol rootstock. C Low-gossypol rootstock grafted with low-gossypol scion or high-gossypol scion. D 
High-gossypol rootstock grafted with high-gossypol scion or low-gossypol scion. a Low-gossypol cotton scion / low-gossypol cotton rootstock 
b. Low-gossypol cotton scion / high-gossypol cotton rootstock c. High-gossypol cotton scion / high-gossypol cotton rootstock d. High-gossypol 
cotton scion / low-gossypol cotton rootstock. 1. Scion 2. Rootstock

(See figure on next page.)
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Fig. 9  (See legend on previous page.)
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Unfortunately, seven days after inoculation, albino leaves 
were not observed in TRV2:: PDS plants, which may 
be because the designed silencing site was not accu-
rate enough to silence the PDS gene. Morphologically, 
30  days after inoculation, the phenotypes of wild-type 

and empty plants were not much different. At the same 
time, TRV2::CAD, TRV2::FDFT1 and TRV2::LUP1 
showed slow growth (Fig. 10A). The expression levels of 
CAD, LUP1 and FDFT1 in VIGS plants were detected by 
qRT-PCR. Their expression levels were down-regulated 

Fig. 10  Virus-induced gene silencing (VIGS), A Morphological analysis of VIGS plants; B qRT-PCR was used to detect the expression of knockdown 
genes (CAD, LUP1 and FDFT1) in VIGS plants; C Detection of Gossypol Content in VIGS Plants. In (B) and (C), each experiment was repeated 
three times. Error bars for gossypol content measurements represent standard deviations of three biological replicates, different letters indicate 
differences at P < 0.05, while uppercase letters indicate differences at P < 0.01



Page 13 of 16Ye et al. BMC Plant Biology           (2023) 23:37 	

compared with the expression levels in leaves of 
TRV2::00 plants (Fig. 10B). Finally, the gossypol content 
in leaves was determined by HPLC. Compared with the 
TRV2::00 plants, the gossypol content in the leaves of 
the TRV2::CAD, TRV2::LUP1 and TRV2::FDFT1 plants 
decreased by 46.56%, 41.91% % and 39.12% respectively 
(Fig. 10C).

Discussion
Transcriptome sequencing technology has been gaining 
popularity in functional genomics studies [42], which 
is an effective tool to help researchers identify tran-
scriptome structure, differential gene expression, and 
alternative splicing, especially for cotton species with a 
complete reference genome [43]. Recently, many stud-
ies have been conducted on identifying genes related to 
fiber yield, flowering time, fiber length, and fiber quality 
in cotton using high-throughput sequencing technology 
[44, 45]. The transcriptome sequencing can generally be 
used to gain insight into the evolutionary genomics of 
cotton domestication [46]. This study used transcriptome 
sequencing to identify differentially expressed genes 
(DEGs) of cotton rootstocks and scions with different 
grafting methods. The DEGs were then annotated and 
classified, and the genes related to gossypol synthesis 
during the grafting process were screened. These results 
laid the foundation for studying the related molecular 
mechanisms of gossypol synthesis during the grafting 
process.

Gossypol is a unique secondary metabolite in cot-
ton and is a sesquiterpene with several biological activi-
ties. Grafting is a commonly used method in agriculture, 
which can improve the ability of plants to withstand 
external diseases and insect pests [47]. According to 
recent research reports, grafting can be used as an effec-
tive way to study plant molecular communication signals 
and the exchange of genetic material, Liu et  al. (2022) 
analyzed the metabolic mechanism of pumpkin rootstock 
mRNA signaling involved in regulating the cold toler-
ance of grafted cucumber [48]. Here, in the initial experi-
ments, we measured the gland density and gossypol 
content after grafting. The results showed that although 
the root system of high gossypol cotton had good synthe-
sis ability, the gossypol transported upward could not be 
stored due to the lack of glands in low gossypol cotton, 
so it was accumulated in the high gossypol cotton root-
stock; at the same time, the gossypol synthesis ability of 
the low gossypol cotton root is weak, so it is unable to 
synthesize enough gossypol and transport it to the high 
gossypol cotton scion, which leads to the decrease of gos-
sypol content and gland density in the scion. It seems 
that grafting has indeed affected the transportation of 
gossypol to a certain extent. Therefore, based on the 

results of the analysis of gland density and gossypol con-
tent, a transcriptome sequencing study on different parts 
with grafted plants was conducted, and the related genes 
involved in gossypol biosynthesis were further explored, 
screened, and regulated at the molecular level, thereby 
providing a theoretical basis for further research on the 
biosynthesis of gossypol.

A total of 8 transcriptome databases were constructed 
using the grafted samples. After sequencing using the 
Illumina HiSeq × platform, the raw reads were filtered. 
Each sample obtained about 22,800,000 clean reads, and 
Q20 and Q30 also met the analytical requirements and 
then used HISAT to compare the clean reads to the refer-
ence genome.

Through the screening of differentially expressed 
genes, it was found that most of the DEGs in high-gos-
sypol cotton were down-regulated, and KEGG analysis 
showed that most of these genes were related to signal 
transduction and compound metabolism, which indi-
cated that some plant hormone signal responses and 
changes in the metabolic pathways of compounds play 
an important role in the regulation of gossypol synthe-
sis. Further functional annotation and classification of 
DEGs participating in sesquiterpenoid and triterpe-
noid biosynthesis (map 00,909) (part of the gossypol 
synthesis pathway), were performed, and six enzymes, 
including LUP1 (EC.5.4.99.41), LUP2 (EC.5.4.99.39), 
SQLE (EC.1.14.14.17), FDFT1 (EC.2.5.1.21), GERD 
(EC.4.2.3.75), and CADS (EC.4.2.3.13) involved in the 
synthesis of gossypol, were found. Cluster analysis of the 
expression level of related genes revealed different gene 
expression patterns, indicating that they may be gossypol 
synthesis-related genes.

From the results of real-time qRT-PCR, during the 
grafting process, it was found that the gene expression in 
the rootstock or scion after the grafting of high-gossypol 
cotton and low-gossypol cotton did have a significant dif-
ference compared with that of self-grafting. In general, 
the gene expression in the low-gossypol cotton is affected 
by the high-gossypol cotton and is significantly up-reg-
ulated. The gene expression in the high-gossypol cotton 
is affected by the low-gossypol cotton and is significantly 
down-regulated. The interaction between rootstock and 
scion also appeared in previous studies, such as Arabi-
dopsis thaliana [49], potato [50], grape [51], etc., and this 
phenomenon may be caused by the mutual movement of 
some biological macromolecules between the two parts 
[52, 53]. Therefore, we speculate that high-gossypol cot-
ton may transmit certain signaling molecules through the 
conduit, thereby stimulating the expression of gossypol 
synthesis-related genes in low-gossypol cotton. Simi-
larly, there were signal molecules in low-gossypol cotton 
that can affect the gene expression of high-gossypol 
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cotton. This confirms once again that grafting can be an 
ideal method for studying long-distance signal trans-
mission in plants. However, there were some special 
cases, such as CAD, which is a key enzyme involved in 
the synthesis of gossypol. This study found that when 
the high-gossypol cotton scion was grafted on the low-
gossypol cotton rootstock, the gene expression of the 
high-gossypol cotton scion was significantly increased. 
The gossypol content measurement results showed that 
the gossypol content of high-gossypol cotton scion was 
significantly decreased. In the subsequent VIGS experi-
ments, VIGS vectors of these six genes were constructed, 
but plants died soon after LUP2, SQLE, and GERD were 
knocked down. This may be because these genes are not 
only involved in the synthesis of gossypol, but also plays 
an important role in growth and development. After the 
gene expression levels of LUP1, FDFT1 and CAD were 
knocked down, the gossypol content in VIGS plants 
was significantly down-regulated compared with empty 
plants. This also proves again that these three genes play 
an important role in gossypol synthesis. On the basis of 
these results, it is speculated that the root system is the 
main place for gossypol synthesis. However, the low-
gossypol cotton rootstock had a weak gossypol synthesis 
ability, resulting in a decrease in the gossypol content in 
the high-gossypol cotton scion and also stimulated the 
rootstock part of the gossypol content. The expression of 
gossypol synthesis gene led to a significant increase in its 
expression. These results reveal the potential molecular 
mechanism of gossypol synthesis during the grafting pro-
cess and provide a theoretical basis for further research 
on the biosynthesis of gossypol and the potential connec-
tion between the rootstock and the scion during grafting.

Conclusion
Our study demonstrated that the root system is the main 
source of gossypol synthesis, and pigment glands can also 
affect the accumulation of gossypol. Using transcriptome 
analysis, a total of six differentially expressed enzymes 
were found in the main pathway of gossypol synthesis-
sesquiterpene and triterpene biosynthesis (map00909), 
which may affect the biosynthesis of gossypol. In addi-
tion, this study also found that after grafting, there may 
be some signal communication between the rootstock 
and the scion to regulate the expression of gossypol-
related genes.

Abbreviations
KEGG	� Kyoto Encyclopedia of Genes and Genomes
GO	� Gene Ontology
LUP1	� Lupeol synthase
LUP2	� Beta-amyrin synthase
SQLE	� Squalene monooxygenase
FDFT1	� Squalene synthase

GERD	� (-)-Germacrene D synthase
CADS	� ( +)-Delta-cadinene synthase
HPLC	� High-performance liquid chromatography
COG	� Cluster of Orthologous Groups
GO	� Gene Ontology
BP	� Biological process
CC	� Cellular component
MF	� Molecular function
DEGs	� Differentially expressed genes
qRT-PCR	� Real-time Quantitative polymerase chain reaction
VIGS	� Virus-induced gene silencing

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12870-​022-​04010-z.

Additional file 1: Fig. S1. GO classification of unigenes. In this figure, 
the abscissa represents the secondary classification of GO terms; the 
ordinate represents the number of genes associated with the secondary 
classification; and the three colors represent three classifications, including 
biological processes (red), cellular components (green), and molecular 
function (blue). Fig. S2. The KEGG annotation of unigenes. Permissions 
to use the KEGG pathway map was taken from the Kanehisa Laboratories 
(https://www.kanehisa.jp/).

Acknowledgements
We thank the Cotton Research Institute of the Chinese Academy of Agricul-
tural Sciences for provide cotton seeds.

Authors’ contributions
All authors contributed to the study conception and design. Yichen Zhao and 
De-Gang Zhao conceived and designed the experiments; Material prepara-
tion, data collection and analysis were performed by Teng Teng, Kun Ye, Teng 
Yang. The first draft of the manuscript was written by Teng Teng and Kun 
Ye. The author(s) read and approved the final manuscript.

Funding
This work was supported by the National Key R & D Plan “Cotton Quality, 
Stress-Resistant Functional Genomics and Recombination Networks” (Project 
number: 2016YFD0101006) and Guizhou Province High-level Innovative Talent 
Training Program Project ([2016]4003). During my study, these two funding 
bodies provided the financial guarantee for my reagent.

Availability of data and materials
Data supporting the findings of this study are available from the correspond-
ing author on a reasonable request.

Declarations

Ethics approval and consent to participate
This study did not involve human participants or Animals. The current study 
complies with relevant institutional, national, and international guidelines 
and legislation for experimental research and field studies on plants (either 
cultivated or wild), including the collection of plant materials.

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no conficts of interest. 

Received: 15 March 2022   Accepted: 15 December 2022

https://doi.org/10.1186/s12870-022-04010-z
https://doi.org/10.1186/s12870-022-04010-z


Page 15 of 16Ye et al. BMC Plant Biology           (2023) 23:37 	

References
	1.	 Chen XY, Chen Y, Heinstein P, Davisson VJ. Cloning, expression, and 

characterization of (+)-delta-cadinene synthase: a catalyst for cotton 
phytoalexin biosynthesis. Arch Biochem Biophys. 1995;324(2):255–66.

	2.	 Luo P, Wang YH, Wang GD, Essenberg M, Chen XY. Molecular cloning 
and functional identification of (+)-delta-cadinene-8-hydroxylase, a 
cytochrome P450 mono-oxygenase (CYP706B1) of cotton sesquiterpene 
biosynthesis. Plant J. 2001;28(1):95–104.

	3.	 Bouvier F, Rahier A, Camara B. Biogenesis, molecular regulation and func-
tion of plant isoprenoids. Prog Lipid Res. 2005;44:357–429.

	4.	 Yan-Hong W, Guadalupe DH, Essenberg M. 8-Hydroxy-(+)-delta-cadinene 
is a precursor to hemigossypol in Gossypium hirsutum. Phytochemistry. 
2003;63:219–25.

	5.	 Smith FH. Biosynthesis of gossypol by excised cotton roots. Nature. 
1961;192:888–9.

	6.	 Ma D, Hu Y, Yang C, Liu B, Fang L, Wan Q, et al. Genetic basis for glandular 
trichome formation in cotton. Nat Commun. 2016;7:10456.

	7.	 Zhao T, Xie Q, Li C, Li C, Mei L, Yu JZ, et al. Cotton roots are the major 
source of gossypol biosynthesis and accumulation. BMC Plant Biol. 
2020;20:88.

	8.	 Abraham K, Pierce M, Essenberg M. The phytoalexins desoxyhemigossy-
pol and hemigossypol are elicited by Xanthomonas in Gossypium 
cotyledons. Phytochemistry. 1999;52:829–36.

	9.	 Puckhaber LS, Dowd MK, Stipanovic RD, Howell CR. Toxicity of(+)-and(-)-
gossypol to the plant pathogen, Rhizoctonia solani. J Agric Food Chem. 
2002;50:7017–21.

	10.	 Stipanovic RD, Puckhaber LS, Bell AA. Ratios of (+)-and(-)-gossypol 
in leaves, stems, and roots of selected accessions of Gossypium 
hirsutum var. Marie Galante (Watt) Hutchinson. J Agric Food Chem. 
2006;54:1633–7.

	11.	 Stipanovic RD, López JD Jr, Dowd MK, Puckhaber LS, Duke SE. Effect of 
racemic,(+)-and(-)-gossypol on survival and development of Heliothis 
virescens larvae. Environ Entomol. 2008;37:1081–5.

	12.	 El-Sharaky AS, Wahby MM, Bader El-Dein MM, Fawzy RA, El-Shahawy IN. 
Mutual anti-oxidative effect of gossypol acetic acid and gossypol-iron 
complex on hepatic lipid peroxidation in male rats. Food Chem Toxicol. 
2009;47:2735–41.

	13.	 Chang Q, Liu Z, Ma WZ, Hei CC, Shen XS, Qian XJ, Xu ZL. Drug synergistic 
antifertility effect of combined administration of low-dose gossypol with 
steroid hormones in rats. Chin Med J. 2011;124:1678–82.

	14.	 Yang J, Li JR, Yang JX, Li LL, Ouyang WJ, Wu SW, Zhang F. Synthesis and 
anti-HIV-1 activity of the conjugates of gossypol with oligopeptides and 
d-glucosamine. Chin Chem Lett. 2014;25:1052–6.

	15.	 Xiong J, Li J, Yang Q, Wang J, Su T, Zhou S. Gossypol has anti-cancer 
effects by dual-targeting MDM2 and VEGF in human breast cancer. Breast 
Cancer Res. 2017;19:27.

	16.	 Liu Y. Historical and modern genetics of plant graft hybridization. Adv 
Genet. 2006;56:101–29.

	17.	 Zheng Y, Luo L, Gao Z, Liu Y, Chen Q, Kong X, Yang Y. Grafting induces 
flowering time and tuber formation changes in Brassica species involving 
FT signalling. Plant Biol (Stuttg, Germany). 2019;21:1031–8.

	18.	 Rezaee R, Vahdati K, Grigoorian V, et al. Walnut grafting success and 
bleeding rate as affected by different grafting methods and seedling 
vigour. J Horticult Sci Biotechnol. 2008;83:94–9.

	19.	 Sun JS, Hu RY, Lv FL, Yang YF, Tang ZM, Zheng GS, et al. Comparative 
Transcriptome Analysis Reveals Stem Secondary Growth of Grafted Rosa 
rugosa ‘Rosea’ Scion and R. multiflora ‘Innermis’ Rootstock. Genes (Basel). 
2020;11:228.

	20.	 Tandonnet JP, Cookson SJ, Vivin P, Ollat N. Scion genotype controls bio-
mass allocation and root development in grafted grapevine. Aust J Grape 
Wine Res. 2010;16:290–300.

	21.	 Rufato A, Tomaz Z, Gonçalves C, Silveira S, Rufato L, Gomes F, et al. The 
effect of intergrafting on fruit quality and productivity of peach tree 
‘Jubileu.’ Acta Hortic. 2010;872:349–52.

	22.	 Marguerit E, Brendel O, Lebon E, Van Leeuwen C, Ollat N. Rootstock 
control of scion transpiration and its acclimation to water defificit are 
controlled by difffferent genes. New Phytol. 2012;194:416–29.

	23.	 Li Y, Zhao D. Transcriptome analysis of scions grafted to potato rootstock 
for improving late blight resistance. BMC Plant Biol. 2021;21:272.

	24.	 Zhang XY, Sun XZ, Zhang S, Yang JH, Liu FF, Fan J. Comprehensive 
transcriptome analysis of grafting onto Artemisia scoparia W. to affect 

the aphid resistance of chrysanthemum (Chrysanthemum morifolium T.). 
BMC Genomics. 2019;20:776.

	25.	 Shidore T, Zuverza-Mena N, da Silva W. Small RNA profiling analysis of two 
recombinant strains of potato virus Y infected tobacco plants. Virus Res. 
2020;288: 198125.

	26.	 Li F, Fan G, Lu C, Xiao G, Zou C, Kohel RJ, et al. Genome sequence of 
cultivated Upland cotton (Gossypium hirsutum TM-1) provides insights 
into genome evolution. Nat Biotechnol. 2015;33:524–30.

	27.	 Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. 
Nucleic Acids Res. 2000;28:27–30.

	28.	 Kanehisa M. Toward understanding the origin and evolution of cellular 
organisms. Protein Sci. 2019;28:1947–51.

	29.	 Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M. 
KEGG: integrating viruses and cellular organisms. Nucleic Acids Res. 
2021;49:D545–51.

	30.	 Cock PJ, Fields CJ, Goto N, Heuer ML, Rice PM. The Sanger FASTQ file 
format for sequences with quality scores, and the Solexa/Illumina FASTQ 
variants. Nucleic Acids Res. 2010;38:1767–71.

	31.	 Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene 
ontology. tool for the unification of biology. The Gene Ontology Consor-
tium. Nat Genet. 2000;25:25–9.

	32.	 Tatusov RL, Fedorova ND, Jackson JD, Jacobs AR, Kiryutin B, Koonin EV, 
et al. The COG database. an updated version includes eukaryotes. BMC 
Bioinf. 2003;4:41.

	33.	 Koonin EV, Fedorova ND, Jackson JD, Jacobs AR, Krylov DM, Makarova KS, 
et al. A comprehensive evolutionary classification of proteins encoded in 
complete eukaryotic genomes. Genome Biol. 2004;5:R7.

	34.	 Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D, Walter MC, 
et al. eggNOG 4.5. a hierarchical orthology framework with improved 
functional annotations for eukaryotic, prokaryotic and viral sequences. 
Nucleic Acids Res. 2016;44:D286–93.

	35.	 Anders S, Huber W. Differential expression analysis for sequence count 
data. Genome Biol. 2010;11:R106.

	36.	 Fernandez-Pozo N, Rosli HG, Martin GB, Mueller LA. The SGN VIGS tool: 
user-friendly software to design virus-induced gene silencing (VIGS) 
constructs for functional genomics. Mol Plant. 2015;8:486–8.

	37.	 Nagegowda DA. Plant volatile terpenoid metabolism: biosynthetic genes, 
transcriptional regulation and subcellular compartmentation. FEBS Lett. 
2010;584:2965–73.

	38.	 Yang CQ, Wu XM, Ruan JX, et al. Isolation and characterization of 
terpene synthases in cotton (Gossypium hirsutum). Phytochemistry. 
2013;96:46–56.

	39.	 Benedict CR, Lu JL, Pettigrew DW, Liu J, Stipanovic RD, Williams HJ. 
The cyclization of farnesyl diphosphate and nerolidyl diphosphate 
by a purified recombinant delta-cadinene synthase. Plant Physiol. 
2001;125:1754–65.

	40.	 Xiu T, Ruan JX, Huang JQ, Xin F, Mao YB, Wang LJ, et al. Gossypol. phyto-
alexin of cotton. Sci China Life Sci. 2016;59:122–9.

	41.	 Martin GS, Liu J, Benedict CR, Stipanovic RD, Magill CW. Reduced levels 
of cadinane sesquiterpenoids in cotton plants expressing antisense 
(+)-delta-cadinene synthase. Phytochemistry. 2003;62:31–8.

	42.	 Strickler SR, Bombarely A, Mueller LA. Designing a transcriptome next-
generation sequencing project for a nonmodel plant species. Am J Bot. 
2012;99:257–66.

	43.	 Sadat-Hosseini M, Bakhtiarizadeh MR, Boroomand N, Tohidfar M, Vahdati 
K. Combining independent de novo assemblies to optimize leaf tran-
scriptome of Persian walnut. PLoS One. 2020;15:e0232005.

	44.	 Zou X, Liu A, Zhang Z, Ge Q, Fan S, Gong W, et al. Co-Expression Network 
Analysis and Hub Gene Selection for High-Quality Fiber in Upland Cotton 
(Gossypium hirsutum) Using RNA Sequencing Analysis. Genes (Basel). 
2019;10:119.

	45.	 Ma Z, He S, Wang X, Sun J, Zhang Y, Zhang G, et al. Resequencing a core 
collection of upland cotton identifies genomic variation and loci influ-
encing fiber quality and yield. Nat Genet. 2018;50:803–13.

	46.	 Hu Y, Chen J, Fang L, Zhang Z, Ma W, Niu Y, et al. Gossypium barbadense 
and Gossypium hursutum genomes provide insights into the orgin and 
evolution of allotetraploid cotton. Nat Genet. 2019;51:739–48.

	47.	 Nakaminami K, Seki M. RNA Regulation in Plant Cold Stress Response. 
Adv Exp Med Biol. 2018;1081:23–44.

	48.	 Liu W, Wang Q, Zhang R, Liu M, Wang C, Liu Z, et al. Rootstock-scion 
exchanging mRNAs participate in the pathways of amino acids and fatty 



Page 16 of 16Ye et al. BMC Plant Biology           (2023) 23:37 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

acid metabolism in cucumber under early chilling stress. Hortic Res. 
2022;9:uhac031.

	49.	 Thieme CJ, Rojas-Triana M, Stecyk E, et al. Endogenous Arabidopsis mes-
senger RNAs transported to distant tissues. Nat Plants. 2015;1:15025.

	50.	 Zhang G, Mao Z, Wang Q, et al. Comprehensive transcriptome profiling 
and phenotyping of rootstock and scion in a tomato/potato heterograft-
ing system. Physiol Plant. 2019;166:833–47.

	51.	 Yang Y, Mao L, Jittayasothorn Y, et al. Messenger RNA exchange between 
scions and rootstocks in grafted grapevines. BMC Plant Biol. 2015;15:251.

	52.	 Tsutsui H, Notaguchi M. The Use of Grafting to Study Systemic Signaling 
in Plants. Plant Cell Physiol. 2017;58:1291–301.

	53.	 Zhang G, Kong G, Li Y. Long-distance communication through systemic 
macromolecular signaling mediates stress defense responses in plants. 
Physiol Plant. 2021;173:1926–34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Transcriptome analysis reveals the effect of grafting on gossypol biosynthesis and gland formation in cotton
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Plant materials
	The observation of pigment gland density
	Determination of gossypol content by UPLC
	RNA extraction, library construction, and sequencing
	Filtering on sequencing reads and aligning with reference genome
	Functional annotation and classification
	Analysis of DEG profiles
	Quantitative Real-Time PCR
	Functional characterization of the candidate genes through virus-induced gene silencing

	Results
	The observation of pigment gland density
	Determination of gossypol content by UPLC
	Illumina Sequencing and data filtering
	Functional annotation and categorization
	Differential gene expression analysis
	The selection of putative genes related to gossypol synthesis
	Quantitative Real-Time PCR Analysis for the Selected DEGs
	Knockdown of LUP1, FDFT1 and CAD genes in cotton through VIGS

	Discussion
	Conclusion
	Acknowledgements
	References


