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Highlights 

 The smHSPs family proteins are important in resistance to heat and dry weather in 

Yaghooti grape of Sistan. 

 The AGAMOUS is a key gene in compactness of the Yaghooti grape clusters because 

of its influence on GA (gibberellin hormone) gene expression. 

 

 When the harvesting time of clusters is near, nucleus, cytoplasmic, cytosol, membrane 

and chloroplast genes activity are decreased and endoplasmic reticulum, vacuole and 

extracellular region genes activity are increased in cluster peduncle and pedicels. 

 

 

 

 

Abstract 

Yaghooti grape of Sistan is the earliest ripening grape in Iran, harvested every May annually. 

It is adapted to dry conditions in Sistan region and its water requirement is less than the other 

grape cultivars. The transcriptional complexity of this grape was studied in three stages of 

cluster development. Totally, 24121 genes were expressed in different cluster development 

steps (step 1: cluster formation, step 2: berry formation, step 3: final size of cluster) of which 

3040 genes in the first stage, 2381 genes in the second stage and 2400 genes in the third stage 

showed a significant increase in expression. GO analysis showed that when the clusters are 

ripening, the activity of the nucleus, cytoplasmic, cytosol, membrane and chloroplast genes in 

the cluster architecture cells decreases. In contrast, the activity of the endoplasmic reticulum, 

vacuole and extracellular region genes enhances. When Yaghooti grape is growing and 

developing, some of metabolic pathways were activated in the response to biotic and abiotic 

stresses. Gene co-expression network reconstruction showed that AGAMOUS is a key gene in 

compactness of Sistan grape cluster, because it influences on expression of GA gene which 

leads to increase cluster length and berries size. 

Key Words: Transcriptome, Co-expression Network, Gene Ontology, RNA-Sequencing,  

 

Introduction 

Yaghooti grape of Sistan is the earliest ripening grape in Iran, which is harvested every May 

annually. It is 45 days since the formation of the first clusters in early part of April until its 

harvesting time. The features of Sistan Yaghooti grape are an average number of 230 berries 

in a cluster and weight equal to 230 grams. Each berry contains 22% of soluble solids, its tail, 

volume and weight of each single berry are 6 millimeters, 0.9 cc and 1 gram, respectively [1]. 

Yaghooti grape is compatible to dry conditions in Sistan region and its water requirement is 

less than other grape cultivars. It is offered for fresh eating due to seedless and its desirable 

taste. The compact clusters of Yaghooti grape prevent the increase in the size of berries. The 

cluster compactness in addition to reducing its desirability marketing, leads to sensitive 

against bunch rot disease [2]. Therefore, cluster compactness is an undesirable trait in Sistan 
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Yaghooti grape. The RNA sequencing (RNA-Seq) technique was applied for transcriptomic 

analysis to study the cluster development process in Sistan Yaghooti grape. It is necessary to 

study transcriptome for interpretation of genomic functional elements and detection of 

molecular components of cells and tissues. It also can be useful to understand developmental 

and diseases processes. A gene can have several different functions and, at the same time, to 

be active in several metabolic pathways. Moreover, a gene can reduce or increase expression 

of other genes either directly or indirectly. Total of these connections reconstruct plant's gene 

network, and its understanding can be very valuable. The study of one or more genes alone 

does not provide a comprehensive view of biological processes in living cells. RNA-Seq has 

provided possibility of high-throughput analysis of whole transcriptome and their related 

biological processes. So far, very limited number of different studies have been conducted to 

investigate grape transcriptome by RNA-Seq. It seems that these three studies represent all of 

previously relevant studies about transcriptomic analysis of grape using this technique. In a 

study, it was produced more than 59 million sequence reads, 36 to 44 bp in length, related to 

three developmental steps of grape berry: post setting, ve´raison, and ripening. Of these, 

17,324 genes were expressed during berry development, 6,695 of which were expressed in a 

stage-specific manner, suggesting differences in expression for genes in numerous functional 

categories and a significant transcriptional complexity [3]. In another study, to detect main 

pathways involved in the stenospermocarpy of grape, comprehensive transcriptomic and 

metabolomics analysis was conducted specifically targeting the early phase of berry 

formation in 'Seedless Thompson 'cultivar of grape. The results indicated that there are 496 

differentially expressed genes and 28 differently metabolic pathways in this process. Their 

data showed broad transcriptome reprogramming of molecule transporters, globally down-

regulating gene expression, and suggest that regulation of sugar- and hormone-mediated 

pathways determines the downstream activation of berry development [4]. Also, the role of 

gibberellin treatment has been investigated on gene expression changes of grape berries. Pair-

wise comparisons of (Gibberellin A3) GA3-treated and control samples detected 165, 444, 

463 genes in 1, 3, and 7 days after GA3 treatment, respectively, with over two-fold change as 

expression. The number of differentially expressed genes was increased in different times 

after GA3 treatment, and the differential expression was dominated by down regulation. The 

temporal gene-expression patterns of cell-wall-modification enzymes, cytoskeleton and 

membrane components and transporters revealed a pivotal role for cell-wall-relaxation genes 

in GA3-induced berry enlargement [5]. 

Despite many studies on identifying genes that control growth and development of berries, 

there is a little information available about the process of cluster formation. The cluster 

formation process has a direct effect on the quality and quantity of berries. Therefore, the 

results of this research can be employed in producing grapes with low cluster compactness 

where low cluster compactness increases marketability and reduces the disease damage. On 

the other hand, identifying the genes involved in the cluster formation process by RNA-Seq 

technology provides new insights for unravelling the complexity of compactness in grape 

cluster. 

Materials and Methods 

Plant material 
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The used plant material to extract whole RNA, was Sistan red Yaghooti grape (Vitis vinifera 

L.) from the grape gardens of the Agricultural Research Institute in University of Zabol, Iran 

(UOZ). These gardens have been planted using seedlings obtained through tissue culture, so 

they are clones and identical in terms of all their traits. The clusters samplings were carried 

out in three stages:  

- The first stage, cluster formation time (Sample-1): when the approximate size of 

clusters were about 5 cm and the flowers had not been opened. 

-  The second stage, berry formation time (Sample-2): two weeks after the first 

sampling, when about 70% of the berries had been formed and the approximate size 

of clusters were about 15 centimeters. 

-  The third stage, final size of cluster time (Sample-3): two weeks after the second 

sampling, when the berries had reached about 70% of their final size.  

Berries were removed to extract the RNA from cluster architecture (peduncle and pedicels).  

Extraction of RNA and RT-qPCR analysis 

RNA was extracted from the clusters of grape by Japelaghi method [6]. To control quality 

and quantity for the extracted RNAs, it was used 2100 Bioanalyzer (or 2200 TapeStation) 

with an RNA Integrity Number (RIN) value greater than or equal to seven. Ultimately, the 

high quality and quantity RNA samples were sent for sequencing to the South Korean 

Macrogen Company.  

Total RNA (1 μg) was used for cDNA synthesis using Vivantis 2-Step RT-qPCR kit 

according to the manufacturer’s instruction. Two primers 

(TCGAGATCAAGCGGATCGAA, GGGCTACCTCTGCATCACAT forward and reverse 

primers, respectively) were designed based on AGAMOUS sequence (Table. S1). Tubulin 

gene (CTCCTTGAGCTAGTCGTCGC, AACAAGGCAAAAACATTCCG forward and 

reverse primers, respectively) was used as the reference gene. The RT-qPCR reactions were 

accomplished on a Research RG-3000 (Corbett) using 2X Taq Master Mix PCR (CinaGene, 

Iran). These reactions were in 20 μl volume [containing 1 μl cDNA reaction mixture, 6 μl 

Master mix (Eva Green), and 1 μl of each primer]. The reaction conditions were determined 

according to recommended protocol by the manufacturer (5 min at 95°C, 40 cycles consisted 

of 95 °C for 30 s, 57°C for 30 s, 72°C for 30 s, and finally 10 min 72°C). All RT-qPCR 

reactions were performed in three technical and biological repeats. Finally, relative 

expression levels were calculated by Ct values using the formula 2–ΔΔCT [7].   

Mapping and analyzing of raw data  

A total of 188663428 sequences reads with 101 bp in length were produced from three stages 

of development of the clusters (Table 1). Each stage with approximately 60 million reads was 

pre-processed (Trimming, normalizing [8], statistical analysis [9], and removing low quality 

reads) using CLC Genomics Workbench 9.5.3 software; then they were mapped onto the 12-

fold draft sequence of the Pinot Noir 40024 reference genome [10-16], using CLC read 

Mapper with MEM (Measurement Error Model) approach [17]. The mapping parameters 

have been shown (Table 2). Mapping was made for genes, transcripts and intergenic regions. 

P-value for each gene was calculated using Z-test. The Z test or the Kal test compares a 

single sample against another single sample, and thus requires that each group in your 

ACCEPTED M
ANUSCRIP

T



experiment has only one sample [9]. The fold-change threshold and the minimum expression 

value to select differentially expressed genes were equal to 10 and 2000 copies (p-

value<0.01), respectively. The analysis steps, tools and methods have been categorized 

(Table 3). 

Reconstruction of network and network topology 

Functional protein interaction networks were reconstructed and visualized for up regulated 

and down regulated genes, separately, using STRING web service [18] and Cytoscape v.3.4.0 

software [19] (NetworkAnalyzer 2.7 plugin [20]), respectively. Cytoscape BiNGO v.3.0.3 

plugin [21], Hypergeometric test [22], Benjamini-Hochberg False Discovery Rate (FDR) 

correction [23], and p-value< 0.05 were used to analyze Gene Ontology (GO) terms. 

Topological features, including betweenness and closeness centrality were computed for two 

reconstructed networks by Cytoscape software [24]. An entity centrality of a complex 

network is named by betweenness centrality. It is calculated based on all shortest edges pairs 

in a network. On the other hand, the closeness centrality is defined by the shortest distance 

mean from one node to all other nodes [25]. In the other words, the higher closeness and 

betweeness centrality for each node, indicate higher connections (edges) and possible 

importance of the node that connects different sub-networks. In addition, the regulatory 

network were reconstructed using Plant Pathway Studio 11. 

Results and discussion 

A total of 24121 genes were expressed simultaneously during the growth of the clusters, of 

which 3040 genes in the first stage, 2381 genes in the second stage, and 2400 genes in the 

third stage had a significant increment expression (Fig. 1). More than 2,000 genes exhibited 

10-fold change increase in gene expression. In average, 96% of reads were aligned with the 

reference genome. Based on distribution of sequence reads on the reference genome, a total 

of 35.96% and 42.97% of the reads were aligned on the gene regions and inter-genic regions, 

respectively (Table 4). Finally, 93, 92 and 55 genes were selected from the up regulated 

genes at Sample-1, Sample-2 and Sample-3 respectively (Table 5) (Supplementary file. 1).  

GO-Molecular function analysis 

The selected genes were studied using the information, provided in UniProt 

(http://www.uniprot.org) [26] and Ensembl (http://plants.ensembl.org) [27, 28] databases. 

Then, we selected the molecular functions that were enriched with differentially selected 

genes (Fig. 2a) (Fig. S4). The metal ion binding had the highest number of genes ( 33 genes)s 

(p-value = 5.7190E-1 as 17, 4 and 12 metal ion binding genes were up regulated at the first, 

second and third stage of cluster development, respectively. Oxidoreductase and magnesium 

ion binding genes were down regulated when the clusters were growing. Because of the 

importance of magnesium ion in photosynthesis and involvement of electron transfer 

enzymes in this process, the gradual reduction of expression of these genes can be related to 

gradual reduction of photosynthesis in cluster architecture cells. When the berries are 

growing, the cluster architecture become woody and there is only a narrow canal to transfer 

nutrients to the berries. It should be mentioned that the photosynthesis in the cluster 

architecture, despite being negligible compared to the leaves, plays a significant role in the 

amount of accumulated nutrients in the berries because of the closer distance to the berries. 

Also, we observed a higher number of ATP-binding proteins when the clusters grows and 

develops (Fig. 2a, (p-value = 8.5834E-1). Interestingly, ATP-binding genes were up 
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regulated at the third stage. As the clusters enlarges in size (the first and the second stage), 22 

genes were up regulated. These genes are selectively and non-covalently are linked to ATPs, 

which is an important regulator for coenzymes and enzymes. When the clusters are growing, 

the number of cells increases and different phonological processes progresses such as 

flowering, berry formation, and ripening. Increasing of ATP-binding genes expression may 

indicate the high ATP-cell requirement. This is due to the fact that cell needs energy and ATP 

supply to carry out this processes. 

Decreasing number of genes with transferase activity (p-value = 1.4862E-1) was also 

observed during the cluster growth. The transferases are a large group of enzymes that 

catalyze the transfer of functional agents such as methyl or phosphate from one molecule to 

another molecule. One of 12 transferase genes, which is up regulated in the first stage (with 

more than 124 fold change) is UFGT (Anthocyanidin 3-O-glucosyltransferase), which is 

involved in accumulation of anthocyanin pigmentations along with other essential factors 

during glycosylation [29]. Although there are many reports about the features and expression 

level change of UFGT in different processes, but there is no clear image for the role of its 

product. Certainly, this enzyme plays a key role in Yaghooti berries color. It is interesting 

that its expression alteration occurs in the early stages of cluster development, when the 

berries have not yet been formed. 

GO-Biological process analysis 

Identification of biological processes provides a more comprehensive understanding about 

the role of differentially expressed genes in cluster development. Biological processes that 

are enriched with differentially expressed genes are of high importance (Fig. 2b) (Fig. S5). 

The highest number of genes (32 genes with p-value = 4.0802E-1) was related to oxidation-

reduction process where 17, 1 and 14 genes were up regulated at Sample-1 Sample-2 and 

Sample-3, respectively. The most anabolic reactions of the cluster architecture happen in the 

earliest stages of development, and the clusters achieve final size in a short period of time. 

Therefore, final process of ripening occurs in the berries. Consequently, genes involved in 

anabolic pathways have the highest activity at the earlier stages of cluster development, and 

then their expression reduces after achieving the final size of clusters.  

As the clusters were growing, the expression of stress response genes were significantly 

increased. The most of the plant's energy is directly spent for anabolic reactions because of 

high cell division in the early stages of cluster development. After increasing the size of the 

clusters, the anabolic reactions were gradually reduced and the other reactions were increased 

such as response to environmental stresses. In other words, the plant has spent all of its 

energy for cell divisions and organogenesis. However, after clusters and berries formation, 

the next step is to protect the plant against biotic and abiotic stresses. In the final stages of 

cluster growing, which coincides with ripening the berries, the plant consumes its entire 

energy to carry out reactions related to the ripening of the berry. On the other hand, due to the 

construction of cell wall and acquisition of physical resistance against biotic and abiotic 

stresses, the expression of plant defensive genes reduces. For this reason, genes involving in 

construction of cell wall were up regulated but lipids metabolism and fatty acid biosynthesis 

genes which play a key role in cell membrane were down regulated. 

GO-Cellular component analysis 

During clusters development, we observed that the genes related to nucleus, cytoplasmic, 

cytosol, membrane and chloroplast activity were decreased. In contrast, the genes linked to 

ACCEPTED M
ANUSCRIP

T



endoplasmic reticulum, vacuole and extracellular region genes activity were increased (Fig. 

2c) (Fig. S6). In the final stages of cluster development, the location of metabolic activities 

alters form cytoplasm to extracellular region, due to reducing in cell divisions and increasing 

in export of different products from cell. Moreover, it should be noted that chloroplastic and 

mitochondrial activities were decreased and increased, respectively, during first and second 

stage of cluster development. This is due to the reduction of photosynthesis in cluster 

architecture cells and increment of metabolism in cytoplasm. Finally, activity of cell 

organelles were decreased at third stage of cluster development. 

Protein Family analysis 

The protein family and domain analysis for differentially expressed genes appeared a 

highlight in relation to cluster development process in Sistan's Yaghooti grape. Small heat 

shock family (HSP20) (short-term, smHSPs) proteins were up regulated significantly during 

the cluster development (Fig. 3). Whereas, this protein family showed a little expression in 

the earliest stages of cluster development. It can be related to the warm and dry conditions in 

Sistan region at the final stages of cluster development. In general, smHSPs are expressed in 

response to heat stress. It is interesting that the peak of expression for these genes was related 

to the second stages of sampling. There is a high rate of cell division at the first stage of 

cluster development and the amount of cell proteins is less than the other stages. On the other 

hand, the second stage is the most active stage in cluster development and cell have a lot of 

proteins that would be damaged by heat. It also clear that the weather temperature is 

gradually increasing in spring, so the need for smHSPs would be higher as well. The smHSPs 

are found in all living organisms, but they are more abundant and variable in plants. Their 

molecular weight is variable in 17-30 kDa and they have a conserved C-terminal domain in 

all eukaryotes [30]. The smHSPs are coded by six nuclear gene families in vascular plants. 

Each gene family encodes proteins which are found in different cell organelles such as 

cytosol, chloroplast, endoplasmic reticulum, and mitochondrion. Although smHSPs have not 

any basic role in main cellular functions, but it seems that these proteins such as HSP70, 

HSP60 and HSP90, as heat shock proteins with high molecular weight, are important for 

survival and tolerance to heat stress in plants. The biochemical analysis indicated that 

smHSPs are in high molecular weight protein complexes (200-400 kDa) which has been 

likely consisted of several smHSPs subunits. The smHSPs work as molecular guards that link 

relative denatured proteins and prevent their inactivation helping the plant to tolerate heat 

[30]. 

Reconstruction of gene co-expression network 

The gene co-expression network was reconstructed for all differential expressed genes (Fig. 

4a), down regulated genes (Fig. 4b), and up regulated genes (Fig. 4c), separately, during the 

cluster development process. The highest number of directed edges between different genes 

were related to BRI1 (38 edges), PSBO1 (23 edges), AT3G09440 (22 edges), and MPK3, STZ, 

PSBO2, PETE1, HSP90.1 and DRT112 (21 edges for each gene) (Fig. 4a). The betweenness 

and closeness centrality for each node are presented by gradient size and color-coding 

system, respectively. The BRI1 (0.0175), MPK3 (0.0068), TT4 (0.00623), LHCB2.3 (0.0047), 

TT5 (0.0045), SHD (0.0041), AG (0.0030) and CCA1 (0.0030) genes had the highest 

betweenness centrality. The highest closeness centrality belonged to 42 genes such as CAB1, 

ABCG11, STZ, DRT100, UGT72E1, HSP70-18, and SEP3 genes (Supplementary file. 2). 
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BRI1 gene as a hub node is necessary for plant growth and development [31]. The product of 

this gene is one of brassinosteroids (BRs), a group of small-molecule hormones. These 

molecules are bound to a small family of leucine-rich repeat receptor kinases at the cell 

surface; thereby initiating an intracellular signal transduction cascade which leads to 

expression modification in hundreds of genes [32, 33]. For example, BRI1 regulates the 

expression of light- and stress-response, promotion of cell elongation, normal leaf and 

chloroplast senescence, and flowering genes [34]. The LHCB2.3, RBCS1A, PETE1, PSBO2, 

CAB1, and PSAH2 as chloroplastic genes are involved in photosynthesis [35, 36]. Down 

regulation for these chloroplastic genes is an evidence for reduction of photosynthesis in the 

cluster peduncle and pedicels cells. 

The Sep3 gene is another important gene which is involved in differentiation of flower parts 

during flowering. It also plays a key role in differentiation of meristem [37, 38]. The recent 

studies have shown that SHP1, SHP2 (SHATTERPROOF) and AGL15 genes are controlled 

by AGAMOUS gene. The two SHP1 and SHP2 genes contain MADS-box domain. They 

works for ovarian shell specific differentiation so that mutation leads to defection in seeds 

shell and reduction in seed number and mucilage [39]. 

The STZ (Salt Tolerance Zinc finger) gene has high connectivity, betweenness centrality and 

closeness centrality (21, 0.0018, and 1), respectively. STZ is one member of plant 

transcription factors family which modulates the defense response of plants to abiotic stress 

[40-43]. The STZ regulates AT3G09440 or HSP70s, and HSP70s genes in cooperation with 

other chaperones; it works as molecular guard that is connected to related denatured proteins 

and prevents their inactivation; this leads to heat tolerance by plant [30]. 

As illustrated in the gene co-expression network for down regulated genes (Fig. 4b), the 

highest number of directed edges is related to AT1G63700, XPL1, and PMEAMT (19 edges 

for each gene), AG (8 edges), and JAZ7, CYP86C4, CYP86C3, and CYP86C2 (7 edges for 

each gene). The JAZ7, MYB57, AG, SHP1, CYP96A2, AT1G63700, XPL1, and PMEAMT 

genes have the highest betweenness centrality. In these eight genes, the highest betweenness 

quantitative measures were 0.51, 0.509, and 0.508 for AG, CYP96A2 and SHP1, respectively; 

and the lowest betweenness quantitative measure was 0.21 for AT1G63700, XPL1, and 

PMEAMT genes. The highest closeness centrality was related to CYP96A2 genes (0.31), 

SHP1 (0.31), AT1G73600 (0.30), PMEAMT (0.30), XPL1 (0.30), and AG (0.29) 

(Supplementary file. 3).  

AG gene, as a transcription factor, is involved in differentiation of organs in the earliest 

stages of flowering. As illustrated in the regulatory network, (Fig. 5) AGAMOUS is necessary 

to grow normally the stamens and carpels in wild type flowers and plays an important role to 

preserve flower meristem [44]. It forms a heterodimer with SEPALATTA1 / AGL2, 

SEPALATTA2 / AGL4, SEPALLATA3 / AGL9 or AGL6 proteins that can regulate the genes 

using k-box domain during meristem development of flowers. GA1 is controlled by AG 

transcription factor. The product of this gene catalyzes the conversion of geranylgeranyl 

diphosphate to ent-copalyl diphosphate. The ent-copalyl diphosphate is gibberellin hormone 

precursor [44]. Certainly, down regulation of AG gene decreases the production of GA1 

catalytic enzyme. Consequently, it is decreased the production of gibberellin hormone. 
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Gibberellin hormone plays a direct role in size and compactness of the clusters. It has been 

validated positive effect of gibberellin in reducing and increasing cluster compactness and 

size of berries, respectively [5, 45]. One of the main factors in compactness of Sistan’s 

Yaghooti grape and small size of berries is down regulation of GA gene which has a direct 

effect on reducing activity of gibberellin hormone in the process of grape cluster 

development. 

Several factors are effective on grape cluster compactness such as number and size of berries 

and length of peduncle and pedicels. The effective factors in grape cluster compactness have 

been investigated by microarray technology [46]. Transciptomic comparison for two clones 

related to Garnacha Tinta cultivar of grape, with different cluster compactness, indicated the 

high level of cell division in the earliest stages of flower development, plays an important 

role in the number and size of berries and, consequently, grape cluster compactness. Also, the 

auxin and gibberellin content fluctuations are important in number and size of berries [46]. 

AG, is the main factor in flower organogenesis in addition to control content of gibberellin. It 

can be mentioned that AG affects cluster compactness regarding the effect of flowering stage 

on cluster compactness and also AG key role in flowering. Some studies have showed that 

AG expression is continuing after flowering [47, 48]. AG involved in other biological process 

such as transcription regulation, plant defense response, and cellular differentiation, in 

addition to flowering (Fig. 5). We have found that AG is down regulated in Yaghooti grape 

after flowering, but this gene is expressed until berry ripening in other grape cultivars. This 

can be a reason for high compactness of Yaghooti grape clusters. 

The deficiency of gibberellin and jasmonate hormones leads to male sterility in grape that it 

is partly due to shortening the stamens length in the flowers. It has been validated that three 

MYB21, MYB24, and MYB57 genes are necessary to develop the stamen in Arabidopsis. 

These three genes are controlled by gibberellin and jasmonate levels [49]. The GA gene 

activates expression of DAD1 and Lox1 genes that are essential for jasmonate biosynthesis. It 

has also been proven that gibberellin has a positive role to increase the expression of 

jasmonate; and also, the high levels of jasmonate increases the expression of MYB21, MYB24, 

and MYB57 genes, which leads to grow the filaments in the flowers [49].  

There are three genes which containing same function in sub-network (B).AT1G63700, XPL1 

and PMEAMT contribute in metabolism of phospholipids. Phospholipids play vital roles in 

cell metabolism. Phosphatidylcholine (PtdCho) has allocated main part of cell membrane 

phospholipids in eukaryotes and some of prokaryotes. PtdCho includes more than 60% of 

plant cells membrane which has a key role in membrane formation and cellular signaling 

process [50, 51].The CDP-choline pathway is the main pathway in synthesis of 

phosphatidylcholine in plant cells. This pathway requires phosphocholin as a precursor to 

synthesize PtdCho. The plants produce Phosphocholin by three consecutive times of N-

methylation of phosphoethanolamine (PEA) using phosphoethanolamine N-methyl 

transferase (PEAMT) enzyme. Phosphatidylcholine, in addition to being a part of membrane 

structure, also can be converted to phosphatidic acid (PA) and free choline by the 

Phospholipase-D (PLD) enzyme. This process is very important, because phosphatidic acid 

can work as a secondary messenger and play various roles in plant development [50, 51]. 
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AT1G63700, XPL1 and PMEAMT genes activate a set of cytochrome P450 (CYP) 

superfamily genes. Cytochrome P450 is the largest family of enzymes in plants; they are 

widely found in other organisms such as mammals, fungi, bacteria and insects [52]. There are 

a total of 315 genes related to CYP family in grape of which 26 belong to CYP86 family [53, 

54]. The members of this superfamily are involved in some complex metabolic pathways. 

The CYP86 family is associated to hydroxylation of fatty acids; CYP96 as a member of 

CYP86 family, works in order to surface resistance in biosynthesis of plants-based wax [55-

61].  

The gene co-expression network was reconstructed for up regulated genes during cluster 

development process (Fig. 4c). The highest number of directed edges was related to Hsp70b 

gene (10 edges). Also, this gene showed the highest betweenness centrality (0.21) and the 

highest closeness centrality (1). The HIK gene was another hub node which had nine directed 

edges including betweenness centrality and closeness centrality equal to 0.07 and 1, 

respectively (Supplementary file. 4). As illustrated in Fig. 4c, the up regulated genes consist 

of two separately graphs (sub-network A & sub-network B). The sub-network (A) includes 

responsive genes to environmental stresses, especially heat stress (like HSP genes). The 

GolS1 gene product is a galactinol synthase which has a key role in the biosynthesis of 

raffinose oligosaccharides (RFOs). The accumulation of raffinose oligosaccharides increases 

plant resistance to different stresses such as heat, cold and salinity [62]. On the other hand, 

BAG6 controls several cellular activities. Its product is a chaperone binding which has an 

important role in resistance to heat stress through regulation of sHSP transcription cascade. It 

is also effective in programmed cell death and resistance against fungal diseases [63].  

The sub-network (B) has been consisted of 9 genes. Two 3xHMG-box1 and 3xHMG-box2 

genes are DNA-binding proteins which have (HMG) box domain in many eukaryotes. These 

proteins are involved in cell division cycle so that their highest expression occurs in meiosis. 

The microscopic images have indicated that expression of 3xHMG-box proteins is taken 

place at the end of G2 phase in the cell cycle; as soon as the nucleus membrane is destroyed 

in prophase, these proteins are bound to chromosomes. The 3xHMG-box proteins are 

destroyed by a proteolytic process, immediately after the end of mitosis [64, 65]. Other genes 

in the sub-network (B) which interacted to HMG-box are effective in biosynthesis of proteins 

and microtubule construction. Totally, their function occurs in the cell cycle and is related to 

nucleus or cytoplasm division. 

Validation RNA-Seq results by RT-qPCR 

RT-qPCR was performed for AGAMOUS gene to validate the expression profile obtained by 

RNA-Seq. RT-qPCR expression profile was in complete agreement with the RNA-Seq data 

(Fig. 6) (Supplementary file. 5). Also, ANOVA table for RT-qPCR related to AGAMOUS 

gene is provided (Table S2). 

The GRIP genes (GRIPs) are expressed specifically during grape berry ripening [66]. These 

genes may be employed as markers for this stage [3]. We analyzed our RNA-Seq dataset in 

respect to seven GRIPs (Table 6), which showed a little increment in their expressions at the 

third sampling time. However, since the final sampling was two weeks before harvesting 

time, this increment was not highly significant. However, the ascending trend in this 

expression profile can indicate the higher expression of these genes in berry ripening stage.  
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Conclusion  

Transcriptomic studies generate large scale information that requires to classifying and 

analyzing. Yaghooti grape of Sistan compared by other grape cultivars due to unique traits 

such as early ripening, resistance to heat, salinity and drought stresses and its cluster 

characteristics such as highly cluster compactness, seedless berries and small size of berries is 

suitable for transcriptomic analysis. A total of 24121 genes were expressed simultaneously 

with growing of the clusters, of which 3040 genes in the first stage, 2381 genes in the second 

stage and 2400 genes in the third stage had a significant increment as expression. More than 

2,000 genes exhibited 10-fold change as gene expression. 240 differentially expressed genes 

were studied and analyzed based on GO terms, protein family and gene co-expression 

network during growth and development of Yaghooti grape clusters. The genes involved in 

metal ion binding, oxidation-reduction process and cell membrane were the most active genes 

during cluster development with 33, 32 and 65 representatives, respectively. The results 

showed that when the harvesting time of clusters is near, nucleus, cytoplasmic, cytosol, 

membrane and chloroplast genes activity are decreased and endoplasmic reticulum, vacuole 

and extracellular region genes activity are increased in cluster architecture. ATP-binding 

proteins increment indicated highly cell requirement to ATP as a source of energy. Reducing 

of chloroplast activities and increasing of mitochondrial activities indicated that shifting the 

cell metabolic equilibrium from anabolic to catabolic reactions. The metabolic pathways 

which are related to response to biotic and abiotic stresses are being increasing, when the 

plant is developing. Most of these genes which spend a large portion of plant's energy are 

related to response to heat stress.  

The smHSPs family proteins are important in resistance to heat and dry weather in Yaghooti 

grape of Sistan. The gene co-expression network showed that AGAMOUS is a key gene in 

compactness of the Yaghooti grape clusters because of its influence on GA (gibberellin 

hormone) gene expression. It has previously been validated that this hormone affects 

increasing the length of cluster and size of the berries. To understand the biological process 

involved in cluster compactness of Yaghooti grape, it should be studied the effect of 

AGAMOUS expression enhancement on cluster compactness, in future projects. It is also 

possible to obtain a more comprehensive view about the processes involved in the 

construction, evolution and compactness of the clusters of Yaghooti grape of Sistan. This can 

be achieved by comparing the transcriptome of Yaghooti grape to transcriptome of other 

grape cultivars including loose clusters, or studying the transcriptome under hormonal 

treatments such as gibberellic acid; as well as, it is recommended the ncRNAs and 

smallRNAs analysis and epigenetic studies for this purpose in future. 
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Fig. 1. Venn diagram for the number of differentially expressed Sistan 

grape cluster genes in three steps of cluster development (Sample 1, Sample 

2 and Sample 3). The genes have been considered with P-value less than 0.01 

and a fold change more than 3. 
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Fig. 2. Gene Ontology analysis of up-regulated genes in the cluster development process of Yaghooti grape. Sample-1) time: when the approximate size of clusters 

was about 5 cm and the flowers had not been opened; Sample-2) time: two weeks after the first sampling; Sample-3) time: two weeks after the second sampling. Each 

column represents the number of genes belonging to a GO term, and each color in the column represents a sampling stage of grape’s clusters. 
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Fig. 3. The Protein Families related to up-regulated genes in the cluster development process of 

Yaghooti grape. Sample-1) time: when the approximate size of clusters was about 5 cm and the 

flowers had not been opened; Sample-2) time: two weeks after the first sampling; Sample-3) time: two 

weeks after the second sampling. Each column represents the number of genes belonging to a protein 

family, and each color in the column represents a sampling stage of grape’s clusters. Small heat shock 

family (HSP20) (short-term, smHSPs) proteins have up regulated significantly during cluster 

development. 
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Fig. 4. Co-expression network of differential expressed in the clusters of Yaghooti grape during 

development and growing process. A) Co-expression network for all differentially expressed genes. B) Co-

expression network for down-regulated genes. C) Co-expression network for up-regulated genes. The node size 

is based on betweenness centrality (low values to small size) while its color is based on closeness centrality 

(blue to low values), and edge thickness and color is based on edge betweenness is variable from blue color and 

thin edge (The lowest betweenness) to red color and thick edge (The highest betweenness). ACCEPTED M
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Fig. 5. Regulatory Network of AG (AGAMOUS) gene among up-regulated genes during cluster formation in Sistan Yaghooti grape. The AGAMOUS gene Showed 

key roles in flowering, flower development and cell differentiation (A, B and C pathways), defense response (D, E and F pathways), Transcription regulation (G pathway) 
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and in other biological processes.  
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Fig. 6. Quantitative RT-PCR validation of differential Gene expression 

observed for AGAMOUS gene. Comparison of gene expression for 

AGAMOUS measured by RNA-Seq and RT-qPCR. Right vertical axis 

represents expression determined by RNA-Seq in RPKM (Reads Per Kilobase 

Million) units while left vertical axis represents expression determined by RT-

qPCR in normalized units. 
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Table 1. Summary of reads number were produced from three stages of development of 

Yaghooti grape clusters 

No. of reads not 

mapped 

- non-

specifically 
Unique 

No. of mapped 

reads 

No. of total 

reads 

497,449 11,496,310 46,232,473 57,728,783 58,226,232 Sample 1 

3,919,656 10,543,193 56,757,743 67,300,936 71,220,592 Sample 2 

1,628,571 6,663,426 45,931,937 52,595,363 54,223,934 Sample 3 

Unique: Number of reads that mapped uniquely in one place of the reference genome. 

Non-specifically: When a read would have matched equally well another place in the mapping, it is 

considered a non-specific match. 

No. of reads not mapped: Number of reads that is not mapped to the reference genome. 
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Table 2. Mapping Parameters in CLC Genomics Workbench 9.5.3 software. The reads were 

mapped onto the 12-fold draft sequence of the Pinot Noir 40024 reference genome. 

Also map to inter-genic regions Mapping type 

1 Mismatch cost 

1 Insertion cost 

1 Deletion cost 

0.65 Length fraction 

0.65 Similarity fraction 

10 Maximum number of hits for a read* 

* If a read matches to multiple distinct places, but less than the specified maximum number, it will be randomly 

assigned to one of these places. The random distribution is done proportionally to the number of unique matches that 

the genes to which it matches have, normalized by the exon length. This means that if there are 10 reads that match 

two different genes with equal exon length, the 10 reads will be distributed according to the number of unique matches 

for these two genes. The gene that has the highest number of unique matches will thus get a greater proportion of the 

10 reads. 
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Table 3. Steps of Transcriptome analysis using RNA-Seq data 

Analyzing Steps  Tools Method 

1. RNA Extraction - Japelaghi method [6] 

2. RNA Sequencing 
HiSeq 2500  

(Macrogen Co.) 
TruSeq Stranded Total RNA LT Sample Prep Kit (plant) 

3. Quality Control 

of reads 

CLC Genomics 

Workbench 9.5 

Quality trimming based on quality scores 

Trim ambiguous nucleotides (Ns) 

Adapter trimming (with a Trim Adapter List) 

Trimming of 3’ or 5’ ends of the reads 

Length trimming to remove reads shorter or longer than a specified 

threshold 

4. Mapping reads on 

reference genome 

CLC Genomics 

Workbench 9.5 

CLC read Mapper with MEM (Measurement Error Model) approach 

[17] 

5. Normalizing data 

and statistical 

analysis 

CLC Genomics 

Workbench 9.5 

Normalizing method [8] 

Statistical analysis method [9] 

Also find statistical graphs in Fig. S1, Fig. S2 & Fig. S3 

6. Determination of 

differential 

expressed genes 

based on statistical 

values 

Office 2013-Excel 

p-value ≤0.01  

fold change ≥10 

expression value ≥2000 

Finally 240 genes was selected and studied as significant differential expressed genes 

7. Gene Ontology 

analysis (GO) 

Cytoscape v.3.4.0 

Ensembl 

UniProt 

Cytoscape BiNGO 3.0.3, Hypergeometric test [22], Benjamini-

Hochberg False Discovery Rate –FDR correction [23], and significant 

level 0.05) 

The selected genes were studied using the information in UniProt 

(http://www.uniprot.org) [26] and Ensembl (http://plants.ensembl.org) 

[27, 28] databases. 

8. Reconstruction of 

Gene Co-Expression 

network 

Ensembl 

STRING web service 

Cytoscape v.3.4.0 

Vitis Vinifera Gene IDs changed to Arabidopsis Thaliana Gene IDs 

using Ensemble Plant BioMart service  

Calculating Genes combined Score using STRING web service 

Visualizing Gene Co-Expression network using Cytoscape 

NetworkAnalyzer 2.7 plugin 

Extraction network topology using Cytoscape NetworkAnalyzer 2.7 

plugin 

9. Reconstruction of 

Gene Regulatory 

network 

Ensembl 

Plant Pathway Studio 

11 

Vitis Vinifera Gene IDs changed to Arabidopsis Thaliana Gene IDs 

using Ensemble Plant BioMart service  

Visualizing Gene Regulatory network using Plant Pathway Studio 11 
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Table 4. Genomic distribution of reads  were produced from three stages of development of  

grape clusters 

Inter-genic 

Regions 
Total gene Introns Exons 

Total Unique 

Reads 

 

% No. % No. % No. % No.   

37.32 21,150,087 62.68 25,082,386 37.36 10,744,782 25.32 14,337,604 46,232,473 Sample 1 

51.45 33,785,925 48.55 22,971,818 31.68 12,002,840 16.87 10,968,978 56,757,743 Sample 2 

50.57 26,135,303 49.43 19,796,634 29.15 9,424,354 20.28 10,372,280 45,931,937 Sample 3 

Exons: Reads that map completely within an exon. 

Intron: Reads that fall partly or entirely within an intron. 

Total gene: All reads that map to the gene. 

Intergenic: All reads that map partly or entirely between genes. 

Table 5. Some of differential expressed genes during cluster development 

Feature ID Description 
Fold 

Change 

Sample-1 

Means* 

Sample-2 

Means* 

Sample-3 

Means* 

100243760 ATP synthase protein I-related protein 331.3705 915 303204 114029 

100256846 BAG family molecular chaperone regulator 6 14.49513 822 11915 2909 

100248392 beta-glucuronosyltransferase GlcAT14A 56.66485 367 20796 4823 

100255792 centromere-associated protein E 21.80242 2561 55836 31236 

100247115 chromatin accessibility complex protein 1 477.4643 28 13369 2503 

100262206 class I heat shock protein 14.06069 758 10658 5656 

100267394 cytochrome b-c1 complex subunit 8 29.3435 754 22125 6394 

100250488 ethylene-responsive transcription factor WRI1 598.5333 75 44890 17437 

100263626 GDSL esterase/lipase At4g26790 18.15518 5007 90903 14188 

100265708 heat shock 70 kDa protein 19.07783 681 12992 1799 

100267098 protein YIPF5 homolog 163.4414 324 52955 22159 

100254450 putative glycine-rich cell wall structural protein 1 605.6047 43 26041 6858 

100852953 putative protein TPRXL 246.6044 1312 323545 138390 

100247089 
ribosomal RNA small subunit methyltransferase, 

mitochondrial 
1264.7 80 101176 42923 

100255553 (-)-germacrene D synthase -38.7597 5969 459 154 

AG AG agamous -77.5484 2404 31 62 

100253650 aldehyde dehydrogenase family 3 member F1 -39.6706 3372 576 85 

100266173 alkane hydroxylase MAH1 -16.2254 5111 1601 315 

100265092 anthocyanidin 3-O-glucosyltransferase 5 -124.651 5360 180 43 

100249245 BAHD acyltransferase DCR -18.9248 4277 226 468 

100247806 chaperone protein DnaJ -26.2909 4338 449 165 

100265877 cytochrome P450 CYP82D47 -28.5695 4314 151 381 

100241571 DNA-damage-repair/toleration protein DRT100 -31.8696 2199 745 69 

100251807 early nodulin-like protein 1 -13.5186 5813 430 619 

104877427 GDSL esterase/lipase APG -16.7711 16268 2199 970 

100257132 glycine-rich protein DC7.1 -76.4935 53163 1100 695 

100246123 limonoid UDP-glucosyltransferase -34.7736 1843 53 1513 

LOXA Lipoxygenase -21.9745 54233 4716 2468 

MADS1 MAD-box transcription factor -23.0233 1980 86 273 

Fold Change: It has been calculated based on the maximum and minimum gene expression level at the cluster development 

stages. 
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*- It is obtained by the amount of original expression of each sample based on the mapping results 
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Table 6. Expression pattern of berry ripening marker genes a few weeks before 

grape cluster harvesting 

Gene ID 
Gene 

Name 

Gene Expression Values (RPKM) 
*
 

Sample 2 

(1 month before harvest) 

Sample 3 

(2 weeks before harvest) 

100232886 GRIP21 20.29 42.62 

100233091 GRIP22 0.24 1.05 

100232884 GRIP28 18.39 96.34 

100232888 GRIP32 2.86 2.97 

100232882 GRIP4 0.77 12.48 

100232889 GRIP55 2.53 3.67 

100232885 GRIP31 79.90 241.82 

*RPKM (Read Per Kilobase Million)  
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