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A B S T R A C T   

Cucumber fruits are perishable in nature and become unfit for market within 2–3 days of harvesting. A natural 
variant, DC-48 with exceptionally high shelf life was developed and used to dissect the genetic architecture and 
molecular mechanism for extended shelf life through RNA-seq for first time. A total of 1364 DEGs were identified 
and cell wall degradation, chlorophyll and ethylene metabolism related genes played key role. Polygalacturunase 
(PG), Expansin (EXP) and xyloglucan were down regulated determining fruit firmness and retention of fresh 
green colour was mainly attributed to the low expression level of the chlorophyll catalytic enzymes (CCEs). Gene 
regulatory networks revealed the hub genes and cross-talk associated with wide variety of the biological pro
cesses. Large number of SSRs (21524), SNPs (545173) and InDels (126252) identified will be instrumental in 
cucumber improvement. A web genomic resource, CsExSLDb developed will provide a platform for future 
investigation on cucumber post-harvest biology.   

1. Introduction 

Reduction of food loss after harvest through different post-harvest 
technologies is being practiced widely in developed countries. These 
technologies are rarely used in developing countries because of 
increased cost of the final product [1]. Around 30% fruits are lost after 
harvest as they are perishable with limited shelf life. Therefore, reducing 
this loss through different cost-effective approach is a global mission and 
need to be taken in war footing [2]. Among the available options, ge
netic mechanism to enhance the shelf life is considered as the most 
economical for their adoption even in the low-income economies which 
could be an important tool to reduce food loss and hunger in large. 
Therefore, breeding and engineering of food crops with extended shelf 
life can make important contribution in ensuring food security, 
improving farm profitability [1] and to achieve the sustainable devel
opment goals (SDGs) of United Nations. 

Cucumber (Cucumis sativus L.) is an important vegetable crop grown 
worldwide and cultivated as a commercial crop in around 150 countries 
with world production of 87.8 million metric tonnes [3]. Cucumber 
fruits are highly perishable and become unfit for marketing 2–3 days 
after harvesting. The principal reasons for post-harvest loss are mainly 
associated with fruit discoloration due to loss of chlorophyll pigments, 
shrivelling or wilting caused by loss of moisture which affects the 
firmness and physiological deterioration due to undesirable temperature 
[4]. Besides, the cucumber fruits start losing the attractive fresh green 
colour after 8–10 days of pollination even when they are kept in the 
plants for harvesting or stored under different controlled storage con
ditions after harvesting. Consumers do not prefer to purchase fruits with 
yellowish green colour. Therefore, retention of attractive green colour 
with minimal shrinkage in the pedicel after harvesting are important 
traits determine shelf life and marketability of the fruits. Cucumber is 
native to India and tremendous variation for different traits is available 
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in the local accessions and wild feral forms distributed in different parts 
of India [5]. However, this crop is now distributed all over the world and 
its dispersal from the Indian sub-continent to Occident is well docu
mented [6]. Variation in shape, size, colour, surface texture, wartiness 
and spininess in cucumber has been reported since medieval times [6,7]. 
Besides, its use as salad, the fruit extract and derived particles including 
nanoparticles are widely used in medicinal, therapeutic and cosmetic 
purpose [8–11]. 

One natural variant, DC-48 was isolated at Division of Vegetable 
Science, ICAR-IARI, New Delhi with exceptional shelf life in year 2012. 
Initially only one plant was identified with fruits completely different 
from rest of the plants in the population. This plant was maintained 
through selfing and single plant selection was practiced for another 8 
generations to develop homozygous and homogeneous genotype with 
the desirable variation. The fruits of the DC-48 remain fresh without 
losing green colour and firmness up to 10–15 days after harvesting when 
stored at room condition. In contrast, most of the cucumber genotypes 
start losing the attractive green colour within 2–5 days after harvesting 
from plants when kept in room condition. Besides, the genotype can 
retain its epicarp firmness and texture without shrinkage for 10–15 days 
after harvesting unlike most of the cultivated genotypes. Therefore, this 
genotype holds huge promise in developing cucumber genotypes with 
extended shelf life. However, the underlying physiological and molec
ular basis for the extraordinary shelf life of DC-48 is unknown. Till now, 
no information is available reporting the molecular mechanisms and 
physiological factors responsible for extended shelf life in cucumber. 
Under this circumstance, RNA-seq approach to analyse the transcripts, 
understanding the expression level of the key genes associated with 
retention of green colour, fruit firmness and their profiling would be 
instrumental to get insight about this extremely useful trait in cucumber. 

In the recent past, high-throughput RNA sequencing technology 
(RNA-Seq) used widely as an efficient tool for transcriptomic study of 
less understood trait [12]. RNA-seq is established as a key tool to 
discover, profile and analyse the RNA transcripts for several plant spe
cies for number of traits [12]. This technique has the unique advantage 
of microarray and EST-sequencing which allows single-base resolution 
with minimal background noise. At the same time, it is high throughput 
with high sensitivity. RNA-seq allows quantification of gene expression, 
transcribed region mapping, distinguishes the different isoforms and 
allelic expression [13–16]. RNA-Seq have been used widely in cucumber 
for studying the sex expression [17–19], resistance to biotic stresses 
[20,21] fruit morphology [22] and domestication process [23]. Molec
ular mechanisms regulating fruit ripening and post-harvest quality of 
different fruits crops were studied through comparative transcriptomics 
using RNA-seq in wide variety of crops [24–26]. In melons, comparative 
transcriptome study among climacteric and non-climacteric fruits 
revealed role of ethylene biosynthesis and signalling and chlorophyll 
degradation through microarray analysis [27]. 

The molecular mechanism of post-harvest biology with extended 
shelf life is poorly understood in cucumber. Cucumber fruit follow non- 
climacteric pattern of ripening [28]. Pre-harvest factors play important 
role in determining post-harvest behaviour of the fruits and under
standing the molecular networks and pathways in the developmental 
stages of the fruits before harvesting are critical to determine the 
ripening pattern [27]. However, several physiological traits before and 
after harvest varies among genotypes and ethylene production like 
climacteric fruits has been reported in different genotypes [29]. In 
contrast to the ripening respiratory pattern, ethylene release and pro
duction in cucumber is also associated with fruit decay in terms of 
softening and pale colour instead of physical changes associated with 
ripening [30]. Differential pattern and pace in change in the colour and 
turning the fruits epidermis to yellowish from the attractive green was 
earlier recorded in cucumber genotypes [31,32]. The present genotype 
under investigation (DC-48) retains not only the green colour but it had 
intact fruit firmness and fruits decay was extremely slow and not visible 
even after 15 days of harvesting under room temperature (27-30 ◦C). In 

number of crops the role of the cuticle layer, structure and integrity of 
the cell wall, biosynthesis and rate of ethylene release and ripening 
related upstream components are reported to be associated with fruit 
softening. The genes encoding enzymes of cell-wall degradation, 
ethylene biosynthesis, and upstream transcription factors are potential 
candidate genes for extended shelf life in cucumber. It has been reported 
that cell wall, tissue turgor and cuticle play pivotal role in retention of 
fruit texture and firmness after harvest in number of crops [33–36] 
although not reported in cucumber. Fruit firmness is largely determined 
by the rigid cell structure of the cell wall and reduced rigidity of the cell 
wall is directly associated with fruit softening [1]. Transpiration water 
loss from the fruit surface and shelf life is influenced by the cuticles, 
mainly due to its role in water loss [35,37]. Studies on the mechanisms 
associated with fruit ripening and cell wall degradation metabolism can 
enhance the understanding about the post-harvest biology and extended 
shelf life in cucumber natural variant, DC-48. 

Role of the different enzymes associated with the genes of the cell 
wall stability is not known. However, some of the key genes encoding 
enzymes associated with fruit texture are pectin β-methylesterase 
(PME), polygalacturonase (PG), β -galactosidase (β-GAL), β-and pectate 
lyase (PL), or of matrix glycans, such as endo-β-glucanase (EGase), 
xyloglucan endo-transglycosylase-hydrolases (XTHs), and expansins 
(EXPs) [36,38]. Ethylene biosynthesis and response related pathways 
have studied in different crops although their role in cucumber post- 
harvest biology is not reported extensively. ACC synthase (ACS) and 
ACC oxidase (ACO) are two major families of genes encode key enzymes 
of ethylene biosynthesis [39]. Chlorophyll catabolic enzymes (CCEs) 
associated with degradation of chlorophyll (Chl), results in loss of green 
colour that typically occurs during leaf senescence [40]. STAYGREEN 
(SGR) phenotype with delayed leaf senescence results from mutation in 
CCE genes [41,42]. The role of the cucumber SGR genes (CsSGR) in leaf 
senescence and resistance to foliar fungal disease is being established 
[40]. However, it is not known if CsSGR is associated with retention of 
fruit epicarp colour after harvesting. The genetics and inheritance 
pattern of the extended shelf life characterised by reduced degradation 
of Chl and intact firmness of the fruit epicarp is not reported. 

In cucumber, there is no specific information about the molecular 
network responsible for extended shelf life. The identified natural 
variant, DC-48 with exceptional shelf life is the ideal candidate genotype 
to get insight about the post-harvest life of cucumber fruits. Comparative 
transcriptome study with contrasting genotypes for shelf life would be 
very effective at this stage to understand this extremely useful trait and 
its further use in cucumber improvement programme. Therefore, the 
present investigation was conducted to understand the molecular 
network associated with unique post-harvest biology and extended shelf 
life in cucumber using the natural variant, DC-48 through RNA-seq. 
Mining of putative DNA markers (SSRs) and variants (SNPs and 
InDels) was also attempted to develop reliable molecular markers for 
future investigation in molecular mapping and marker assisted breeding 
of this trait in cucumber. Database development was undertaken for a 
ready reference to the molecular mechanisms and DNA based markers 
for future improvement programme. 

2. Materials and methods 

2.1. Plant material and sampling 

The two contrasting cucumber genotypes, namely, DC-48 (extended 
shelf life) and DC-83 (poor shelf life) were grown under insect proof net- 
house at the research field of Division of Vegetable Science, ICAR-Indian 
Agricultural Research Institute, New Delhi (28.6377◦ N, 77.1571◦ E) 
during the spring-summer season of 2019. The genotype, DC-48 and DC- 
83 were slicing type cucumber and belong to the same species, C. sativus 
L. The genotype, DC-83 is early in maturity and first harvesting of fruits 
45–50 days after sowing whereas DC-48 is comparatively late maturity 
in nature with first harvesting at 55–60 days after sowing. Both the 
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genotypes have medium to dark green leaves. Individual fruit weight of 
DC-48 and DC-83 at marketable maturity are 300 g and 350 g, respec
tively. Fruits of both the genotypes are light green in colour. These ge
notypes are suitable for cultivation under open field and they are non- 
parthenocarpic in nature. The sowing of the seeds was done in the last 
fortnight of February. Both the genotypes were monoecious in nature 
and female flowers of the individual plants were pollinated with the 
pollens collected from the same plant for fertilization and fruit devel
opment as there was no natural insect pollinators inside the net-house. 
All the cultural practices were followed for successful raising of 
healthy cucumber plants under insect proof net-house as per ICAR-IARI, 
New Delhi standard cultivation protocol. The fully developed fruits at 
different developmental stages from the healthy plants were used for 
determining the shelf life and whole genome RNA-sequencing. 

2.2. Determining the shelf life after harvesting 

The fruits of DC-48 and DC-83 were harvested at 10 days after 
pollination for determining shelf life. Retention of fruits beyond this 
stage results loss of fresh green colour makes the fruits less attractive to 
consumers besides oversized fruits [43]. Ten fruits of each genotype 
were harvested at 7 days interval for three times for determining shelf 
life. The fruits were stored under room temperature condition (27-30 ◦C) 
without use of any wrapping materials/film. Scoring of the fruits was 
done based on the following criteria: 

2.2.1. Index-I (based on loss of colour) 
Stage-1: Good colour (green). 
Stage-2: Acceptable colour (somewhat lighter green). 
Stage-3 Unacceptable colour (first occurrence of yellowing). 
Stage-4: Unacceptable colour (yellowing). 
Stage-5: Unacceptable colour (extreme yellowing). 
The fruits were characterised by counting the days when the fruits 

reach the Stage - 3. 

2.2.2. Index-II (based on moisture loss) 
Stage-1: No moisture loss (no shrivelling). 
Stage-2: Acceptable moisture loss (Shrivelling initiated in the pedicel 

end). 
Stage-3 Unacceptable moisture loss (Clear shrivelling visible in the 

pedicel end and initiation of shrivelling in the main body of the fruits). 
Stage-4 Unacceptable moisture loss (Prominent shrivelling in the 

entire fruits). 
Stage-5 Unacceptable moisture loss (Shrivelled fruits with appear

ance of wide ridge in the fruits). 
Like the Index-I, the fruits were characterised by counting the days 

when reach stage-3. 

2.3. Determination of chlorophyll content, moisture loss and fruit firmness 
at different time intervals 

The estimation of total chlorophyll was based on a standard spec
trophotometric method [44]. The upper surface of the fruit epicarp (2 
mm) was peeled with a sharp peeler and the same peeler was used for all 
the samples to keep the sample uniform in the contrasting genotypes for 
estimation of chlorophylls. The samples were collected at 5DAP, 10DAP 
and at 7 days after harvesting (DAH). One fruit each from 5 randomly 
selected plants were collected and equal amount of samples from each 
fruits were collected and homogenised. The samples were refrigerated 
immediately after collection till the chlorophyll estimation. Chloro
phylls were also extracted in acetone solution and quantified in spec
trophotometer at OD of 645 nm and 663 nm. 

Similarly, one fruit each from five randomly selected plants of each 
genotype were harvested at 10 DAP. Weight of the fruits were taken 
immediately after harvesting and thereafter stored under room tem
perature (27-30 ◦C) to determine moisture loss at different intervals 

after harvest. The wight of the fruits were recorded at 5 DAH and 10 
DAH after storage. Average of five fruits were taken both for total 
chlorophyll content and fruit weight to compare the genotype, DC-48 
and DC-83. 

Fruit firmness (lb/in.2) was also measured from five individual fruits 
at 7 days after harvest for the genotypes DC-48 and DC-83. Firmness is 
measured with the help of penetrometer at different regions of fruits 
(pedicel, middle and distal end) and average of three different locations 
were taken for data analysis. 

2.4. RNA extraction and sequencing 

Total RNA was extracted from the fruits of two contrasting genotypes 
for transcriptome analysis in triplicate. The surface of the fruit epicarp 
(2 mm) was peeled with a sharp peeler and the same peeler was used for 
all the samples to keep the sample uniform. Fruit epicarp was taken for 
transcriptome analysis as texture, structure and composition of epicarp 
are the principal factors determining post-harvest biology and shelf life 
of the cucumber fruits. These samples were immediately immersed into 
liquid nitrogen and later stored in -80 ◦C. The RNA extracted from the 
epicarp of the fruits was analysed separately. Total RNA was extracted 
using the TRIzol reagent (Invitrogen, Waltham, MA, USA). The con
centration (optical density 260 nm/280 nm ratio) and quality (optical 
density 260 nm/230 nm ratio) of the extracted RNA were determined 
using Bio-analyzer (Agilent, UK). The final concentration of RNA was 
adjusted to 100 ng μL− 1 for whole genome RNA sequencing using Illu
mina HiSeq X10. For the quantitative real-time polymerase chain reac
tion (qPCR) analysis, RNA was treated with DNaseI from the DNA-free 
kit (Promega Corporation, USA) and then checked by PCR to ensure that 
there was no contaminating DNA. First-strand cDNA was synthesized 
using the High-Capacity cDNA Reverse Transcription Kit as per the 
manufacturer’s protocol (Promega Corporation, USA). 

2.5. Pre-processing of data and transcriptome assembly 

The paired-end HiSeq Illumina reads of 2*151 bp, generated from 
two extreme varieties of cucumber, i.e., DC-48 and DC-83, (labelled as 1 
and 2, respectively) at two developmental stages viz., 5 DAP (Days after 
pollination) and 10 DAP (labelled as A and B, respectively) in triplicates 
were subjected for data cleaning and pre-processing. The pre-processing 
of raw reads was done using Trimmomatic v0.39 tool [45] to remove low 
quality reads and adapter sequences. We used filters like discarding the 
reads with read length ≤ 36 bp, phred score ≤ 3 (i.e., bases having 
values 3 and above are retained) and HEADCROP:10 (i.e., removed 10 
bases from the beginning of the reads). The quality visualization of reads 
was done through FASTQC-0.11.8 tool [46]. 

After pre-processing, the high-quality reads were used for the con
struction of de novo transcriptome assembly using Trinity assembler 
v2.5.1 [47] for identification of differentially expressed genes, tran
scription factors, variants and gene regulatory networks. The analyses 
were done with four different combinations, ie.,DC-48 at 5 DAP vs. DC- 
48 at 10 DAP (1A:1B), DC-48 at 5 DAP vs. DC-83 vs. 5 DAP (1A:2A), DC- 
48 at 10 DAP vs. DC-83 at 10 DAP (1B:2B) and DC-83 at 5 DAP vs. DC-83 
at 10 DAP (2A:2B). 

2.6. Transcriptome assembly and identification of differentially expressed 
genes 

The clean reads for each of the samples were mapped onto the cu
cumber reference genome using read aligner HISAT2 2.2.0 for reference- 
based assembly [48]. The transcripts were reconstructed for each sample 
using StringTie program v2.1.4 [49] over the cucumber genome anno
tation file (http://ftp.gramene.org/CURRENT_RELEASE/gtf/cucumis 
_sativus/). The resulting transcripts of all the samples were merged 
using Stringtie with “-merge” parameter to generate a global, unified set 
of transcripts across multiple samples. 
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For the identification of differentially expressed genes, paired-end 
reads of each sample were mapped individually onto the (i) generated 
reference-based cucumber transcriptome assembly for reference-based 
assembly and (ii) generated de novo cucumber transcriptome assem
bly for de novo assembly using Bowtie2 [50]. Transcript quantification 
was performed using RSEM (RNA-Seq by expectation maximization) 
[51] to calculate the expression. After this edgeR (Empirical analysis of 
Digital Gene Expression in R) [52] at stringent parameters (False Dis
covery Rate (FDR) < 0.001, p-value <0.05 and log2fold change = ±2) 
was employed for identification of significant differentially expressed 
genes (DEGs). This was performed for four possible comparisons, 
namely, 1A:1B, 1A:2A, 1B:2B and 2A:2B to obtain DEGs and their related 
plots by running utility PERL scripts. 

2.7. Homology search, annotation, functional characterization and 
transcription factor identification 

Sequences of the differentially expressed transcripts were extracted 
from the transcript assembly file using the tool seqtk (https://github. 
com/lh3/seqtk). The homology search was performed against NCBI nr 
database (ftp://ftp.ncbi.nlm.nih.gov/blast/db/) using standalone local 
ncbi-blast-2.2.31+ at threshold E-value of 10− 3 [53]. Blast2GO Pro ver. 
3.1 was used for the gene ontology to categorise transcripts into mo
lecular functions, biological processes and cellular components, KEGG 
(Kyoto Encyclopedia of Genes and Genomes) pathways analysis, enzyme 
classes, domains and families [54]. 

Blastx search at 1e-03 was used for identification of transcription 
factors (TFs) against PlantTFDB 4.0 (Plant Transcription Factors Data
base) version 5.0 for all the differential expressed genes obtained from 
four combinations of datasets [55]. 

2.8. Variant identification 

Mining of putative genic region DNA markers (Simple Sequence 
Repeat; SSRs) was performed from the de novo assembled transcripts 
using MISA (MIcroSAtellite identification tool) to get the mono-, di-, tri, 
tetra-, penta-, hexanucleotide and compound repeats [56]. For these 
markers, primers were generated using Primer3 tool [57] with param
eters (annealing temperature- min: 57 ◦C, optimal: 60 ◦C, maximum: 
63 ◦C, primer size- min: 15, optimal: 18, maximum: 28 oligo- 
nucleotides). 

Single Nucleotide Polymorphism (SNPs) and Insertion and Deletion 
(InDels) calling was performed using the bcftools pipeline where the 
reads of each of the samples 1A and 2A were individually mapped onto 
the reference cucumber genome (http://ftp.gramene.org/CURRENT_R 
ELEASE/fasta/cucumis_sativus/dna/) using Bowtie2 tool [58]. SAM
tools was used to pre-process the alignment/map files (SAM/BAM) for 
sorting, duplicate removal, read group addition and build BAM index for 
the BAM file [59]. These indexed BAM files were further used in bcftools 
for calling SNPs and INDELs. In order to obtain the significant variants, 
stringent parameters like read depth ≥ 15 and quality >30 were used. 
For generation of circular map of variants to visualize the relative dis
tribution of SNPs and InDels over 7 chromosomes, Circos tool was used 
[60]. 

2.9. Gene regulatory networks 

For construction of gene regulatory networks (GRNs), we filtered the 
“House Keeping Genes”, “Uncharacteristic proteins” and “Similar genes” 
from the top up- and down- regulated DEGs of all the four sets (1A:1B, 
1A:2A, 1B:2B and 2A:2B). These DEGs were selected based on the log 
fold change value for gene network analysis. The networks were visu
alized and analysis was carried out using Cytoscape version 3.7.2, where 
gene correlation was computed using the Pearson Correlation Coeffi
cient using the normalized expression values for each group [61]. 
Network Analyzer plug-in was used for the network centrality and 

topology. Hub genes were identified on the basis of degree and between- 
ness. 

2.10. Real time PCR validation 

Eleven differentially expressed genes were selected for validation 
using qRT-PCR. Besides, 5 primers based on the genes associated with 
cell wall stability (Expansin, β-galactosidase and Xyloglucan endo
transglucosylase) and chlorophyll break down (Pheophytinase and 7- 
hydroxymethyl chlorophyll a reductase) were also used for their 
expression analysis at three different time intervals after harvest viz. 
1DAH, 3DAH and 7DAH. Gene sequences for primer designing were 
taken from cucurbits genomic database (http://cucurbitgenomics.org). 
The primers were designed using IDT primer quest software (http 
s://www.idtdna.com/). cDNA was synthesized from DNase treated 
total RNA (2 μg) using Go Script™reverse transcription system kit 
(Promega, USA) as per the manufacturer’s instructions and diluted 20 
times with nuclease free water. The qRT-PCR was performed on light
cycler 96 system Real-Time PCR (Roche, USA) in a final volume of 10 μL 
containing 1 μL diluted cDNA (200 ng), 5 μL 2xSYBR Green (Go Taq 
qPCR system, USA), 0.4 μL each of forward and reverse primer (10 μM), 
and 3.2 μL RNase-free water as per the manufacturer’s instructions. The 
thermal cycling conditions were as follows: 95 ◦C for 1 min followed by 
40 repeated cycles of 95 ◦C for 10 s, 58 ◦C for 30 s, and 72 ◦C for 30 s. 
Relative gene expression was determined using 2 − ΔΔCT method by 
normalizing to the Actin gene expression. The primers used for qRT-PCR 
validation and expression analysis of cell wall stability and chlorophyll 
degradation related genes along with description were listed in Sup
plementary Materials, Table S1. 

2.11. Development of cucumber web-genomic resource 

CsExSLDb (C. sativus Extended Shelf Life Database) is an online 
relational database of cucumber (C. sativus) transcriptome based on 
“three-tier architecture” having, client-, middle- and database tier, that 
catalogues the information pertaining to assembled transcripts, differ
entially expressed genes (transcripts) and the pathways they are 
involved, transcription factors, putative SSR markers, their primers and 
variants (SNPs and InDels). All these information are in the form of ta
bles in MySQL in the database. For the user queries, fetching and 
execution, scripting in PHP has been done in the middle tier. For data
base browsing, web pages are developed in client tier. This resource is 
freely available for academic use at http://backlin.cabgrid.res.in/c 
sexsldb/. 

3. Results 

3.1. Determination of shelf life of the harvested fruits 

Shelf life of the cucumber fruits of contrasting genotypes, DC-48 and 
DC-83 was determined using two different indices based on colour 
change from green to yellow and extent of shrivelling. Besides, two 
additional parameters, total chlorophyll content and moisture loss as 
determined by weight of fruits at different time intervals were also 
conducted. Appearance of fruits at 5DAP (Fig. 1A), 10DAP (Fig. 1B) and 
15 days after storage in room condition is presented in Fig. 1C. Days 
taken for changing the colour to stage-3 with unacceptable fruits were 
significantly different in the genotypes, DC-48 and DC-83 at three 
different intervals of harvesting. The genotype, DC-48 took 12.7–13.8 
days as compared to 2.2–2.3 days in DC-83 to reach the stage-3 with first 
appearance of yellowing in the epicarp. Similarly, the shrivelling in the 
epicarp was delayed significantly in the genotype, DC-48. The appear
ance of the fruit cross section representing shrinkage 15 days after 
harvesting is presented in Fig. 1D. The days taken to the stage-3 char
acterised by clear shrivelling visible in the pedicel end and initiation of 
shrivelling in the main body of the fruits was 14.2–14.5 days in DC-48 
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while it was 3.0–3.3 days in DC-83. Shelf life of both genotypes were 
obtained by using retention of fresh green colour (Fig. 1E) and appear
ance of shrinkage on the fruit epidermis (Fig. 1F). 

Fruits of DC-48 and DC-83 were also analysed for chlorophyll con
tent and moisture loss at different time intervals Figure Supplementary 
Fig. S1. Average chlorophyll content in the fruit epicarp of DC-48 was 
7.46 mg, 6.72 mg and 5.62 mg whereas it was 6.19 mg, 4.97 mg and 

1.52 mg in DC-83 at 5DAP, 10DAP and 7 DAH (days after harvesting), 
respectively. Similarly, different pattern of moisture loss from the har
vested fruits of the DC-48 and DC-83 was observed. Average weight of 
the DC-48 was 298.8 g at harvesting (10 DAP). After storage under room 
condition, the weight of the fruits reduced to 279.4 and 266.3 g at 5 and 
10 days after harvesting (DAH). In DC-83 weight of the fruits changed 
from 354.2 g to 306.5 g and 271.2 g at 5 and 10 DAH. (Supplementary 

Fig. 1. Appearance and behaviour of fruits of cucumber genotypes, DC-48 and DC-83. (A) Appearance of fresh fruits at 5 days after pollination (5DAP) (B) 
Appearance of fresh fruits at 10 days after pollination (10 DAP) (C) Appearance of the fruits 15 days after harvesting stored under room condition (D) Cross section of 
the mid portion of the fruits with predominant shrinkage in DC-83 at 15 days after harvesting stored under ambient condition (E) shelf life of the fruits of DC-48 and 
DC-83 based on retention of fresh green colour (F) shelf life of fruits of DC-48 and DC-83 based on appearance of shrinkage on the fruit epidermis. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Materials, Fig. S1). Analysis of fruit firmness in these contrasting ge
notypes at 7DAH also revealed significant difference. Firmness was 
13.72 lb./in.2 in the genotype, DC-48 whereas it was 8.21 lb./in.2 in the 
genotype, DC-83 with poor shelf life indicating its role in determining 
post-harvest behaviour of the fruits. 

3.2. Pre-processing of data and transcriptome assembly 

The paired-end Illumina reads were generated from the two cu
cumber varieties, namely, DC-48 (extended shelf life) and DC-83 (poor 
shelf life) had 71,959,228 (DC-48, 5 days), 83,176,537 (DC-48, 10 
days), 69,580,245 (DC-83, 5 days) and 87,084,805 (DC-83, 10 days) 
reads. Summary of reads before and after trimming is presented in 
Table 1. After reads’ pre-processing and contamination removal, 
147,629,766 high-quality reads from all the samples were pooled for de 
novo transcriptome assembly. Trinity assembler generated a total of 
186,184 transcript with N50 value 2919 bp. The average contig length 
was found to be 1734.86 base pairs with GC content of 38.89% 
(Table 2). In order to rule out errors (spurious transcripts) in the as
sembly, reference assembly was used. The assembled transcripts were 
mapped on C. sativus genome (http://ftp.gramene.org/CURRENT_R 
ELEASE/fasta/cucumis_sativus/dna/). Out of a total of 186,184 tran
scripts, 170,819 transcripts mapped on the available cucumber genome 
making the mapping percentage as high as 91.75%. We used the suc
cessfully mapped transcripts for the downstream analysis to get DEGs 
and compute GRN. Pooled transcriptome assembly was used to maxi
mize number of DEGs in all dataset. This helps in retaining any novel 
genes/ transcripts which are not in the reference assembly. 

3.3. Transcriptome assembly and identification of differentially expressed 
genes 

A total of 830 (722 unique) and 1866 (1514 unique) DEGs were 
identified from all the four comparison sets (1A:1B, 1A:2A, 1B:2B and 
2A:2B) in response to the extended shelf life with defined parameters 
(FDR and P-value <0.05) using the EdgeR for reference based and de 
novo transcriptome assembly, respectively. All the DEGs identified in 
reference-based assembly were compared with the DEGs identified 
through the de novo assembly. Out of the 722 reference-based DEGs, 
685 (94.87%) DEGs showed significant similarity with the DEGs iden
tified by de novo assembly and are essentially the same transcript. While 
the rest of the 37 transcripts showed no similarity with any of the DEGs 
of de novo assembly Figure Supplementary Fig. S2. Believing that the 
larger number of DEGs identified by de novo approach may provide 
extra information, we proceeded with these DEGs for further analysis. 

Out of these differentially expressed genes, a total of 622, 716, 518 
and 10 transcripts were from sets 1A:1B, 1A:2A, 1B:2B and 2A:2B, 
respectively (Table 3, Supplementary Materials, Table S2). Heatmap 
showing the hierarchically clustered Spearman correlation matrix 
resulting from comparing the transcript expression values (TMM- 
normalized FPKM) for each sample is represented in Fig. 2A. Hierar
chical clustering of the DEGs as well as samples is shown as the heatmap 
where clustering is based on transcripts abundance in the three bio
logical replicates per sample (Figure Supplementary Fig. S3). The shared 

and unique differentially expressed genes are represented in the form of 
Venn diagram in Fig. 2B. The MA plot and volcano plot of the identified 
DEGs are represented in Figure Supplementary Fig. S4. Highest number 
of transcripts (716) were recorded when DC-48 at 5 DAP was compared 
with DC-83 at 5 DAP followed by DC-48 at two different developmental 
stages, with 622 number of transcripts. A total of 526, 435, 5 and 201 
DEGs were unique to the comparison sets 1A-1B, 1A-2A, 2A-2B and 1B- 
2B, respectively as seen in the Venn diagram (Fig. 2B). None of the genes 
were found common in all the 4 sets of comparison. 

3.4. Homology search, annotation, functional characterization and 
transcription factor identification 

Annotation of the four sets, (1A:1B, 1A:2A, 1B:2B, 2A:2B) revealed 
maximum similarity with C. sativus followed by Cucumis melo var. 
makuwa, C. melo and Cucurbit pepo subsp. pepo (Figure Supplementary 
Fig. S5) which may be due to their phylogenetic similarity. Gene 
ontology classification of Cucumis gene list was carried out. For 1A:1B, 
1A:2A, 1B:2B and 2A:2B, a total of 557, 589, 459 and 9 GO terms, 
respectively were assigned (Supplementary Materials, Table S3). It was 
observed that under biological processes ‘biosynthetic process’ was 
assigned the highest number of sequences followed by “cellular nitrogen 
compound metabolic process”. In case of cellular, “cellular components” 
were observed to have highest number of sequences involved. “Ion 
binding” was observed to be the highest in molecular functions followed 
by “Oxidoreductase activity” and “DNA binding” (Fig. 3). 

A total of 1866 differentially expressed genes were found to control 
165 pathways which belonged to five major classes, namely, Purine 
metabolism, Phenylalanine metabolism, Starch and sucrose metabolism, 
Methane metabolism and Glycosphingolipid biosynthesis in decreasing 
order. Maximum differentially expressed pathway of Purine metabolism 
was found on the day 5 of contrasting varieties. Maximum DEGs were 
found in major pathway of Phenylalanine metabolism, Starch and su
crose metabolism, Methane metabolism when we compared two time
lines of good keeping varieties. Glycosphingolipid biosynthesis pathway 
was found to be most differentiated on day 5 between two contrasting 
varieties. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis revealed that from a total of 622, 716, 518 and 10 DEGs ob
tained, 119, 115, 95 and 2 transcripts were assigned under 1A:1B, 
1A:2A, 1B:2B and 2A:2B, respectively. It was observed that purine 
metabolism, and phenylalanine metabolism were common in all four 
sets with different numbers of transcripts involved (Supplementary 
Materials, Table 4). Table 4 represents the major KEGG pathways from 
the four comparison sets. 

In comparing the genotype, DC-48 with extended shelf life in two 
different developmental stages (1A:1B), it was evident that besides the 

Table 1 
Summary of Reads’ Statistics of the genotypes DC-48 and DC-83 at different fruit 
developmental stages.  

*Sample Input Read 
Pairs 

Both 
Surviving 

Forward 
Only 
Surviving 

Reverse 
Only 
Surviving 

Dropped 

1A 71,959,228 31,173,063 40,752,590 10,445 23,130 
1B 83,176,537 36,399,704 46,739,130 12,055 25,648 
2A 69,580,245 35,861,319 33,686,152 11,825 20,949 
2B 87,084,805 44,195,680 42,846,863 14,469 27,793 

(*1 is DC-48 and 2 is DC-83; A is 5 DAP and B is 10 DAP) 

Table 2 
Summary of de novo assembly statistics of Cucumis sativus.  

Total assembled reads 147,629,766 

Total trinity transcripts 186,184 
Average contig length (kb) 1734.86 
Contig N50 (kb) 2919 
Percent GC (%) 38.89  

Table 3 
Number of Differentially Expressed Genes and Transcription Factors in various 
comparison sets.  

Comparison Total 
DEGs 

Up- 
regulated 

Down- 
regulated 

Transcription 
factors 

1A:1B 622 90 532 432 
1A:2A 716 354 362 437 
1B:2B 518 306 212 319 
2A:2B 10 4 6 6  
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metabolism associated with secondary metabolites, glyoxalate, dicar
boxylate, glycolysis, porphyrin, chlorophyll and carotenoid metabolism 
associated with photosynthesis and chlorophyll degradation/synthesis 
played important role. However, none of the transcripts of the genotype 
with very less shelf life with rapid loss of green colour at two different 
developmental stages (2A:2B) were related either to photosynthesis or 
cell wall degradation metabolism. The transcripts related to the 
glycolysis, glyoxylate, dicarboxylate, porphyrin, chlorophyll meta
bolism, pentose and glucuronate interconversions were the major me
tabolisms in case of 1A:2A. Glycolysis, porphyrin and chlorophyll, 
glyoxylate and dicarboxylate, oxidative phosphorylation and photo
synthesis, glycerolipid metabolism, glycerophospholipid metabolism, 
carotenoid biosynthesis, cutin, suberine and wax biosynthesis, and 
thiamine biosynthesis were the major pathways revealed in comparing 
1B:2B. 

We identified a total of 432, 437, 319 and 6 transcriptions factors 
(TFs) in 622, 716, 518 and 10 DEGs obtained from four sets of com
parison, namely, 1A:1B, 1A:2A, 1B:2B and 2A:2B. ERF family protein, 
NAC family protein, bHLH family protein and MYB family proteins were 
most abundant TFs identified in 1A:2A and 1B:2B. Similarly, these TFs 
were also detected repeatedly in case of 1A:1B (Supplementary Mate
rials, Table S5). 

3.5. Differential expression of genes associated with cell wall stability and 
fruit firmness 

Cell wall metabolism is crucial in determining the fruit texture, 
quality attributes and softening of the fruits. The genes associated with 
cell wall degradation and structure were expressed differently in the 
genotypes, DC-48 and DC-83. Polygalacturonase QRT3-like, and 
Expansin-A4 are crucial genes in softening of the fruits and were 
significantly down regulated in the genotype, DC-48 at 10DAP (1B:2B) 
at the stage of commercial maturity when compared with the poor 
keeping genotype, DC-83. The log2FC values for these two crucial genes 

were − 10.58 and − 3.89, respectively in the combination DC-48 vs. DC- 
83 at 10DAP. Similarly, Polygalacturonase At1g48100 was down- 
regulated in the genotypes DC-48 (− 3.21) at 5 DAP also when 
compared with DC-83 at the same developmental stage. Whereas, Gly
cosyltransferase family protein, Probable xyloglucan Glycosyltransfer
ase 12 (− 2.09), Polygalacturonase inhibitor-like (− 3.30), 
Pectinesterase/pectinesterase inhibitor PPE8B-like (− 2.06), probable 
xyloglucan endotransglucosylase/hydrolase protein 23 (− 5.28), xylo
glucan endotransglucosylase/hydrolase protein 22-like (− 3.44), xylo
glucan endotransglucosylase/hydrolase 2-like (− 4.52) and probable 
xyloglucan endotransglucosylase/hydrolase protein 23 (− 4.51) were 
down regulated in the genotype, DC-48 at 5DAP (1A:1B). Poly
galacturonase At1g48100 (− 3.21) and Pectinesterase (2.54) were also 
down regulated in the genotype, DC-48 when compared with DC-83 at 5 
DAP (1A:2A) (Supplementary Materials, Table S6A). 

3.6. Differential expression of genes associated with chlorophyll 
metabolism 

While studying the expression pattern of the chlorophyll metabolism 
related genes, it was evident that key genes related to the chlorophyll 
metabolism were differentially expressed in two contrasting genotypes 
at different developmental stages (Supplementary Materials, Table S6B). 
The transcripts glutamyl-tRNA reductase 1 (3.13), magnesium-chelatase 
subunit ChlH (4.01, 6.74), magnesium-protoporphyrin IX monomethyl 
ester (5.29), chlorophyllide a oxygenase (3.60), magnesium protopor
phyrin IX methyltransferase (3.22), chlorophyll a-b binding protein 6A 
(4.44), chlorophyll a-b binding protein 8 (6.12), chlorophyll a-b binding 
protein CP24 10A (6.22), chlorophyll a-b binding protein CP29.1 (4.29), 
chlorophyll a-b binding protein of LHCII type 1-like (7.44, 5.08), chlo
rophyll a-b binding protein of LHCII type III (5.43), chlorophyll a-b 
binding protein P4 (7.08), photosystem II CP47 chlorophyll apoprotein 
(3.37) and photosystem II P680 chlorophyll A apoprotein (3.87) were 
significantly upregulated in the genotype DC-48 as compared DC-83 at 

Fig. 2. (A) Heatmap of each sample dataset representing the hierarchically clustered Spearman correlation matrix (B) Venn diagram representing the unique and 
shared DEGs from different comparison sets. 
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10DAP (1B:2B). Similarly, the transcripts magnesium-protoporphyrin IX 
monomethyl ester [oxidative] cyclase (2.46), chlorophyll a-b binding 
protein 8 (2.08), chlorophyll a-b binding protein CP24 10A (2.34) and 
chlorophyll a-b binding protein of LHCII type 1-like (3.16) were upre
gulated in the genotype, DC-48 at 5DAP too (1A:2A). In studying the 

genotype, DC-48 at two different developmental stages (1A:1B), it was 
evident that the key transcripts magnesium-chelatase subunit ChlH 
(− 3.80, 4.23), magnesium-protoporphyrin IX monomethyl ester 
[oxidative] cyclase (− 2.52), chlorophyllide a oxygenase (− 2.79), 
glutamyl-tRNA reductase 2 (− 2.99), delta-aminolevulinic acid 

Fig. 3. Gene Ontology counts for Biological processes, Cellular Components and Molecular functions.  
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dehydratase (-2.19), chlorophyll a-b binding protein 8 (− 2.27), chlo
rophyll a-b binding protein CP24 10A (− 2.45), chlorophyll a-b binding 
protein CP29.1 (− 2.18), chlorophyll a-b binding protein of LHCII type 1- 
like (− 2.10), chlorophyll a-b binding protein of LHCII type III (− 2.32), 
chlorophyll a-b binding protein P4 (− 3.03) and photosystem I chloro
phyll a/b-binding protein 6 (− 8.21) were significantly downregulated at 
5DAP as compared 10DAP. However, it was notable that there was no 
significant difference in the expression pattern of key genes in the ge
notype DC-83 at two different developmental stages (2A:2B). 

3.7. Differential expression of genes associated with ethylene biosynthesis 

The key genes for ethylene metabolism, 1-aminocyclopropane-1- 
carboxylate synthase (ACS) (− 7.16) and 1-aminocyclopropane-1- 
carboxylate oxidase (ACO) (− 4.20) and 1-aminocyclopropane-1-carbox
ylate oxidase homolog 1-like (− 6.64) were expressed differently in the 
genotype DC-48 at two different developmental stages (1A:1B). Along 
with ACO and ACS, several ethylene-responsive transcription factors 
(ETFs) were down regulated at 5DAP in the genotype, DC-48. However, 
no significant difference in expression pattern of these genes and ETFs 
were recorded in the genotype, DC-83 (2A:2B) and among DC-48 and 
DC-83 (1A:2A; 1B:2B) (Supplementary Materials, Table S6C). 

3.8. Variant identification 

Based on the de novo assembled transcripts, a total of 21,524 puta
tive SSRs were identified. Out of this, mononucleotides were 12,251, 
dinucleotide were 3824, trinucleotide were 3075, tetranucleotide were 
278, pentanucleotide were 86 and hexanucleotide were 81 in number. 
Maximum abundance was observed in mono-type (56.91%), followed by 
di- type (17.76%), and tri- type (14.28%). The primers were designed for 
21,477 SSRs while for 47 SSRs primers could not be designed from the 
genic region SSRs mined from the de novo assembly. Supplementary 
Materials, Table S7 gives the details of all the identified SSR markers and 
their primers. 

SNPs and InDels were identified in all the four samples (1A, 1B, 2A, 
2B). A total of 671,425 SNPs and InDels were identified. Out of this 
545,173 were SNPs and 126,252 were InDels. Individual distribution of 
SNPs and InDels from all the samples is provided in Table 5. However, 
many SNPs and InDels were shared among these four samples. The Venn 
diagram shows the shared and unique SNPs and InDels across all the four 
samples (Fig. 4A). A total of 183,816 variants were unique to a partic
ular sample while 107,468 variants were shared by two samples. A total 
of 33,311 variants were shared by three samples and 41,485 variants 
were shared by all the four samples. We also compared the SNP and 
InDel distribution between the two contrasting cucumber genotypes. 
Circos plot (Circular map) was generated to depict chromosome-wise 
SNP and InDel distribution between the two cucumber varieties 
(Fig. 4B). 

3.9. Gene regulatory networks 

For construction of Gene regulatory networks (GRN), DEGs were 
used [62] to get the idea of the co-expressional network and the cross 
talk between key genes that are associated with the trait under study. 
The SNPs of genes used in the GRN are reported to be involved in 
regulating trait [63]. We constructed GRNs for 1A:1B, 1A:2A, 1B:2B and 
2A:2B with 48, 49, 40 and 10 DEGs, respectively after applying the 
filtering criteria (Supplementary Materials, Table S8). Genes repre
sented in green are up-regulated while those in red are down-regulated. 
We found more down-regulated hub genes for the comparison set 1A:1B 
(Fig. 5A; Fig. 5B), while number of up-regulated hub genes were more 
than down regulated for comparison sets 1A:2A (Fig. 6A; Fig. 6B) and 
1B:2B (Fig. 7A; Fig. 7B). Fig. 8 represents the heatmap for the genes 
involved in GRN construction for comparison set 2A:2B. 

3.10. Real time PCR validation 

To authenticate the RNA seq data for transcriptomic study, a set of 11 
randomly differentially expressed genes including seven down- 
regulated transcripts and four up-regulated and four down-regulated 
transcripts for comparison of DC-48 and DC-83 at different develop
mental stages were selected. There was significantly high correlation 
(0.98) in expression pattern of the selected DEGs in transcriptomic with 
qRT-PCR data. Similar pattern of up- and down-regulation of all the 
selected transcriptomes confirmed the reliability and quality of the 
transcriptome data and the estimation of gene expressions based on 
FPKM values (Supplementary Materials, Fig. S6A and Fig. S6B). 

Real time PCR was also conducted for five key genes associated with 
cell wall stability and chlorophyll degradation in the two contrasting 
genotypes at 3 different time intervals starting from 1 day to 7 days after 
harvest. We have not taken any genes for ethylene biosynthesis after 
getting an idea about their limited role because of non-climacteric na
ture of the cucumber fruits. Relative expression of cell wall stability and 
chlorophyll degradation related genes revealed that these key genes 
were highly expressed in the genotype, DC-83 when compared with DC- 
48 in all three different time intervals. Besides, the all the five genes 
were up-regulated in both the genotypes with the increasing intervals 
after harvest though the extent of upregulation was significantly higher 
in case of DC-83 with poor keeping quality (Supplementary Materials 
Fig. S7) The expression pattern were similar to the results obtained 
through RNA-seq at two different time intervals before harvesting the 
fruits. 

3.11. Development of cucumber web-genomic resource 

Transcriptome based cucumber specific web-resource, CsExSLDb 
(C. sativus Extended Shelf Life Database) is freely available at http://bac 
klin.cabgrid.res.in/csexsldb/ for academic use. It has 6 tabs, namely, 
“Home”, “Genes”, “Markers”, “Help”, “Download” and “Contact” It 
catalogues the information related to assembled transcripts along with 
length, putative function, locations on reference chromosome, BLAST 
details and the pathways associated. In addition to these, the candidate 
genes with their expression values, transcription factor and the TF 
Protein families are also provided. The genic region putative markers 
like SSRs, their type (mono, di, tri, compound etc.), location on the 
transcripts along with five possible primers are provided. In case of 
variants, information for both SNP and InDel has been provided which 
includes the chromosome number with location, reference and alternate 
allele, the quality and the read depth. CsExSLDb houses 186,184 tran
scripts, 1866 DEGs, 1194 Transcription Factors, 21,524 SSR, 545173 
SNPs and 126,252 InDels. The entire database occupies ~102 Mb of 
data. CsExSLDb is designed to be easily navigable and allows users to 
browse the data easily. The ‘Help’ page will assist the users how to use 
this database. The “Download” tab provides links to the original data 
submitted to NCBI for download. Fig. 9 represents the interface for the 

Table 4 
Major KEGG pathway analyses of the DEGs from the various comparison sets.  

Pathways 1A:1B 1A:2A 1B:2B 2A:2B 

Purine metabolism 24 43 28 1 
Phenylalanine metabolism 18 1 2 1 
Starch and sucrose metabolism 9 9 9 0 
Methane metabolism 6 0 6 0 
Glycosphingolipid biosynthesis 0 7 1 0  

Table 5 
Distribution of SNPs and INDELs in the samples 1A and 2A.  

Condition SNP INDEL 

1A 129,532 28,769 
2A 150,420 36,215  
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usage of CsExSLDb. 

4. Discussion 

Post-harvest biology, shelf life and losses due to decay of fruits are 
inter-linked with each other. Shelf life of fruits after harvest are deter
mined by an array of physiological, biochemical and developmental 
changes in a genetically regulated and coordinated manner [64–67]. 
Based on the respiratory pattern, cucumber fruits are non-climacteric in 
nature [28]. We report for the first time the detailed molecular networks 
associated with degradation of the fruits and post-harvest biology in 
cucumber based on the transcriptional analysis of two contrasting ge
notypes through RNA-seq at two different developmental stages. The 
evaluation of the natural variant, DC-48 with extended shelf life 
revealed that extended shelf life was mainly determined by retention of 
fruit firmness, flesh texture and attractive green colour of the fruit 
epidermis without any shrinkage even after several days of harvesting 
under room condition. In contrast, the genotype, DC-83 become unfit for 
consumption because of visible shrinkage initiated from pedicel end, 
softening of fruits and yellowish flesh colour within 2–3 days of har
vesting. While investigating chlorophyll content and moisture loss from 
the fruits at different time interval, it was evident that degradation of 
chlorophyll was slower in the genotype with better keeping quality. 
Similarly, moisture loss was more prominent in the poor keeping ge
notype, DC-83. Moisture loss in the genotype, DC-83 was 13.5% and 
23.5% as compared to 6.4% and 10.8% of the original fruit weight in DC- 
48 at 5DAH and 10 DAH, respectively. Therefore, reduced water loss 
from the fruits in the genotype, DC-48 was probably responsible for 
delayed shrinkage of the fruits thus better keeping quality. While 
comparing fruit firmness at 7DAH, it was evident that the genotype DC- 
48 had much higher firmness as compared to the poor keeping genotype, 
DC-83. Therefore, this trait was one of the most important key deter
minant of shelf life of the cucumber genotypes. The findings of this study 

regarding differential expression of the key genes associated with 
chlorophyll, ethylene and cell wall stability at two different develop
mental stages provided insight about post-harvest behaviour of the 
fruits. 

The total number of DEGs from de novo transcriptome assembly 
(1514) is more than those from reference-based (722). Since the draft 
genome assembly of cucumber had total length of 243.5 Mb which is 
about 30% smaller than the estimated genome size, we can believe the 
loss of information from the missing parts. Also, we got partial tran
scripts in de novo transcriptome assembly where each gene comprises of 
more than one transcript, hence inflating the number of transcripts. 
Further, genes were predicted having an average of 4.39 exons per gene 
leading to the increased number of transcripts [68] https://academic. 
oup.com/nar/article/30/1/191/1332222]. 

We found the number of transcripts (186184) to be more than the 
number of genes reported in cucumber. Since in most of the eukaryotes, 
average number of exons is 5.4 per gene [68]: https://academic.oup. 
com/nar/article/30/1/191/1332222] and if 3 and 3` UTR regions are 
added further for every gene, the number of transcripts will be inflated, 
which is observed here. Limited number of DEGs (only 10) were 
observed within poor shelf life cucumber (DC-83) across timeline of 5 
and 10 days (2A:2B) which indicates that major physiological pathways 
are already set into motion within/up to 5 days in this genotype and 
limited number of genes are involved at later stage. To simplify, DC-83 
variety is poor in initial 5 days itself in terms of their genetic ability of 
shelf life and retention of green colour. Interestingly, major differences 
between genotypes due to their contrasting genetic back-up in terms of 
shelf life and de-greening was found. We found highest DEGs (518) 
when we compare two genotypes at their respective time-line (5 and 10 
days) which reflects physiological changes between 5 and 10 days. On 
comparison within genotype, it was found that extended shelf life (good 
keeping line, i.e., DC-48) had higher number of DEGs (622) in their time- 
line. Maximum DEGs (>716) were found when we compared two 

Fig. 4. Venn diagram and Circos plot representing the identified variants (A) Venn diagram representing the unique and shared number of SNPs in each sample 
dataset (B) Circos plot representing the distribution of variants in the Cucumber transcriptome assembly as compared to reference Cucumber Genome having 7 
chromosomes (Red and blue dots represent SNPs under conditions 1A and 2A, respectively while green and yellow dots represent INDELs under conditions 1A and 
2A, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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contrasting genotypes at the earliest data point of 5 days, enabling us to 
delineate the genetic contrast / genetic backup of two contrasting ge
notypes decoding their key candidate genes and molecular pathways. 
DC-48 line is good in the first 5 days itself due to its inherent genetic 
makeup. 

Gene regulatory networks in two genotypes at different time point 
also establishes the role of key hub genes associated with exceptionally 
high shelf life and slow degradation of DC-48 fruits. In the poor keeping 
genotype (DC-83) across timeline of 5 and 10 days (2A:2B) the fold 
difference was very high (>8) which depicts that limited set of pathways 
are operating in this poor keeping lines at later stage. The top 10 DEGs 
used in GRN provided insight about its poor shelf life. These limited 
genes pertain to pathways of fruit ripening and post-harvest life. The 
role of the up-regulated transcripts, mediator-associated protein 1, VQ 
motif-containing protein and serine/threonine-protein kinase SMG1- 
like in ripening and shelf life has been reported earlier [69–71] in 
different fruit crops. Prostatic spermine-binding protein and WRKY 
transcription factor genes are reported to play role in fruit ripening. 
Prostatic spermine-binding protein genes binds polyamines which act as 
‘surrogate messengers’ and nudge other signalling molecules like plant 
hormones and NO activating the genetic network to regulate late 
developmental stages of fruit ripening and senescence [72]. The 
ethylene-responsive WRKY genes show up-regulation during fruit 
ripening. They are known to activate the genes associated with devel
opment of fruit colour in tomato [22]. Phenylalanine ammonia-lyase 
known to be involved in prolong postharvest shelf life of fruits like 
melons. It lowers rate of O2/CO2 transmission coefficient, limiting food- 

borne pathogenic bacterial growth, higher antioxidant activities, and 
also higher reactive oxygen species (ROS) scavenging and anti-browning 
activities of related enzymes in the tomatoes [73]. In fig (Ficus carica) 
fruit, pleiotropic drug resistance protein 1 has been found associated 
with fruit size, colour and post-harvest transportability and shelf life 
[74]. Up-regulation of these key hub genes in 1A:1B explained the 
molecular network responsible for poor shelf life of DC-83. 

The key hub genes up-regulated in 1A: 2A were 1, 3-isopropylmalate 
dehydratase small subunit 3, Callose synthase, Photosystem II CP43, 
Protein Ycf2 and MYC2 TF gene. In melon 1, 3-isopropylmalate dehy
dratase small subunit 3 has been found to be associated with high fruit 
flesh firmness during ripening. It catalyzes the stereospecific isomeri
zation in 2-isopropylmaleate in biosynthesis of the amino acid leucine 
which is a potential precursor of volatile organic compound like 2-ethyl
hexan-1-ol, nonanol or 4-isopropylhexanol involved in fruit ripening 
and shelf life [75]. Similarly, callose synthase reported to play important 
role in softening of cell wall in the process of ripening [76]. Protein Ycf2 
gene is involved in plastid protein import, regulation, and involvement 
in plastid differentiation in fruit ripening [77] and MYC2 gene is a key 
regulatory factor in the JA pathway and SlFSR expression level associ
ated with shortening of fruit shelf life in tomato [78]. Similarly, Argi
ninosuccinate synthase, Light-dependent short hypocotyls protein gene, 
Flavin-containing monooxygenase, Nitrate regulatory gene2 (NRG2) 
and 1, 3-oxoacyl-[acyl-carrier-protein] reductase 4 were down regulated 
in 1A when compared with 2A. Argininosuccinate synthase and Light- 
dependent short hypocotyls protein gene are important in synthesis of 
polyamine and carotenoid biosynthesis, respectively and associated 

Fig. 5. Gene regulatory network (A) and heat map (B) of the top 48 genes of cucumber transcriptome associated with shelf life in the comparison set 1A-1B.  
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with fruit ripening [79,80]. Besides, Flavin-containing monooxygenase 
and Nitrate regulatory gene2 (NRG2) are key hub genes associated with 
auxin-mediated transcription contributing faster ripening by earlier 
initiation of ethylene response (auxin-ethylene crosstalk) [81] nitrate 
signalling controlling nitric oxide which counters ethylene effects on 
ripening fruits [82], respectively. 1, 3-oxoacyl-[acyl-carrier-protein] 
reductase 4 is another key gene associated with fruit ripening in ba
nana [83]. 

The top transcripts in GRN analysis of 1B:2B were instrumental to 
dissect the mediation of change in colour and shelf life in the contrasting 
genotypes. The up-regulated transcripts were Fasciclin-like arabinoga
lactan protein, HMG genes, ATP-dependent (S)-NAD(P)H-hydrate 
dehydratase, Argininosuccinate synthase and Nitrate regulatory gene2 
protein-like. Fasciclin-like arabinogalactan protein plays important role 
in development of cell wall component and fruit metabolism and fruit 
ripening [84]. HMG genes acts as fruit size regulators with pleiotropic 
effect on seeds and flowers with coordinated regulation. ATP-dependent 
(S)-NAD(P)H-hydrate dehydratase, Argininosuccinate synthase and Ni
trate regulatory gene2 protein-like genes were up regulated in HMG 
genes early developmental stage (1A:2A) also. Therefore, these hub 
genes play critical role starting from early developmental stage to 
determine the shelf life in cucumber. Zinc finger CCCH domain- 
containing protein (TF), cytochrome P450, tyrosine sulfotransferase, 
UDP-glucuronic acid decarboxylase 2, Phenylalanine ammonia-lyase 
were key down regulated transcripts in 1B:2B. Zinc finger CCCH 
domain-containing protein mediates synergistically control persimmon 
fruit deastringency [85]. Cytochrome P450mediates the synthesis of 
pigments, odorants, flavours and order− /genus-specific secondary me
tabolites [86]. Tyrosine sulfotransferase is known for regulating carot
enoid pathways and also regulates betalain accumulation of pitaya fruit 
[87]. The role of UDP-glucuronic aciddecarboxylase 2 in cuticle 
biogenesis has also been reported [88]. 

Besides, the top transcripts used in formation of GRN, we have also 

investigated the role of key transcripts associated with cell wall stability, 
chlorophyll and ethylene metabolism associated with extraordinary 
shelf lifekeeping quality of the genotype, DC-48. Identified DEGs and 
associated pathways in two contrasting genotypes at different time in
terval revealed that the genes associated with cell wall degradation and 
softening of fruit surface, loss of green colour and ripening mediated 
degradation played pivotal role in determining the shelf life of cucumber 
fruits. Softening of fruits are mainly due to modification of the rigid cell 
wall which is primary contributor of firmness [1,36,89]. The genes 
responsible for cell wall metabolism and ripening of the fruits are 
directly related with shelf life of fruits [33,34,36,90,91]. It was revealed 
that the genes related to the polygalacturonase (PG) and expansin (EXP) 
were significantly down regulated in the genotype, DC-48 at the stage of 
marketing maturity (1B:2B). Besides, PG was also down regulated at 
5DAP in DC-48 indicating its role in determining the cell wall integrity 
and firmness of the fruits even after harvest. Therefore, the retention of 
fruit firmness in this genotype can be attributed to the PG and EXP 
metabolism besides other hub genes as indicated earlier. The role of the 
genes encoding the PG and EXP degradation enzymes in ripening and 
flesh softening have been established in different fruits [36,38]. In the 
early stage of fruit development at 5DAP, the genes related to the cell 
wall degradation like pectinor of matrix glycans, xyloglucan 
endotransglycosylase-hydrolases (XTHs) were down regulated in the 
genotype, DC-48 as compared to the harvesting stage at 10DAP, indi
cating their role in better keeping quality of the fruits after harvest. 
Therefore, the key mechanisms and networks associated with better 
keeping quality of DC-48 must have come into action much before 
harvest at immature stage itself. Role of the early developmental stages 
in determining the ripening pattern and as a consequence the keeping 
quality has already been established in melon [27]. Down-regulation of 
some families of the PG and pectinesterase in early developmental stage 
(1A:2A) also confirmed their larger role even after harvesting. In tomato 
and bell pepper the role of PG in fruit softening have been reported by 

Fig. 5. (continued). 
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Fig. 6. Gene regulatory network (A) and heat map (B) of the top 49 genes of cucumber transcriptome associated with shelf life in the comparison set 1A-2A.  
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several workers [33,36,92,93]. These findings established the role of the 
cell wall degradation metabolisms in enhancing the shelf life in cu
cumber through retention of fruit firmness. 

Besides the stability of the cell wall and maintenance of fruit firm
ness, ability of the genotype DC-48 to retain fresh green colour even 
after several days of harvesting was crucial determinant of keeping 
quality and marketability of the fruits. In cucumber, external 

appearance and colour of the fruit surface is an important criterion of 
consumer preference [94]. Epicarp colour formation and retention is 
largely determined by chlorophyll and carotenoid pigments and their 
proportion [95]. Green, orange, yellow, light green and white colour in 
different cucurbit fruits are because of different composition and con
centration of chlorophyll and carotenoid [20,96,97]. The appearance of 
the cucumber fruits after harvest is determined by retention of the green 

Fig. 7. Gene regulatory network (A) and heat map (B) of the top 40 genes of cucumber transcriptome associated with shelf life in the comparison set 1B-2B.  
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flesh colour. Loss of green colour is because of degradation of chloro
phyll (Chl) by Chl catabolic enzymes (CCEs) which occurs mainly during 
the leaf senescence. Stay green phenotype in cucumber is due to muta
tions in CCE genes resulting delayed leaf senescence [41,42]. For 
example, the STAYGREEN (SGR) gene encoding the magnesium 
dechelatase is a key regulator in the Chl degradation pathway [98]. A 
large number of transcripts encoding magnesium chelatase, magnesium- 
protoporphyrin, glutamyl-tRNA reductase, chlorophyllide a oxygenase, 
chlorophyll a-b binding protein were up-regulated in the genotype, DC- 
48 at 10DAP indicating their role in retention of fresh green colour after 
harvesting. Lower expression level of most of these genes at 5DAP could 
be because of their greater role at maturity rather than at immature 
stage. Therefore, the retention of epicarp green colour of the fruits after 
harvesting in the genotype, DC-48 was because of down-regulation of 
the CCEs transcripts. Findings of the cell wall related genes and chlo
rophyll metabolism establishes that the motion for cell wall related 
genes were set much before the harvest as we observed their differential 
expression even at 5DAP whereas the role of the chlorophyll metabolism 
related genes became greater when the fruits approaching the harvest
ing maturity. Real time PCR of selected genes related to the cell wall 
stability and chlorophyll degradation at different time intervals after 
harvest followed the similar pattern with the results obtained through 
RNA-seq. Higher expression of the key genes like Expansin, β-galacto
sidase and Xyloglucan endotransglucosylase in the genotype DC-83 was 
associated with cell wall degradation and reduced firmness after har
vest. These genes were advocated as the key genes associated with fruit 
firmness in wide variety of fruit crops [36,38]. Besides, the genes 
associated with chlorophyll break down (Pheophytinase and 7-hydroxy
methyl chlorophyll a reductase) also exhibited similar expression 
pattern with much lower expression in the genotype, DC-48 with higher 
shelf life and capacity to retain the fresh green colour after harvest for a 
much longer time. Similar expression pattern before and after harvest of 
the fruits indicated that the underlying molecular network involved with 
extended shelf life of cucumber must have initiated much before harvest 
and the findings through RNA-seq at different fruit development stages 
before harvest should be applicable for behaviour of the fruits even after 
harvest also. Correlation between expression pattern of genes at 
different fruit developmental stages before harvest and ripening pattern 

and as a result the post-harvest life of the fruits has been established in 
melon [27]. 

Besides respiration, shelf life of most of the fruits and decay after 
harvest is found to be directly correlated with the level of ethylene 
released [99,100]. While comparing the contrasting genotypes it was 
found that there was no significant difference in the expression pattern 
of the key ethylene biosynthesis genes among DC-48 and DC-83 either at 
5DAP or 10DAP indicating limited role of the ethylene in determining 
the post-harvest biology and extended shelf life of the cucumber fruits. 
Limited role of ethylene in determining shelf life and post-harvestpost- 
harvest biology of cucumber is attributed to the non-climacteric na
ture of the cucumber fruits as ripening process is generally non- 
responsive to ethylene. 

Purine, phenylalanine, and phenylpropanoid metabolisms are 
important for wide variety of functions including their role in fruit 
ripening, membrane structure and senescence [101–103]. Chlorophyll 
metabolism related to photosynthesis, glycerolipid metabolism, glycer
ophospholipid metabolism, carotenoid biosynthesis, cutin, suberine and 
wax biosynthesis, and thiamine biosynthesis were the major pathways 
identified among the two contrasting genotypes through KEGG analysis. 
Role of chlorophyll metabolism and carotenoid biosynthesis in retention 
of fresh green epicarp colour and turning of green to yellow, brown, or 
orange in well known [104–107]. Therefore, altered chlorophyll meta
bolism for slower degradation in the genotype with extended shelf life 
was the principal factor for retention of fresh green colour of the fruits 
even after several days of harvesting in the natural variant, DC-48. 
Retention of firmness phenotype is very complex but the glycerolipid 
metabolism, glycerophospholipid metabolism, cutin, suberine and wax 
biosynthesis, revealed through KEGG pathway analysis are reported to 
be directly or indirectly involved with structure of the cell wall, tran
spiration loss and fruit firmness [108]. 

Gene expression value is spatio-temporal in function and we 
compared DEGs at two different cardinal datapoints of genetic and 
physiological response of the genes. Genetic response of the trait of de- 
greening and shrivelling can easily be dissected by comparing con
trasting varieties at two different timelines (5 DAP and 10 DAP). Phys
iological response of the trait can be seen within the genotype itself 
across timeline depicting the pathways involved. This clearly 

Fig. 8. Heat map of the top 10 genes of cucumber transcriptome associated with shelf life in the comparison set 2A-2B.  
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demonstrates different lines can delineate the genetic background 
operating behind these traits. By comparing different lines, the GRN can 
not only enlist the candidate genes but can also prioritize certain genes 
like hub genes explaining the pathways. Such candidate gene discovery 
can be used in future marker discovery program also. 

Significantly high correlation and similar expression pattern of the 
transcripts based on RNA-seq and qRT-PCR confirmed the high quality, 
reliability and authenticity of the RNA-seq data conducted for compar
ative transcriptase analysis. Understanding the molecular network 
responsible for the extended shelf life of the genotype, DC-48 through 
RNA-seq provided an insight into this trait which can be applied in cu
cumber improvement programme in breeding genotypes with higher 
keeping quality. The analysis of the differentially expressed genes 
revealed complex molecular network responsible for exceptional shelf 
life of the DC-48 through gene regulatory networks analysis. GRN 
among the genotypes at different developmental stage indicated the role 
of the important metabolism and hub genes associated with wide variety 
of biological process besides chlorophyll, ethylene and cell wall degra
dation metabolism in extended shelf life of cucumber fruits. 

Variants identified in the study can be used as a potential source of 
putative functional domain markers as they are derived from genic re
gion. Variants in the forms of SSRs, InDels and SNPs can be used as a 

polymorphic marker by mapping them over reference sequence of cu
cumber to design genotyping assay. The large number of the identified 
variants distributed throughout the cucumber genome will be instru
mental in future association studies leading to fine mapping of the 
keeping quality (shelf life). Identification of DNA based putative 
markers like SSRs and variants like SNPs and InDels are extremely useful 
in development of linkage map and mapping of the economically 
important traits in cucumber. The identified SSRs, SNPs and InDels can 
be used for further enriching the linkage map in cucumber, identifica
tion of DNA based markers for economically important traits and fine 
mapping in cucumber. Besides, these findings will be useful for future 
research in association studies and marker assisted breeding which is 
long term requirement in varietal improvement. The web-genomic 
database, CsExSLDb would be available freely to the researchers 
worldwide for academic purpose. This genomic database will provide a 
platform to undertake genetic studies, genomic analysis, marker devel
opment and linkage map construction in cucumber improvement 
programme. 

5. Conclusion 

In summary, comparative transcriptome analysis for extended shelf 

Fig. 9. Web interface of database (CsExSLDb) showing various search option facilities.  
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life in two contrasting genotypes of cucumber revealed the key physi
ological, molecular mechanisms and pathways associated with excep
tionally high shelf life in the developed natural variant, DC-48. qRT-PCR 
with the randomly selected primers established authenticity of the RNA- 
seq data. At the different developmental stages, 1364 DEGs were iden
tified and most them were associated with purine, phenylalanine, starch 
and sucrose and methane metabolism and glycophospholipid biosyn
thesis. Besides, cell wall degradation and chlorophyll metabolism played 
important role. Polygalacturunase (PG), Expansin (EXP) and xyloglucan 
endotransglucosylase associated with cell wall degradation played key 
role in maintaining fruit firmness even after several days of harvest. 
Retention of fresh green colour of the fruit epidermis was because of low 
expression level of the chlorophyll catalytic enzymes (CCEs). Mining of 
large number of SSRs, SNPs and InDels will be instrumental in future 
cucumber improvement programme. The findings will facilitate devel
opment of cucumber genotypes with better shelf life, reduce the post- 
harvest loss and would be instrumental to reduce hunger at large as 
per United Nations Sustainable Development Goals. The developed web 
data base (CsExSLDb) freely available will provide a readymade plat
form in understanding and utilizing genomic resources developed for 
shelf life. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ygeno.2022.110273. 
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