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Abstract 
Background: As a ubiquitous acid-regulating protein family in eukaryotes, 14-3-3 
proteins are widely involved in the growth and development of plants. With the 
development of the third-generation sequencing technology and the smooth completion 
of the cotton genome work, it is possible to explore the existence and distribution of the 
14-3-3 protein family in cotton. 
Results: In this paper, 33, 33, 17 and 18 members were identified from this family in 
Gossypium hirsutum((AD)1), G. barbadense((AD)2), G. arboreum(A2) and G. 
raimondii(D5), respectively. In particular, evolution analysis, structure analysis and 
functional expression analysis of this protein family in G. hirsutum((AD)1) were carried 
out. The results showed that compared with Arabidopsis and rice, the phylogenetic tree 
and gene structure clearly divided the 14-3-3 protein family into two subgroups in G. 
hirsutum((AD)1), the ε group and the non-ε group; Analysis of transcriptome expression 
patterns revealed that this family was significantly induced to express under abiotic 
stress; Most 14-3-3 proteins have a large number of cis-acting elements related to 
growth, development and abiotic stress in the promoter region, among which elements 
related to drought stress account for the largest proportion; The results of qRT-PCR 
showed that the expression of 14-3-3 protein had significant differences under drought 
stress.  

Conclusions: In summary, this study signified that the 14-3-3 protein family is 
relatively conserved in the evolutionary expansion of cotton, and may be involved in 
the growth and development of plants and the mechanism of stress resistance. These 
results provide an important theoretical and experimental basis for further analysis and 
verification of the function of 14-3-3 protein in cotton. 

Keywords: Cotton, 14-3-3 protein, Evolution analysis, Functional expression 

analysis 

 

Background 

14-3-3 protein is the main soluble protein found in bovine brain tissue by Moore and 
Perez[1] in 1967. In plants, it was first found in Arabidopsis[2] and other plants. Because 
this protein is often part of the complex that binds to G-box when it is discovered, it is 
also called "G-box factor 14-3-3", or "GF14" for short[3]. According to the gene 



structure, the GF14 family in rice[4], Arabidopsis[5], alfalfa[6], soybean[7], grape[8], 
poplar[9] and other species can be roughly divided into two subgroups: ε group and non-
ε group[10]. The ε group generally has 6-7 exons and 4-6 introns, and the non-ε group 
generally has 4 exons and 3 intro ns[11,12]. 
 

In plants, the main function of GF14 protein is to act as a key regulator of primary 
metabolism and signal transduction, and participate in the regulation of plant growth 
and development and response to adversity stresses. In maize, Jahn T[13] et al. found 
that GF14 protein is a positive regulator of plasma membrane H+-ATPase enzyme 
activity, involved in regulating osmotic pressure, and affecting water transport in plants; 
In tobacco, Yohsuke Takahashi et al.[14,15] proved that GF14 protein can regulate the 
distribution of endogenous gibberellins, thereby indirectly regulating plant stem 
elongation, seed germination and flowering processes; In apple and wheat[16,17], GF14 
protein reduces cell oxidative damage by regulating the expression of stress-related 
genes to clear reactive oxygen species in signal pathways, which can be considered as 
a positive regulator for salt and drought stress responses; In Arabidopsis[18], 
overexpression of GF14 protein can enhance the cold resistance and adversity stresses 
response; In cotton[19], Juqiang Yan et al. overexpressed AtGF14λ, a subtype gene 
encoding GF14 protein in Arabidopsis, in cotton. Compared with wild-type cotton 
plants, the overexpression lines showed the characteristics of long-lasting greenness 
and drought resistance. In short, these studies have shown that GF14 protein plays an 
important role in plant stress resistance, growth and development. 
 

Cotton is an important economic crop in the world. In recent years, as the global climate 
changes, its planting production is often affected by various environmental pressures. 
At present, the research of cotton GF14 protein in stress resistance has not been reported, 
so it is of great significance to study the GF14 protein family in cotton. Based on the 
cotton genome database[20,21] , this study systematically identified members of the GF14 
protein family, focusing on the evolution and transmission of the GF14 protein family 
in cotton and its response function under abiotic stress. It lays a good foundation for 
further analysis of the molecular mechanism of GF14 protein family in response to 
various adversities during the growth and development of cotton. 
 

Results 

Identification of Cotton GF14s and Analysis of physicochemical property 

Through the local Blast database and NCBI-CDD database[30], the cotton GF14 protein 
family were screened and verified. Finally, 33, 33, 17 and 18 Members of this family 
were identified in four cotton species, including Gossypium hirsutum((AD)1), G. 
barbadense((AD)2), G. arboreum(A2) and G. raimondii(D5), respectively (Fig. S1). 
And the family members named according to the sequence of the gene position on the 
chromosome(Table 1). CottonGen[34] database comparison found(Table 1), 33 
GhGF14s CDS length is 285bp(GhGF14-32) - 810bp(GhGF14-02, 18), protein 
sequence length is 94aa(GhGF14-32) - 269aa(GhGF14-02, 18); ExPASy[31] predicted 



that the molecular weight of 33 GhGF14s was 10.80kDa(GhGF14-32) - 
30.40kDa(GhGF14-18), and the isoelectric point was 4.69(GhGF14-05, 13) - 
6.29(GhGF14-32); The prediction of subcellular localization of Softberry ProtComp9.0 
shows that 30 of the 33 GhGF14s are located in the cytoplasm and nucleus, and 3 are 
located in the nucleus and cell membrane (GhGF14-07, 19, 23). It can be seen that there 
are big differences in the physical and chemical properties of GhGF14s, indicating that 
GhGF14s may have a more complicated division of labor and functions during the 
development of cotton. 

Gene_ID Gene name Chromosome location CDS 

Length 

(bp) 

Pep 

Length 

(aa) 

PI Molecular 

weight 

(kDa) 

sub-cellular location Group 

GH_A01G0120 GhGF14-01 A01:907655-909600- 786 261 4.79  29.33  Cytoplasm_and_Nucleus non-ε 

GH_A01G1276 GhGF14-02 A01:39234674-39237265- 810 269 4.84  30.39  Cytoplasm_and_Nucleus non-ε 

GH_A02G0841 GhGF14-03 A02:16307796-16309959- 759 252 4.74  28.53  Cytoplasm_and_Nucleus non-ε 

GH_A03G1993 GhGF14-04 A03:107387974-107389708+ 786 261 4.74  29.26  Cytoplasm_and_Nucleus non-ε 

GH_A04G1376 GhGF14-05 A04:83478393-83480226+ 786 261 4.69  29.22  Cytoplasm_and_Nucleus non-ε 

GH_A05G1561 GhGF14-06 A05:14612017-14613882- 765 254 4.85  28.96  Cytoplasm_and_Nucleus ε 

GH_A05G2209 GhGF14-07 A05:21373609-21375687+ 759 252 4.71  28.50  Nucleus_and_Membrane non-ε 

GH_A05G2242 GhGF14-08 A05:21685232-21686305- 807 268 4.72  30.24  Cytoplasm_and_Nucleus non-ε 

GH_A05G2260 GhGF14-09 A05:21904939-21907149+ 762 253 4.80  28.85  Cytoplasm_and_Nucleus ε 

GH_A05G2680 GhGF14-10 A05:28818674-28819734- 801 266 4.90  30.13  Cytoplasm_and_Nucleus non-ε 

GH_A06G0365 GhGF14-11 A06:4326636-4327669- 777 258 4.70  29.03  Cytoplasm_and_Nucleus non-ε 

GH_A06G0380 GhGF14-12 A06:4499939-4501821+ 756 251 4.76  28.64  Cytoplasm_and_Nucleus ε 

GH_A07G0784 GhGF14-13 A07:9610675-9612667+ 789 262 4.69  29.60  Cytoplasm_and_Nucleus non-ε 

GH_A07G1832 GhGF14-14 A07:57732873-57734797+ 789 262 4.70  29.42  Cytoplasm_and_Nucleus non-ε 

GH_A13G0728 GhGF14-15 A13:15421114-15423105+ 786 261 4.78  29.51  Cytoplasm_and_Nucleus non-ε 

GH_A13G0888 GhGF14-16 A13:31329265-31331175- 711 236 5.16  26.64  Cytoplasm_and_Nucleus ε 

GH_D01G0111 GhGF14-17 D01:825496-827457- 786 261 4.81  29.33  Cytoplasm_and_Nucleus non-ε 

GH_D01G1332 GhGF14-18 D01:24063415-24065943+ 810 269 4.79  30.40  Cytoplasm_and_Nucleus non-ε 

GH_D02G0861 GhGF14-19 D02:14190589-14192762- 759 252 4.73  28.44  Nucleus_and_Membrane non-ε 



GH_D02G2162 GhGF14-20 D02:66107615-66109355+ 786 261 4.73  29.25  Cytoplasm_and_Nucleus non-ε 

GH_D04G1722 GhGF14-21 D04:52939506-52941344+ 786 261 4.74  29.23  Cytoplasm_and_Nucleus non-ε 

GH_D05G1589 GhGF14-22 D05:13421094-13422924- 777 258 4.90  29.25  Cytoplasm_and_Nucleus ε 

GH_D05G2234 GhGF14-23 D05:19488600-19490677+ 759 252 4.71  28.50  Nucleus_and_Membrane non-ε 

GH_D05G2268 GhGF14-24 D05:19795734-19796811- 807 268 4.72  30.24  Cytoplasm_and_Nucleus non-ε 

GH_D05G2282 GhGF14-25 D05:19945167-19947370+ 762 253 4.80  28.88  Cytoplasm_and_Nucleus ε 

GH_D05G2698 GhGF14-26 D05:25186907-25193203- 672 223 4.91  25.61  Cytoplasm_and_Nucleus non-ε 

GH_D06G0355 GhGF14-27 D06:4187799-4189677+ 756 251 4.75  28.68  Cytoplasm_and_Nucleus ε 

GH_D07G0785 GhGF14-28 D07:8517104-8519264+ 789 262 4.76  29.60  Cytoplasm_and_Nucleus non-ε 

GH_D07G1863 GhGF14-29 D07:37722088-37723873+ 792 263 4.81  29.53  Cytoplasm_and_Nucleus non-ε 

GH_D07G1925 GhGF14-30 D07:44363054-44365105- 789 262 4.77  29.44  Cytoplasm_and_Nucleus non-ε 

GH_D13G0539 GhGF14-31 D13:6580573-6582577- 786 261 4.89  29.44  Cytoplasm_and_Nucleus non-ε 

GH_D13G0612 GhGF14-32 D13:8021308-8021592- 285 94 6.29  10.80  Cytoplasm_and_Nucleus non-ε 

GH_D13G0845 GhGF14-33 D13:15329160-15330847+ 720 239 4.96  26.94  Cytoplasm_and_Nucleus ε 

Table 1. Analysis of the members of the GF14 protein family and related physical and chemical properties 
of upland cotton. 
 

Chromosome Location and Phylogenetic Tree Analysis 

In order to explore the homology of GF14s in G. hirsutum((AD)1), G. 
barbadense((AD)2), G. arboreum(A2) and G. raimondii(D5), we first locate GF14s on 
the chromosome (Fig. 1BCDE). In G. hirsutum((AD)1) and G. barbadense((AD)2), the 
same number of GF14s are distributed on the same 15 chromosomes (Fig. 1BC), in 
particular, in their respective AD subgroup chromosomes, among them, there are 2 
GF14s on A13 chromosome and 3 GF14s on D13 chromosome; In G. arboreum(A2), 
the distribution of GF14s is roughly the same as the distribution of GF14s on the 
chromosomes of G. hirsutum((AD)1) and G. barbadense((AD)2) A subgroup (Fig. 1D), 
but it is worth noting that there are no GF14s on the Chr02 chromosome of G. 
arboreum(A2), and two on the Chr03 chromosome, And G. hirsutum((AD)1) and G. 
barbadense((AD)2) each have one GF14s on A02 and A03 chromosomes; In G. 
raimondii(D5), the distribution and number of GF14s on the chromosomes are 
somewhat different from the distribution on the chromosomes of G. hirsutum((AD)1) 
and G. barbadense((AD)2) D subgroup. This indicates that part of the gene may be lost 
and transferred during the evolution of the D subgroup in cotton. 
 

A phylogenetic tree was constructed from a total of 101 protein sequences of the GF14 
protein family in the four cotton species(Table S1), which can obviously be divided into 



4 subgroups (Fig. 1A). The phylogenetic tree shows that the GF14s exist in the same 
position on the chromosomes in G. hirsutum((AD)1) and G. barbadense((AD)2) are 
tightly clustered, while G. arboreum(A2) and G. raimondii(D5) also have GF14s on the 
chromosomes of the AD subgroups that are closest to their respective relationships 
Gathered in a subgroup. Surprisingly, although divided into four major subgroups, the 
number of genes in G. hirsutum((AD)1) and G. barbadense((AD)2) in each subgroup is 
basically about twice that of G. arboreum(A2) and G. raimondii(D5). It is in line with 
the evolutionary relationship of cotton species. 
 

Based on the study of GF14 protein family in Arabidopsis[5] and rice[4], phylogenetic 
trees belonging to G. hirsutum((AD)1), Arabidopsis and rice were constructed (Fig. 2). 
Similarly, the phylogenetic tree is divided into four subgroups. Based on the clustering 
position of AtGF14, the four subgroups are classified into two broadgroups unique to 
the GF14 family: ε group and non-ε group.  

         

  
 
 

  
  

 
  

  
 

  
  

 
  

  
 
 

  
  
 
 

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
  

 
   

  

 
  

         

         

         

         

         

         

         

         

         

         

         

         
         

         

         

         

         

         
         

         

         

         

         

         

         
                  

         

         

         

         

         

         

 
  

 
 
 
  

 
 
 
  

 
 
 
  

 
 
 
  

 
 
 
 
  

 
 
 
 
  

 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
  

 
 

 
 
 

 
 
 

 
 
 

 
 
 

         

         

         

         

         

         

         

         

         

         

         

         
         

         

         

         

         

         
         

         

         

         

         

         

         

         

         

         

         

         

         

         

         

  
 

 
  

  
 

  
  

 
  

  
 

  
  
 

 
  

  
 
 

 
 
  

 

 
 
  

 

 
 
  

 

 
 
  

 

 
 
  

 

 
 
  

 

 
 
  

 

         

         

         

         

         

         

         

         

         

         
         

         

         
         

         
         

         

  
 

 
 
 
  

 
 
 
  

 
  

  
 

  
  

 
 
 
  

 
  

  
 

 
 
  

 
 
 
  

 

 
 
  

 

 
 
  

 

 
 
  

  
 
  

 

 
 
  

 

 
 
  

 

 
 
  

 

 
 
  

 

         

         

         

         

         
         

         

         

         

                  

         

         

         

         

         
         

         

  

  

 



Fig. 1. Chromosome location and phylogenetic tree of cotton GF14 protein family. (A)NJ evolutionary 
tree constructed with 101 GF14 protein sequences of Gossypium hirsutum((AD)1), G. 
barbadense((AD)2), G. arboreum(A2) and G. raimondii(D5). The stars represent G. hirsutum((AD)1), 
triangles represent G. barbadense((AD)2), circles represent G. arboreum(A2), and squares represent G. 
raimondii(D5). (B) Chromosome location of GF14 gene in G. hirsutum((AD)1). (C) Chromosome 
location of GF14 gene in G. barbadense((AD)2). (D) Chromosome location of GF14 gene in G. 
arboreum(A2). (E) Chromosome location of GF14 gene in G. raimondii(D5). 

Fig. 2. Phylogenetic tree of GF14 protein gene family in Gossypium hirsutum((AD)1), Arabidopsis and 
rice. The stars represent GF14s in G. hirsutum((AD)1). The circle represents GF14s in Arabidopsis. The 
triangles represent GF14s in rice. The names of GF14s in Arabidopsis and rice are derived from previous 
studies. 
 

Identification and analysis of GhGF14 gene homology 

Compared with other species, Gossypium hirsutum((AD)1) is an allotetraploid (AADD), 
and studying its own homology has great significance for the evolution of GF14 protein 
family in cotton. The homology analysis of GhGF14s on the chromosomes of the G. 
hirsutum((AD)1) AD subgroup found (Fig. 3A) that the number and distribution of 
GhGF14s on the chromosomes of group A and group D are similar. This shows that the 
evolutionary expansion of this family is somewhat conservative from the perspective 
of cotton seed evolution; GhGF14s has 54 pairs of non-tandem repeats, 2 pairs of 
tandem repeats, that is, 56 pairs of paralogous genes, of which there are 10 pairs 
between A and A, 34 between A and D, and D and D there are 12 pairs; Most genes 
have one-to-many collinearity, which proves that these genes may play an important 
role in the evolution and expansion of this family. 
 

Rice and Arabidopsis are model plants in monocotyledonous(dicotyledonous) plants, 
which play a role as species representative to some extent [40,41]. Using the collinearity 
analysis among the genomes of G. hirsutum((AD)1), rice and Arabidopsis thaliana, we 
can understand the evolutionary relationship of the GhGF14 protein family in monocots 
and dicots. As shown in Fig. 3B, there are 19 pairs of orthologous genes between the 

 
  

  
  
  



genomes of Arabidopsis and G. hirsutum((AD)1), indicating that they have a relatively 
close evolutionary relationship; However, the collinearity of this family between rice 
and G. hirsutum((AD)1) is zero, which indicates that the members of this family may 
have evolved and expanded mainly after the angiosperms split into monocots and dicots. 
The results of this analysis provide important clues for further research on the function 
of the protein in G. hirsutum((AD)1) using the existing research results of the protein in 
Arabidopsis.  

Fig. 3. Homology identification and analysis of GhGF14s gene. (A) The homology of GhGF14s between 
the chromosomes in the AD group of G. hirsutum((AD)1). (B) The homology of GhGF14s among the 
genomes of G. hirsutum((AD)1), rice and Arabidopsis. 
 

Gene structure analysis of GhGF14 protein family 

The GF14 protein family has its own unique gene structure[10]. Using the evolutionary 
tree (Fig. 2) for clustering, the conservative motif predicted by MEME[38] and the 
GhGF14s gene structure information obtained from CottonGen[34].The cotton genome 
database, were combined and spliced to obtain the unique GF14 proteins family 
Grouping mode (Fig. 4). Through the clustering of phylogenetic tree, genes with high 

 

       

       

       

                    
                    

                  
                                                                                                                                                            

            
                                                   

 

 



sequence similarity and similar gene structure are clustered together (Fig. 4A). 
 

According to the structural information of the gene (Fig. 4C), the ε group of this family 
has 6-7 exons and 4-6 introns, Non-ε group has 4 exons and 3 introns, and the first exon 
of the non-ε group is longest. This is consistent with the ε group and non-ε group 
classification criteria specific to the GF14 protein family[11,12]. And from this, the exact 
ε group and non-ε group of the GhGF14 protein family were obtained (Table 1): The ε 
group has 9 genes (GhGF14-06, 09, 12, 16, 22, 25, 27, 33), and the non-ε group has 24 
genes (GhGF14-01, 02, 03, 04, 05, 07, 08, 10, 11, 13, 14, 15, 17, 18, 19, 20, 21, 23, 24, 
26, 28, 29, 30, 31). The relatively short GhGF14 gene (GhGF14-32) at the bottom may 
be an imperfect annotation information in the genome file, so it will not be classified 
for the time being. The composition of conservative motifs, in terms of number and 
location (Fig. 4B), is roughly similar in same cluster subgroup, indicating that these 
family members may have similar functions and regulatory mechanisms; In addition to 
the same motif1, 2, 3, 4, 5, 6, 7, motif8 unique to the non-ε group and motif9 unique to 
the ε group deserve our attention, because this may be a grouping exercise of the GF14 
protein family. One of the basis for different functions. 

Fig. 4. Gene structure diagram of GF14 protein family in G. hirsutum((AD)1), rice and Arabidopsis. (A) 
Phylogenetic tree of GF14s protein family in G. hirsutum((AD)1), rice and Arabidopsis. (B) Conservative 
motif structure prediction. (C) The distribution of exons and introns in the CDS region of GF14s. 
 

Analysis of the expression pattern of GhGF14s gene family 

The expression pattern of genes determines the function of genes to a certain extent. 
The analysis results of tissue-specific expression patterns (Fig. 5) show that the 
expression patterns of GhGF14 gene family in tissues are quite different. Among them, 
GhGF14-09, 25, 05, and 21 have high expression levels in different tissues, indicating 
that it may participate in many important links in the growth and development of cotton; 
GhGF14-16 and 33 are only highly expressed in stamens, indicating that they may be 



involved in the regulation of cotton pollen development; GhGF14-11 and 08 are highly 
expressed in petals and pistils, indicating that they may play a role in the reproduction 
and growth of cotton; GhGF14-13, 28, 14, 30, 20, 04, 23, etc. are highly expressed in 
roots, stems and leaves, indicating that it may play an important role in the process of 
cotton vegetative growth. 
 

Similarly, under different abiotic stresses, the expression patterns of GhGF14 family 
members also showed great differences (Fig. 6). With the increasing time of different 
abiotic stresses, GhGF14s roughly presents three expression patterns: high expression, 
low expression and micro-expression or no expression. In particular, under cold stress, 
11 GhGF14 genes showed high expression (GhGF14-09, 25, 05, 21, 01, 14, 23, 04, 20, 
30, 17), and increased with the stress time, the amount of expression generally shows a 
continuous downward trend; Under heat stress, 12 GhGF14 genes showed obviously 
high expression (GhGF14-09, 25, 05, 21, 01, 14, 23, 04, 20, 30, 12, 27), and with the 
increase of stress time, the expression level generally shows a continuous upward trend, 
which is the opposite to cold stress; Under drought stress, 13 GhGF14 genes showed 
differentially high expression (GhGF14-09, 25, 05, 21, 01, 14, 23, 04, 20, 30, 12, 27, 
24), and with the time of stress increase, the amount of expression presents a trend of 
upward volatility; Under salt stress, 13 GhGF14 genes showed differentially high 
expression (GhGF14-09, 25, 05, 21, 01, 14, 23, 04, 20, 30, 12, 27, 17), and with the 
time of stress growth, the amount of expression also shows a trend of upward volatility.  

Fig. 5. Tissue specificity at the transcriptome level of the GhGF14 gene family. Use log10(x+1) 
standardization for data processing, x is the original expression value, and the original expression value 
is shown in the figure; the red to white gradient represents the change of expression from high to low. 
 

 

                                
                                
                                 
                                 
                                 
                                
                                    
                                       
                                  
                                       
                                       
                                        
                                        
                                         
                                        
                                         
                                                
                                                
                                              
                                              
                                          
                                           
                                          
                                        
                                        
                                        
                                          
                                         
                                             
                                           
                                           
                                           
                                             

         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         

    

    

    

    

    

    



 

Fig. 6. Analysis of the expression pattern of GhGF14s gene family. (A) Changes in GhGF14s gene 
expression during 1h, 3h, 6h, 12h periods under cold stress; (B) Changes in GhGF14s gene expression 
during 1h, 3h, 6h, 12h periods under heat stress; (C) Changes in GhGF14s gene expression during 1h, 
3h, 6h and 12h periods under drought stress; (D) Changes in GhGF14s gene expression during 1h, 3h, 
6h and 12h periods under salt stress. Use log10(x+1) standardization for data processing, x is the original 
expression value, and the original expression value is shown in the figure; the red to white gradient 
represents the change of expression from high to low. 
 

Analysis of cis-acting elements in the promoter region 

As a specific binding site involved in the initiation and regulation of protein 
transcription, the study of cis-acting elements in the gene promoter region is of great 
significance for understanding the overall regulation of plant gene expression[42]. It can 
be seen from the figure (Fig. 5A) that there are multiple cis-acting elements related to 
stress resistance or growth and development in each promoter region of the GhGF14 
protein family. Such as abscisic acid, auxin, salicylic acid, jasmonic acid, flavonoids 
and other hormone-related cis-acting elements, and low temperature, drought, defense 
and stress response and other anti-stress related cis-acting elements. This indicates that 
the GhGF14 protein family may be involved in different regulatory mechanisms for 
resistance to stresses during growth and development in plant. 
 

  

  

                
                
                
                
                
                
                       
                      
                       
                       
                    
                    
                    
                    
                      
                    
                    
                    
                    
                    
                    
                    
                   
                    
                    
                    
                    
                    
                 
                    
                
                
                

         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         

    
    
    
    
    
    
    
    
    

                
                
                
                
                
                
                       
                       
                       
                       
                    
                     
                     
                     
                     
                     
                    
                     
                    
                    
                    
                    
                    
                    
                    
                    
                   
                   
                 
                   
                 
                 
                

         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         

    

    

    

    

    

    

                
                
                
                
                
                
                        
                        
                        
                        
                     
                     
                     
                     
                     
                     
                     
                     
                    
                    
                    
                    
                    
                    
                     
                   
                    
                    
                 
                 
                 
                 
                 

         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         

    

    

    

    

    

    
                
                
                
                
                
                
                        
                        
                        
                        
                    
                     
                     
                     
                     
                     
                    
                     
                    
                    
                    
                    
                    
                    
                    
                    
                    
                    
                
                 
                 
                 
                 

         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         

    
    
    
    
    
    
    
    
    



The upsetplot (Fig. 5B) was constructed to reflect the distribution and proportion of 
these abiotic stress-related elements in the GhGF14s family. MYB(C/TAACNA/G), 
studies have shown that it is a cis-acting element involved in drought, salt, and low 
temperature stress[43], which is present in 100%(33/33) of the GhGF14s gene promoter 
region; MYC(CANNTG), which is considered to be an element involved in drought 
stress and ABA biosynthesis[44], is present in 97%(32/33) of the GhGF14s gene 
promoter region; ABRE(ACGT), as an important element involved in ABA 
biosynthesis and drought stress[45], is present in 64%(21/33) of the GhGF14s gene 
promoter region; W-box(TTGACC), which can be combined with WRKY transcription 
factor, participates in the response of plants to diseases, drought, ABA and other 
adversities[46]. It exists in 55%(18/33) of the GhGF14s gene promoter region; TC rich 
repeats(GTTTTCTTAC), involved in plant defense and stress response[47], exists in 
30.3%(10/33) of the GhGF14s gene promoter region; DRE(CCGAC), a cis-acting 
element involved in drought, salt, and low temperature stress[48], is present in 
21.2%(7/33) of the GhGF14s gene promoter region; LTR(CCG AAA), a cis-acting 
element involved in low temperature stress[49], is present in 33.3%(11/33) of the 
GhGF14s gene promoter region. 
 

It can be seen that the distribution and proportion of cis-acting elements involved in 
stress resistance-related summation in the promoter region of GhGF14 protein family 
members are large. Especially drought-related cis-acting elements (MYB, MYC, ABRE, 
W-box, DRE, etc.) exist in almost every GhGF14 gene promoter region. This indicates 
that the GhGF14 protein family may play an important role in the process of plant for 
stress resistance. Therefore, it should be of great significance to study the GhGF14 
protein family in the process of stress resistance in plant, especially drought-related 
response mechanisms. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 7. Analysis of cis-acting elements in the GhGF14s promoter region. (A) The presentation of cis-
acting elements related to stress resistance and growth and development in the GhGF14s promoter region 
based on the comparison between rice and Arabidopsis. (B) Upsetplot constructed by cis-acting elements 
related to stress resistance. 
 

qRT-PCR analysis 

According to the results of transcriptome expression analysis and the Upsetplot of cis-
acting elements related to the promoter region (Fig. 5B), the GhGF14s gene with 
obvious expression changes under drought stress and the most intersection of drought-
related cis-acting elements was specifically selected. Finally, seven GhGF14 genes 
were selected (GhGF14-09, 14, 20, 21, 23, 25, 30). At the same time, in order to verify 
the accuracy of RNA-seq expression analysis, the same leaf parts were selected for 
qRT-PCR analysis. 
 

The results show (Fig. 7) the relative expression levels of 7 GhGF14s genes in the 
leaves of drought-resistant materials (KK1543) and drought-sensitive materials 



(Xinluzao 26) in 1h, 3h and 6h under drought stress shows the opposite trend of change. 
And in the drought sensitive material (Xinluzao 26), there is a significant high 
expression compare to the normal treatment at some specific time periods, such as 6h, 
24h, etc. This is apparently the same as the result of RNA-seq expression analysis. 
 

In addition, in order to explore the specific expression of the GhGF14s protein family 
in different cotton tissues, the roots, stems and leaves of Xinluzao 26 at 0h and 6h were 
selected for qRT-PCR analysis under drought stress (Fig. 8). The results showed that 7 
GhGF14 genes generally had higher expression levels in roots under normal 0h 
treatment, followed by stems, and compared with the expression levels of roots and 
stems under 6h stress treatment, they generally showed a significant downward trend; 
On the contrary, in the leaves, the expression level of the leaves under 0h normal 
treatment and 6h stress treatment showed an up-regulation trend, and there was a 
significant up-regulation in GhGF14-21 and GhGF14-30.  

Fig. 8. Drought stress qTR-PCR analysis. ABCDEFG respectively represents the corresponding gene 
name. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 
 

 

 

 

 

 

 

 

 

 

 

                           
 

 

 

 

 

         

  
   
  
  

  
  
  
  
 

      

     
      

 

    
  
   
    

 

 

 

 

 

         

  
  
   

  
  
  
  
  
 

      

         
  

 

 

 

 

 

         

  
  
   

  
  
  
  
  
 

      

     
            

    

 

 

 

 

 

         

  
  
   

  
  
  
  
  
 

      

         

 

    

 

 

 

 

 

         

  
  
   

  
  
  
  
  
 

      

     

  

        

    
 

  

    
    
  

 

 

 

 

 

         

  
   
  
  

  
  
  
  
 

      

     

    

        

    
 

  
    
    
  

 

 

 

 

 

         

  
  
   

  
  
  
  
  
 

      

         

  

  

    

 

 

  

 

  

                                                      

                                                                                 

                           



Fig. 9. QTR-PCR tissue specificity analysis. ABCDEFG respectively represents the corresponding gene 
name. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 
 

 

Discussion 

GF14 protein is highly conserved in eukaryotes, and it can form homodimers or 
heterodimers, combines with phosphorylated proteins that regulate various metabolic 
processes to form a complex, regulates the activity of phosphorylated proteins, and 
plays an important role in plant stress and signal transduction[50]. In this study, 33 GF14 
protein family members were identified in allotetraploid G. hirsutum((AD)1), which is 
consistent with existing reports in plants, such as rice(8)[4], Arabidopsis(13)[5], 
tomato(12)[51], grape(11)[8], poplar(12)[9] and other species, are the species with the 
most GF14 family members. 
 

G. arboreum(A2), G. raimondii(D5) and G. barbadense((AD)2)have the closest relatives 
to G. hirsutum((AD)1).It is of great significance to study the evolutionary transmission 
between cotton species[20,21,24] for understanding the extension of GhGF14 protein 
family in cotton. Different from other species, G. hirsutum((AD)1), an allotetraploid, 
has undergone polyploidization, which exists two subgroups of AD genes. This study 
shows that in G. hirsutum((AD)1), there are 34 pairs of paralogous genes with 
collinearity between AD groups. This proves that the evolutionary amplification of 
GF14 protein is relatively conserved among cotton AD gene subgroups, and is also 
related to the polyploidization experienced by G. hirsutum((AD)1); Among the four 
major cotton species, there is only one dense tandem repeat segment on the AD 

    
   

   

   

   

         

  
   

   
  
  
  
   
 

    

    

    

      

    
   

   

   

   

         

  
  
   

  
  
  
  
  
 

    

    

    

     

    
   

   

   

   

         

  
  
   

  
  
  
  
  
 

    

    

    

    
  

    
   

   

   

   

         

  
  
   

  
  
  
  
  
 

    

    

    

 

 

    
   

   

   

   

         

  
  
   

  
  
  
  
  
 

    

    

    

    

    
   

   

   

   

         

  
  
   

  
  
  
  
  
 

    

    

    

        

    
   

   

   

   

         

  
  
   

  
  
  
  
  
 

    

    

    

  
  

 

 

 

  

 

  



subgroup chromosomes of G. arboreum(A2), G. raimondii(D5), G. barbadense((AD)2) 
and G. hirsutum((AD)1), and the remaining repeat segments are roughly the same. This 
indicates that the evolution and expansion of GF14 protein is slower, which shows a 
certain higher homology between cotton AD gene subgroups. 
 

About 200 million years ago, when angiosperms split into monocotyledonous and 
dicotyledonous plants, there were two subgroups in the GF14 protein family, the ε 
group and the non-ε group[11]. In this study, based on the amino acid sequence, gene 
structure information and phylogenetic tree relationship among G. hirsutum((AD)1), 
rice and Arabidopsis, the 33 GhGF14 gene members in G. hirsutum((AD)1) were 
divided into two broadgroups: ε group and non-ε group (Fig. 4), this result is also 
consistent with studies in other species[4-12]. Based on the results of collinearity analysis 
by the genome data of Arabidopsis, rice and G. hirsutum((AD)1) (Fig. 3B), there are 19 
pairs of orthologous genes with collinearity between G. hirsutum((AD)1) and 
Arabidopsis. There is no collinearity between G. hirsutum((AD)1) and rice, which on 
the other hand proves that the evolution of the GF14 protein family may indeed be 
carried out before the differentiation of angiosperms to monocots and dicots.  

 

As a kind of functional regulatory protein, GF14 protein is mostly limited to fiber 
development in the previous research in cotton. For example, Shi Haiyan et al.[52] found 
that the Gh14-3-3L gene is mainly expressed in the early stage of fiber development, 
and reaches a peak values 10 days after anthers stage, suggesting that this gene may be 
involved in regulating fiber elongation; Zhang Zeting et al.[53] found that six Gh14-3-3 
proteins in cotton may be preferentially expressed in fibers and participate in the 
regulation of fiber cell elongation; Zhou Ying et al.[54] found that cotton 14-3-3 protein 
can participate in the regulation of fiber initiation and elongation by regulating 
brassinolide signal transduction. In this study, we specifically found that in the GhGF14 
gene family, there are the same 10 gene members (GhGF14-09, 25, 05, 21, 01, 14, 23, 
04, 20, 30), Specific expression under cold, heat, drought and salt stress. This indicates 
that GF14 protein may also play an important role in cotton's response to abiotic stress, 
therefore, these genes may be the main functional genes in the GF14 family. It is also 
surprising that most of these gene members belong to the non-ε subgroup of the 
GhGF14 family, which indicates that there may be some structure in the non-ε subgroup 
gene sequence to make it function. 
 

The research on the function of GF14 protein in plants is more in model plants. In these 
studies, it was found that GF14 protein can interact with a series of drought stress 
response-related proteins, enzymes or hormones, such as ion channel protein[55], plasma 
membrane H+-ATPase[56], ABA[57], etc. The results of the qRT-PCR experiment in this 
study showed (Fig. 8) that the seven genes from GhGF14 gene family under drought 
stress in cotton, as the stress time increases, made significant responses in different 
upland cotton materials. This indicates that the GhGF14 protein family may interact 
with certain transcription factors or kinases, and have a negative regulatory effect on 
drought stress; The tissue-specific results showed (Fig. 9) that with the increase of stress 



time, the relative expression levels of the seven GhGF14 genes in the roots and stems 
showed a downward-regulated trend, but all showed an upward-regulated trend in the 
leaves. This also indicates that GhGF14 protein may be regulated by a certain 
mechanism under drought stress, and decrease or increase in roots or leaves to achieve 
the purpose of inhibiting or enhancing the transport and synthesis of certain drought-
responsive proteins or hormones. So as to complete the mechanism of response to 
drought stress. This also indirectly indicates that the GhGF14 protein family may 
indeed participate in the drought stress response mechanism of plants, but further 
research is needed. 
 

 

Conclusion 

Through phylogenetic tree and homology analysis, explored that the evolution and 
expansion of the GF14s protein family in the two major gene subgroups of cotton AD 
are highly conserved. And according to the evolutionary relationship between rice, 
Arabidopsis and G. hirsutum((AD)1), the 33 GhGF14 protein family members are 
systematically divided into two GF14 subgroups, the epsilon group and the non- epsilon 
group. RNA-seq expression pattern analysis, it is indicated that this protein family may 
be involved in regulating multiple anti-stress response mechanisms in cotton. The 
prediction of the promoter region and qRT-PCR analysis, explored that it may have 
important regulatory functions in the process of drought stress response. Therefore, 
these results provides an important scientific basis for further research on the anti-stress 
function of the GF14 protein family in cotton, especially the regulation mechanism in 
response to drought stress, and also provides a potential help for further improving the 
adaptability and yield of cotton. 
 

Methods 

Plant material 
In this study, Xinjiang popularized Gossypium hirsutum((AD)1) resource materials 
KK1543 (drought-resistance materials, Xinjiang Academy of Agricultural Sciences) 
and Xinluzao 26 (drought-sensitive materials, Xinjiang Bazhou Agricultural Science 
Research Institute)[22] were used as experimental materials.1/2 Hoagload nutrient 
solution hydroponics was applied, 12 h light/12 h dark, 25 ℃ for greenhouse culture. 
When cotton seedlings are cultivated to the three-leaf stage, they are treated with 15% 
PEG6000 solution[23] to simulate drought stress. Three cotton seedlings with the same 
growing vigor were selected at 0h, 1h, 3h, 6h, 12h, 24h, 48h, 72h, and the roots, stems, 
leaves and other tissues were sampled and stored in liquid nitrogen. 
 

Identification of GF14 protein family 

Using the newly published genome sequence as a reference background[20,21,24-26], all 
sequence information processing is done by Excel worksheet and TBtools[27]. The 
reference genome and proteome files of Gossypium arboreum(A2), G. raimondii(D5), 



G. hirsutum((AD)1) and G. barbadense((AD)2) are all downloaded from the 
CottonFGD database[28](https://cottonfgd.org/). The reference genome and proteome 
files of Arabidopsis and rice are all downloaded from EnsemblPlants 
database[29](http://plants.ensembl.org/). Firstly, with the help of the Hidden Markov 
Model(HMM)(pfam00244) of the conserved domains of GF14 protein, the Blast 
alignment was performed in the local proteomic database to obtain the protein sequence 
with the specific domains of GF14 protein; Secondly, verify the GF14 family-specific 
domains in the NCBI-CDD database[30](https://www.ncbi.nlm.nih.gov/cdd) for all 
sequences that are presumed to be GF14 protein from the comparison, and remove the 
sequences that do not contain the GF14 protein domain for further analysis; Finally, use 
the ProtParam online tool(https://web.expasy.org/protparam/) in the ExPASy[31] online 
website to analyze the molecular weight (MW), isoelectric point (PI) and other physical 
and chemical properties of the GhGF14 protein sequence, and use the ProtComp9.0 
online tool on Softberry(http://www.softberry.com) to predict the subcellular 
localization of these gene members. 
 

Evolutionary tree analysis 

The GF14 family protein sequences identified from cotton, rice[4], and Arabidopsis[5] 
were used to perform ClustalW multiple sequence alignment, and the evolution was 
constructed using the Neighbor-Joining(NJ) method in MEGA-X[32] Tree, check that 
the parameter bootstrap value is set to 1000. Finally, use the online website 
Evolview[33](https://evolgenius.info//evolview-v2/) and Adobe Illustrator CS6 to 
beautify it. 
 

Homology identification and collinearity analysis 

According to CottonFGD[28], the cotton genome and chromosome database, TBtools[27] 
showed the homology of GF14 protein family members on cotton chromosomes. 
Through the CottonGen[34] database(https://www.cottongen.org/), Blast[35], TBtools[27] 
and MCScanX[36], the homology of the GF14 protein family among the AD gene 
subgroups in Gossypium hirsutum((AD)1) and between G. hirsutum((AD)1) and rice 
and Arabidopsis, Carried out homology comparison and collinearity analysis, and 
visualized by TBtools[27] and then used Adobe Illustrator CS6 for beautification 
adjustment. 
 

Promoter region and gene structure analysis 

The upstream 2000bp sequence of GhGF14 family genes was extracted by TBtools[27] 
and used as the promoter region. Use PlantCARE[37] online 
website(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to predict the cis-
acting elements in each promoter region, and use TBtools[27] to construct Venn diagrams 
based on the functional types of cis-acting elements; Predict the conservative motif of 
the protein sequence of GF14 family members through the MEME online 
website[38](http://meme-suite.org/tools/meme); Finally, combined with the TM-
1_V2.1.gene.gff annotation file[20], use TBtools[27] to locate the coding/non-coding 
region structure of the GhGF14 gene sequence to complete the drawing of the gene 

https://cottonfgd.org/
http://plants.ensembl.org/
https://www.ncbi.nlm.nih.gov/Structure/cdd/PF00244
https://www.ncbi.nlm.nih.gov/cdd
https://web.expasy.org/protparam/
http://www.softberry.com/
https://evolgenius.info/evolview-v2/
https://www.cottongen.org/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://meme-suite.org/tools/meme


structure map. 
 

RNA-seq expression pattern analysis 

Download the publicly available raw transcriptome data of G. hirsutum((AD)1) TM-1 
at seedling stage and different abiotic stress treatments (Genome sequencing project 
accession: PRJNA248163) from NCBI SRA (Sequence Read Archive) 
database(https://www.ncbi.nlm.nih.gov/sra). Refer to the latest genome file TM-
1_genome_ZJU_v2.1, and perform standard transcriptome analysis on the original data 
to obtain the TPM expression level. Use TBtools[27] software to draw the expression 
heatmap. 
 

RNA extraction and qRT-PCR analysis 

Using BLASTn[35] function on the CottonGen[34] website to compare the homologous 
genes of GF14 protein, and use DNAMan (Lynnon Corporation, Canada) software to 
complete the design of specific fluorescent quantitative primers for related genes. 
According to the manufacturer's instructions, RNAprep Pure Polysaccharide 
Polyphenol Plant Total RNA Extraction Kit (Tiangen, Beijing, China) was used to 
extract total RNA from seedlings, and reverse transcription kit (abm) was used to 
synthesize first strand cDNA. Cotton Ubiquitin7 (UBQ7) was selected as the internal 
reference gene. Use Applied Biosystems™ 7500 Fast Real-Time PCR Systems to 
perform qRT-PCR amplification of related genes in each stress treatment period (3 
technical repetitions), and use the 2-ΔΔCt method[39] to analyze the relative expression of 
related genes. Finally, choose GraphPad Prism version 8.0.1 for Windows to visualize 
the data. 
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Figures

Figure 1

Chromosome location and phylogenetic tree of cotton GF14 protein family. A)NJ evolutionary tree
constructed with 101 GF14 protein sequences of Gossypium hirsutum((AD)1), G. barbadense((AD)2), G.
arboreum(A2) and G. raimondii(D5). The stars represent G. hirsutum((AD)1), triangles represent G.
barbadense((AD)2), circles represent G. arboreum(A2), and squares represent G. raimondii(D5). (B)
Chromosome location of GF14 gene in G. hirsutum((AD)1). (C) Chromosome location of GF14 gene in G.
barbadense((AD)2). (D) Chromosome location of GF14 gene in G. arboreum(A2). (E) Chromosome
location of GF14 gene in G. raimondii(D5).



Figure 2

Phylogenetic tree of GF14 protein gene family in Gossypium hirsutum((AD)1), Arabidopsis and rice. The
stars represent GF14s in G. hirsutum((AD)1). The circle represents GF14s in Arabidopsis. The triangles
represent GF14s in rice. The names of GF14s in Arabidopsis and rice are derived from previous studies.



Figure 3

Homology identi�cation and analysis of GhGF14s gene. (A) The homology of GhGF14s between the
chromosomes in the AD group of G. hirsutum((AD)1). (B) The homology of GhGF14s among the
genomes of G. hirsutum((AD)1), rice and Arabidopsis.



Figure 4

Gene structure diagram of GF14 protein family in G. hirsutum((AD)1), rice and Arabidopsis. (A)
Phylogenetic tree of GF14s protein family in G. hirsutum((AD)1), rice and Arabidopsis. (B) Conservative
motif structure prediction. (C) The distribution of exons and introns in the CDS region of GF14s.



Figure 5

Tissue speci�city at the transcriptome level of the GhGF14 gene family. Use log10(x+1) standardization
for data processing, x is the original expression value, and the original expression value is shown in the
�gure; the red to white gradient represents the change of expression from high to low.



Figure 6

Analysis of the expression pattern of GhGF14s gene family. (A) Changes in GhGF14s gene expression
during 1h, 3h, 6h, 12h periods under cold stress; (B) Changes in GhGF14s gene expression during 1h, 3h,
6h, 12h periods under heat stress; (C) Changes in GhGF14s gene expression during 1h, 3h, 6h and 12h
periods under drought stress; (D) Changes in GhGF14s gene expression during 1h, 3h, 6h and 12h periods
under salt stress. Use log10(x+1) standardization for data processing, x is the original expression value,



and the original expression value is shown in the �gure; the red to white gradient represents the change of
expression from high to low.

Figure 7

Analysis of cis-acting elements in the GhGF14s promoter region. (A) The presentation of cis-acting
elements related to stress resistance and growth and development in the GhGF14s promoter region based
on the comparison between rice and Arabidopsis. (B) Upsetplot constructed by cis-acting elements
related to stress resistance.



Figure 8

Drought stress qTR-PCR analysis. ABCDEFG respectively represents the corresponding gene name. *
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.



Figure 9

QTR-PCR tissue speci�city analysis. ABCDEFG respectively represents the corresponding gene name. *
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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