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I. INTRODUCTION 

The cucumber is a plant from the Cucurbitaceae family, that contains around 750 

species. It belongs to the Cucumis genus and the latin name of the species is Cucumis sativus 

L. (Malepszy and Niemirowicz-Szczytt, 1991). 

It is native to southern Asia, particularly India where it has been cultivated for over 3000 years. 

While the presence of cucumber extended to European countries such as Greece and Italy, it 

was introduced at the same time in China. It came into other European countries through the 

development of the roman empire and appeared for instance in France in the ninth century 

(INFOAGRO SYSTEMS, SL, 2014). 

 

I.1. Cucumber’s economic value in Poland 

Cucumber is a very important crop since it has a high rate of consumption. Thus, to 

respond to the high demand, countries need to have a high offer. The production share of 

cucumbers is 85,9% for the Asian continent that is therefore the first producing continent, but 

Europe stands at the second place with an honorable production share of 8,9% (FAO, 2019). In 

2011, China was the biggest world producer of cucumber with 47,31 million tons representing 

73,16% of the world production. Besides, the Russian Federation, Ukraine and Poland are 

respectively the fourth, fifth and eleventh biggest producers of cucumber in the world, and first, 

second and fourth biggest producers in Europe (INFOAGRO SYSTEMS, SL, 2014). Moreover, 

Poland produced in average, on the last 15 years, more than 161 thousand tons of cucumbers 

while other European countries like France or Italy produced between 43 thousand tons and 

less than 161 thousand tons of cucumber, and some other countries even less (FAO, 2019). 

Therefore, cucumber has a high importance in European countries and especially in Eastern 

Europe. 

Indeed, Poland had an increasing production of cucumber from 2011 to 2017, reaching 

around 545000 tons in 2017 out of the 83,75 million tons produced in the whole world 

(INFOAGRO SYSTEMS, SL, 2014; FAO, 2019). The increase of production started in 2010 

and is going along with a high increase of the yield (FAO, 2019). 

This might be explained by the interest of Polish farmers and people in this plant 

production. The cucumber is indeed one of the ten most produced commodities in the category 

of vegetables primary (FAO, 2019) and so it is important for farmers to get a better yield. 

 

I.2. Next Generation Sequencing (NGS) methods in breeding 

The NGS techniques enable the sequencing of whole genomes and transcriptomes, and 

thus the discovery of new genes and their position. Moreover, the sequencing is based on a 

whole population and not only single individuals. These techniques are able to perform a 

massive sequencing work producing big data (Pawełkowicz et al., 2016). 

Nowadays, the breeders rely more and more on genetic data, where the NGS methods 

can help by making available a high number of molecular markers for instance. For the marker-

assisted selection it is essential to connect the phenotype to the responsible gene(s), and NGS 
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techniques facilitate the process by providing the genome sequence of the target plant with its 

structural and functional annotation. In this way, it is easier to establish a correlation between 

a phenotypical trait and the genes implied in its expression. A very precise gene mapping is 

then very important (Pawełkowicz et al., 2016). In 2011, the first cucumber gene map was 

created. SSR markers were used to create a linkage map divided in 7 groups, each corresponding 

to one of the cucumber chromosomes. The map possesses 248 SSR markers and 7 important 

traits for horticulture were identified (Miao et al., 2011). A new genetic map was created later, 

in 2015 (Xu et al. 2015). The easier creation of new gene maps enabled a marker-assisted 

selection of 90% precision of the yellow fruit flesh trait encoded by the yfl gene mapped on the 

7th chromosome (Lu et al., 2015). However, it is necessary to build genetic maps specific to the 

variety or line studied, because of the potential chromosome rearrangements (Yang et al., 

2012). Among all the cucumber traits that have a breeding importance, several were already 

studied and deciphered thanks to NGS methods. Moreover, cucumber, as many other plants, is 

subject to various diseases often provoked by pathogens. However, some genes specialized in 

the defense against pathogens exist. These genes are called R-genes (Resistance genes). Thanks 

to NGS, through the use of the already sequenced genome, 70 homolog genes were found in 

the cucumber and the scientists achieved to delimit 67 of them (Yang et al., 2013), which is a 

great advance in the fight against pathogens. Nevertheless, the most important traits of the 

cucumber plant concern the appearance and taste of the fruit (Pawełkowicz et al., 2016). The 

ancient wild cucumber varieties were bitter, and Man, through domestication, selected fruits 

that are less and less bitter. Cucurbitacins, a type of triterpenoids, are components that gives a 

bitter taste to the cucumber flesh. Nine genes implied in the biosynthesis pathway of this 

components were identified and 2 transcription factors (TF) Bl (bitter leaf) and Bt (bitter fruit) 

regulating this pathway were discovered through Genome-wide association study (GWAS). 

Four catalytic steps were also enlightened (Shang et al., 2014). These examples show that NGS 

techniques help to find more easily new material for breeding programs regardless of the target 

trait or its complexity. 

With NGS, it is not only possible to build very accurate genetic map, but also to study 

gene expression (Pawełkowicz et al., 2016). When gene expression is known, it helps the 

breeder to understand the underlying mechanisms under the expression of a complex trait and 

thus to find new target genes that can modify this trait (Perez-de-Castro et al., 2012). The most 

used technology to study gene expression was the microarray technology but RNA-seq is now 

more widely used as it overcomes the principal limits of the previous method (Perez-de-Castro 

et al., 2012). NGS technique was used to study lots of different cucumber important breeding 

traits (Pawełkowicz et al., 2016). Among these traits, parthenocarpy is a characteristic that 

determines yield and quality. The study highlights that the more active genes are related to cell 

division. Moreover, it was discovered that the set of a parthenocarpic fruit is a process 

consuming a lot of sugar through an enhanced carbohydrate degradation (Li et al., 2014). As 

one of the most complex traits of cucumber, the sex determination of flower is already well 

studied and the identified genes implied in it were involved in biogenesis, transport and 

organization of cellular component, macromolecular and cellular biosynthesis, localization, 

establishment of localization, translation and other processes. The conclusion of this study was 

that genes involved in hormone signaling pathways and some TF were the most important 

concepts (Wu et al. 2010). Furthermore, in 2010, Guo et al. sequenced the transcriptome of 

cucumber flower buds in two almost isogenic cucumber lines. In another study, 310 

differentially expressed genes (DEGs) were identified among hermaphrodite, female and male 
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cucumber isogenic lines. These DEGs were implied in already known processes (hormone 

processes and signaling, lipid and sugar metabolism) but new processes were also discovered 

like cell wall, membrane and cytoskeleton modifications (Pawełkowicz et al., 2019). More than 

the traits, the full reaction of a plant under certain conditions can be studied. The whole 

transcriptome of cucumber was sequenced under N deficiency. Among the 23000 studied 

transcripts, 364 DEGs were identified, of which 64 were related to signaling (Zhao et al., 2015). 

The root formation in response to melatonin under salt stress was also studied with RNA-seq, 

resulting in 121 genes upregulated and 196 genes downregulated. Among these DEGs, 

peroxidase-related genes, several TF families, and genes related to cell-wall formation, 

carbohydrate metabolic processes, oxidation/reduction processes and catalytic activity were 

identified (Zhang et al., 2014). The surface of cucumber can be covered with some sort of spines 

called trichomes. Their presence affects the quality of the fruit since consumers sometimes 

prefer smooth fruits. A study using digital gene expression (DGE) analysis showed that this 

trait might be regulated by processes involving meristem genes and polarity regulators (Chen 

et al., 2014). Fruit development was studied through the development of a cucumber 

transcriptome, thanks to 454-pyrosequencing after RNA isolation and cDNA synthesis. The 

most highly expressed genes were compared to Arabidopsis genes and the homologs were 

related to growth, lipid, latex and defense (Ando and Grumet, 2010). RNA-seq methods can 

also be used to sequence miRNA that are involved in plant development and stress response 

(Pawełkowicz et al., 2016). Several studies were carried out to find which families of miRNA 

can be found in cucumber (Martínez et al., 2011), also depending on the organ like leaves and 

roots (Mao et al., 2012), to understand their role in the fruit formation (Ye et al., 2015), or to 

determine if grafting has an influence on the miRNA (Li et al., 2013). The technique extends 

to lincRNAs (long intergenic non-coding RNAs), and in the study it was found that they were 

involved in response to stimuli, multi-organism processes, reproduction, reproductive 

processes, and growth (Hao et al., 2015). 

 

I.3. Source of plant material for breeding 

Despite the vast genetic diversity of some plant species, breeders are still looking for 

new sources of plant materials. Moreover, in cucumber, it is very important for breeding 

programs since its genetic diversity is very narrow (Pawełkowicz et al., 2016). To reach this 

aim, several methods are available. 

The chemical mutagenesis is a rather old method that produces random mutations under 

the application of chemical products. It was used on cucumber with ethyl methanesulfonate 

(EMS) and several mutants classified in 6 categories were obtained: short-fruit, long-fruit, 

small-flower, big-flower, opposite-tendril and clustered-leaf. The short fruit and clustered leaf 

mutants were thought to be controlled by a single recessive gene while the long fruit mutant 

was thought to be a homozygous (Wang et al., 2014). Another study, based on the same 

mutagen agent, obtained dwarf mutants (Shah et al., 2015). Chemical mutagenesis was also 

used to create mutants resistant to the cucumber mosaic virus (CMV) (Aimin et al., 2004). 

The somaclonal variation can also be a source of new genetic material for breeders, even 

if it was first considered as an undesirable consequence in plant propagation by in vitro culture. 

However, like chemical mutagenesis, it is a rather old method that gives random mutations. It 

is consequently a very inaccurate method when a precise feature is targeted, as well as the latter 
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technique. For instance, in an old study, somaclonal variation was proposed as a mean to 

overcome the post-fertilization barriers in interspecific crosses of Cucumis (Custers and 

Bergervoet, 1984). 

Transformation, i.e. creation of genetically modified or transgenic plants, is a more 

recent method that gives less random changes. Indeed, a portion of desired DNA is introduced 

in the plant, but it is impossible to know where it will be inserted and in how many copies. 

Moreover, this insertion can create a disorder in other genes expression depending on the place 

of insertion. Several ways can be used to create transgenic plants but the most widely used 

nowadays is the insertion of a T-DNA made of a genetic construction containing the gene of 

interest through an Agrobacterium infection (Wang et al., 2015). Cucumbers were transformed 

in this way for various purposes. In the study of Chen et al. (2019), an enhanced photosynthesis 

and biomass yield were obtained. In another study, researchers tried to enhance the chilling 

tolerance of cucumber by inserting a dehydrin gene in its genome, but the results were not 

conclusive in the phytotron conditions and they are still working on this topic (Mróz et al., 

2015). Nevertheless, the insertion of the thaumatin II gene from Thaumatococcus daniellii in 

the cucumber genome resulted in the production of sweeter fruits (Szwacka et al., 2002). 

The CRISPR/Cas9 technology is the newest of all cited before. It enables directed 

mutations or insertion of genetic material. It is a construct made of an endonuclease and a gRNA 

that guides the construct to the desired place in the genome. The endonuclease cuts the DNA at 

this place and it is then the DNA repairing mechanism which can make an error and thus create 

a mutation; or a gene was inserted with the construct and the DNA repairing mechanism uses 

this gene to repair the DNA where it was cut. In 2016, a broad virus resistance was established 

in cucumber resulting in a non-transgenic virus-resistant plant (Chandrasekaran et al., 2016). 

Another study resulted in the generation of a transgene-free gynoecious cucumber plant that 

will be useful for heterosis breeding (Hu et al., 2017). 

However, the two latter methods, using transformation technologies, cannot be done in 

an entire organism and thus, the modified cell(s) need to be regenerated in vitro after the 

transformation. Besides, as described before, during in vitro culture, there can be some 

undesirable mutations called somaclonal variation. This interesting phenomenon was already 

the target of numerous projects, with the aim to limit it as much as possible so the regenerated 

plants are true-to-type. 

 

 I.4. Somaclonal variation 

“Somaclonal variation is the variation seen in plants that have been produced by plant 

tissue culture” (Bhatia and Sharma., 2015). These variations can be the result of genetic or 

epigenetic changes compared to the basic cultivar (Guo et al., 2007; Acquaah, 2012). Thus, 

they can be transient (only visible in the plant that was cultivated in vitro) or heritable (the 

character stays through generations). Every plant cultivated in vitro can be subject to 

somaclonal variation, but some genotypes are more likely to show some changes in such 

conditions. For instance, polyploid plants are more affected by somaclonal variation than 

diploid plants (Acquaah, 2012). 

Moreover, different factors are known to influence the appearance of somaclonal 

variations. It is well known that a plant is more likely to express somaclonal variation if it stays 
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in in vitro culture for a long time or if the number of subcultures is too high especially if it is in 

a callus state (Hao and Deng, 2002; Jevremović et al., 2012; Khan et al., 2011). Also, the 

composition of the medium can have an impact on these variations. Thus, the presence of some 

auxins, cytokinins or other plant growth regulators and the replacement of photosynthesis 

products by sugar in the medium could enhance their appearance (Acquaah, 2012; Cassels et 

al., 2001; Smulders and de Klerk, 2011). Other factors like the wound made or the exposure to 

the sterilants when the explant is prepared, the fact that the cultivated tissue is incomplete, the 

disturbed balance between the high humidity and transpiration and the lighting conditions may 

affect the variation as well (Cassells and Curry, 2001). The tissue source influences the 

frequence and the nature of the somaclonal variations too (Krishna et al., 2016). 

Somaclonal variation can be used in breeding programs to discover how wide can be 

the variability of a species and is now commonly used in breeding practices for ornamental 

plants (Krishna et al., 2016). Moreover, the time of selection can be substantially reduced 

compared to the classical selection programs in the field and can complement the latter (Jain, 

2001). A lot of different characters such as biotic and abiotic stress resistance or tolerance 

(drought, salinity, pH, diseases, etc.) can be selected (Yusnita et al., 2005; Krishna et al., 2016) 

and a lot of cultivars among different species were developed, particularly in banana, potato 

and strawberry but also in tomato, pineapple or Geranium subspecies (Krishna et al., 2016). 

 

I.5. Somaclonal variation in cucumber 

Regenerated cucumber plants from in vitro culture can display morphological changes 

in the color or shape of the leaves, the growth habits, the time of flowering or even the size of 

the plant organs. The latter can be explained by a change in the ploidy level (Custers et al., 

1990). These changes usually have a low impact on the cucumber’s quality. However, some 

variations such as the lower production of seeds can have a definitely negative impact on the 

production but also on breeding programs. 

The selfed progeny of these regenerated plants displays a lower germination rate and 

only very few of the plants show some somaclonal variation with the same characters as quoted 

previously for the regenerated plants. Nevertheless, the tetraploidy character was preserved in 

the selfed progeny (Custers et al., 1990). 

Indeed, regeneration methods from a callus culture, a suspension or protoplats imply a 

rather high rate of abnormal regenerants and somaclonal variation (Malepszy, 1988; Malepszy 

and Nadolska‐Orczyk, 1989) 

In 1995, Burza and Malepszy carried out experiments on a new regeneration method for 

cucumber. This method consisted on regenerating a cucumber plant directly from a leaf explant, 

without going through a callus stage. The aim was to try this new method and determine if it 

was more reliable to regenerate a cucumber plant. That is how they found out that, with this 

method, they might obtain only two new phenotypes in the R1 generation. However, these 

phenotypes are not stable because absent in the R2 generation. 

All the previous studies were aimed at trying to reduce somaclonal variation as much as 

possible to obtain true-to-type plants. In vitro culture was mostly used to regenerate or multiply 

plants to obtain clones of the cultivated cultivar, and to reach this goal with a good yield and 

not much losses, somaclonal variation should be as low as possible. However, a few years later, 
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scientists start to get interested in somaclonal variation on itself and studied it to determine 

which factors can influence it. 

Concerning the study of somaclonal variation in cucumber, the first experiments aimed 

at studying the relationship between the regeneration system and the genetic variability by 

measuring the rate of somaclonal variation for each method of regeneration tested (Pląder et 

al., 1998). A few years later, this topic was dealt with in depth by testing other regeneration 

methods, different times of culture and modifications of NH4
+/NO3

- ratio in the MS medium 

(Ładyżyński et al., 2002). In total, in these two papers, eight different regeneration methods 

were tested to result in the same conclusion: the rate and nature of somaclonal variations 

strongly depends on the regeneration system and the other parameters like the time of culture 

and the composition of the chosen medium (Pląder et al., 1998; Ładyżyński et al., 2002). 

Moreover, these studies lead to the discovery and the further studies of somaclonal lines, 

starting with a previously described variant of msc (mosaic cucumber phenotype) 

characteristics (Malepszy et al., 1996). 

Finally, three somaclonal lines were obtained from the same cucumber cultivar called 

Borszczagowski: the line named S1 resulting from direct leaf regeneration (DLR) that was the 

subject of another work, the line named S2 resulting from leaf callus regeneration (LCR) and 

the line named S3 resulting from cytokinin-dependent embryogenic suspension (CES) using 

shoot apical buds that were first put on an MS medium for three weeks (Fig. 1). The two latter 

will be studied in this work. 

 

 

Figure 1: Scheme presenting how to obtain the somaclonal lines S2 and S3 from the cucumber B10 line 

 

More recently, the assembly of these somaclones was realized (Skarzyńska et al., 2017) 

as well as the characterization of S1 somaclonal line through a transcriptomic approach and 

thanks to NGS techniques (Mróz, 2019). 
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I.6. Aim of the study 

 The aim of this study was to characterize the phenotype of each mutant (S2 and S3 lines) 

as well as the differential expression of the genes of the mutants compared to the wild type B10. 

The goal was to understand the mechanisms underlying the differences between the phenotypes. 

The RNA-seq results were already obtained previously and needed to be verified by qPCR. 

Only about twenty genes in each line were selected for such analysis. Protein networks were 

built to help to choose the most interesting genes following the central place of the 

corresponding proteins in the network, their function and their level of expression. Finally, the 

DEGs were mapped on the cucumber chromosomes and heatmaps were created to have a 

general view of the DEGs in each line. A promoter region analysis of the DEGs was made to 

understand how they are regulated. 
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II. MATERIALS AND METHODS 

II.1. Plant material 

II.1.1. In vitro culture 

The plants used are cucumber somaclonal lines S2 and S3 that were regenerated in vitro. 

S2 line was regenerated from a leaf explant of the cultivar “Borszczagowski” (a highly inbred 

homogenous line named B10, the wild type), by leaf callus regeneration (LCR) on a solid MS 

(Musharige and Skoog, 1962) medium containing 2,4-D: 0,8 mg/L and IPA: 0,6 mg/L during 

16 to 18 weeks. S3 line was regenerated by cytokinin-dependent embryogenic suspension 

(CES) from a shoot apical bud of the same cultivar that was first put on a solid MS medium 

with 2,4D for 3 weeks. Then the gel-like callus obtained was transferred in a cytokinin-

dependent suspension (CDS) medium containing BAP: 2 mg/L during 9 to 10 months. Both 

lines were obtained in 1996. They were then self-pollinated around 10 times every 2-3 years 

and stored in a gene bank under controlled conditions. They are expected to be homozygous. 

 

II.1.2. Greenhouse growth 

The seeds of S2 and S3 somaclones obtained from in vitro culture and the wild type B10 

line were sown in pots in 6 replicates and grown in the greenhouse of Wolica field in Warsaw 

for 5 weeks from March to April 2018 with the aim of studying the potential phenotypical 

differences between the mutants and the wild type. The photoperiod was 16 hours of day and 8 

hours of night. The temperature during the day was between 25 and 27°C and during the night, 

it was between 18 and 20°C. The light intensity was maintained around 1500 µmol.m-2s-1. 

 

II.2. RNA isolation and cDNA synthesis 

RNA of the wild type B10 and of the 2 somaclonal lines S2 and S3 was extracted from 

plants that were cultivated in the field from June to July 2014, in 3 biological replicates each. 

The plants were irrigated. The mean temperature was around 18°C. 10 days after fertilization, 

the fruits were harvested and samples were ground and frozen in liquid nitrogen, then stored at 

-80°C. Total RNA was isolated from the samples with the miRNeasy Mini Kit (Qiagen, USA), 

following the manufacturer’s instructions, including the optional steps (especially the DNase 

treatment). The concentration of the extracted RNA was measured, and its purity was verified 

by measuring the 260/280 and 260/230 ratios with a NanoDrop 2000 Spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA, USA). The RNA was run on a 1% agarose gel, buffer 

TAE 1X, at 100 Volts for 30 minutes, with the intercalating agent ethidium bromide and 

revealed by UV light, to check that it was not contaminated by DNA. Once the concentration 

determined and the purity established, the RNA was diluted to a concentration of 100 ng/L. 

This RNA was also used previously to this work in the same project supported by a grant from 

the National Science Center (2013/11/B/NZ9/00814) for RNA-seq analysis. 

cDNA was synthesized from the extracted RNA with the High-Capacity Reverse 

Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) following manufacturer’s 

instructions. The program of the thermocycler for cDNA synthesis is described in the Annex 

I.1. The cDNA obtained had a concentration of 100 µM. Then, it was diluted to get a 

concentration of 20 µM. The purity and the presence of cDNA were checked by PCR using the 
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primers of UBIep, a reference gene selected based on a previous work (Skarzyńska et al., 2016). 

For the PCR reaction, 60 ng of cDNA were used (20 ng of each biological replicate) in a PCR 

mix of 21 µL containing 13,8 µL of MQ water, 2,5 µL of DreamTaq Buffer, 2,5 µL of dNTP 

(2mM), 1 µL of each Reverse and Forward primers (10 µM) and 0,2 µL of DreamTaq 

Polymerase for 1 sample. The PCR reaction is described in the Annex I.2. The products of the 

PCR were run on a 1% agarose gel, buffer TAE 1X, at 100 Volts for 30 minutes, with the 

intercalating agent ethidium bromide and revealed by UV light. 

 

II.3. Bioinformatic network modeling of DEGs  

The protein networks were created with STRING algorithm (version 11.0) (Szklarczyk 

et al., 2015). The list of DEGs, previously established in the project supported by a grant from 

the National Science Center (2013/11/B/NZ9/00814) for each somaclonal line studied, was 

used to create the input files. The list of DEGs was established through an Illumia RNA-seq 

analysis where the genes were considered being differentially expressed compared to the wild 

type B10 when their fold change was greater than 1,5 and if the false discovery rate (FDR) was 

lower than 0,001. First, the sequences of the DEGs were put in Blast2Go (Götz et al., 2008) to 

obtain the correct identifiers for cucumber’s proteins. The same sequences were also put in 

Blast2Go (Götz et al., 2008) to obtain the names of the corresponding proteins in Arabidopsis 

thaliana. The files were sorted out so for one query, the best result according to the percentage 

of identity, the bitscore and the e-value appears first. The input files for each somaclonal line 

were created by picking up the best result for each DEG. Several kinds of networks were created 

but only one was selected as it was more precise. The four different tested ways of building the 

network were : the DEGs’ sequences as an input file with Cucumis sativus as a model, the same 

sequences with Arabidopsis thaliana as a model, the identifiers of cucumber’s proteins as an 

input file and the identifiers of Arabidopsis proteins as an input file. The selected one was the 

identifiers of Arabidopsis as an input. The minimum confidence for the predicted network was 

set at 0,4. The layout of the network was edited with Cytoscape stringAPP (version 3.7.1) 

(Shannon et al., 2003). The color of each node (a node represents a protein) was attributed 

following the fold change of the corresponding gene obtained in the RNA-seq analysis. The 

downregulated genes were colored in green while the upregulated genes were colored in red. 

The darker the color is, the higher the fold change is. The thickness of every edge that connects 

the proteins shows the strength of the link between the proteins. The thicker the edge is, the 

stronger the connection is. 

The networks were used to select the genes to verify by qPCR among the DEGs. The 

most important criterions were in this order: the place in the protein network, the function and 

the fold change. The selected genes are, in the network, the most central nodes, with the highest 

differential expression and which function is known and considered as important and interesting 

to study. For instance, these functions can be linked to hormones, lipids, cell wall, etc. 

 

II.4. Verification of RNA-seq data by qPCR 

The expression of the genes selected through the protein networks was verified by 

qPCR. The primers were designed with the Primer3Plus software (Untergasser et al., 2007) and 

the sequence of Cucumis sativus B10 wild type line. The pair with the lowest interaction (with 
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itself and between both primers of the pair) was selected among the possibilities offered by the 

software, also taking into account the melting temperature that should be the most similar 

possible between the two primers of one pair. The self- and cross-interactions as well as the 

hairpins were verified and calculated by the Beacon Designer™ Free Edition software. The less 

interactions and hairpins the pair of primers has, the better it is. This software also gives the 

number of GC clamp which is important for the primers’ specificity. Selected primers usually 

have one or two GC clamps. Therefore, the specificity was checked with Primer-BLAST, the 

primer designing tool of NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). It verifies 

the specificity of the area of the gene where the primers bind, but also the specificity of one 

isoform compared to the others by giving all the possible binding areas on the gene and all its 

isoforms. Thus, the primers were chosen to be as specific as possible. 

The primers were diluted according to the manufacturer’s instruction to obtain a concentration 

of 100µM. Working dilutions were made to prepare the qPCR reactions. The concentration 

needed is 10µM. The primers were tested by PCR with the same mix and same cDNA as it was 

described before and the same program that is described in the Annex I.2. The products were 

run on a 1% agarose gel, buffer TAE 1X, at 130 Volts for 30 minutes to 1 hour, with the 

intercalating agent ethidium bromide and revealed by UV light. When no band or more than 

one band were detected, the primers were tested on a gradient PCR from 50 to 65°C. The mix 

and cDNA were the same as previously described. The PCR program used is described in 

Annex I.3. The products of the PCR were run on a 1% agarose gel, buffer TAE 1X, at 130 

Volts from 30 minutes to 1 hour, with the intercalating agent ethidium bromide and revealed 

by UV light. One band was expected. When there were more bands or no bands, the primers 

were not used in the qPCR reaction. 

 The expression of the genes that showed correct products on the PCR or the gradient 

PCR was verified by qPCR. From all the DEGs in both somaclonal lines, 16 of S2 line and 17 

of S3 line were analyzed by qPCR. The list of these genes is available in Annex II. Moreover, 

2 reference genes, UBIep and TIP41 were selected from a previous work (Skarzyńska et al., 

2016) through a PCR with the same mix and same cDNA (only from S2 and B10 lines) as it 

was described before and the same program which is described in the Annex I.2. It was assumed 

that these reference genes were suitable for the analysis with S3 line as well. Three biological 

replicates with 2 technical replicates were used. For the qPCR reaction, 20 ng of cDNA was 

used in each sample of a qPCR mix of 11 µL containing 2,3 µL of MQ water, 7,5 µL of Power 

SYBR® Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and 1 µL of 

each Reverse and Forward primers (10 µM) for 1 sample. Three biological replicates with 3 

technical replicates each were used. The qPCR reaction is described in the Annex I.4. Directly 

after the qPCR reaction, a melting curve analysis was done. 

 

II.5. qPCR data treatment 

The raw data obtained by the qPCR reaction was formatted in RStudio through a script 

to be entered, one gene after another, in the software LinRegPCR (version 2017.1) (Ramakers 

et al., 2003). It determined the baseline and calculated the mean qPCR efficiency for each gene 

basing on the linear regression of the slope’s regression line in the exponential stage. Then, the 

relative expression of each DEG in the somaclonal lines was calculated following a modified 

and more accurate 2−ΔΔCt method on Rstudio through a script with EasyqPCR from the 
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Bioconductor software package (Hellemans et al., 2007). They were normalized to the wild 

type B10 and to the reference genes, UBIep and TIP41. The standard deviations were calculated 

on RStudio with the same script. The charts were elaborated following the results of the data 

analysis on Excel. 

 

II.6. Heatmap construction 

The transcripts per million (TPM) of the genes of each replicate of each somaclonal line 

and the wild type B10 were used as an input file in the software MeV 4.9.0 (http://mev-

tm4.sourceforge.net/svnroot/mev-tm4/trunk) to build a heatmap. The log10 of the TPM was 

taken and then the data were normalized. Finally, the genes were clustered using hierarchical 

clustering (HCL) method with Pearson correlation statistics. 

 

II.7. Bioinformatics analysis of the patterns in the gene’s promoters 

The list of the DEGs promoters’ sequences was used as an input file on PlantCare 

(Rombauts et al., 1999). From the results given by the software, an Excel file was created giving 

the functions of the promoter region for each gene in several organisms and how many times 

the function appears in this combination of gene and organism. The charts were elaborated on 

Excel. 

 

II.8. DEGs’ location on chromosomes 

A chromosome map of the DEGs was built using the MapChart software (Voorrips, 

2002). A database containing the list of contigs in Cucumis sativus, the chromosome where 

they are located and other information on the contigs was used. However, some contigs were 

mapped on several chromosomes, and some contigs are not yet mapped. Therefore, the latter 

ones were omitted for the mapping as well as the DEGs that were mapped on them. Moreover, 

several hypotheses were made. To determine on which chromosome it is more likely to find 

each contig, it was assumed that the probability of finding a contig in a specific chromosome 

was all the more high as the quotient of the number of markers on this chromosome for this 

contig by the total number of markers for this contig is high. That is to say, the higher the 

proportion of markers for the contig on one chromosome is, the more likely it is that the contig 

is located on this chromosome. Then, to locate more precisely the contig on the chromosome, 

a second hypothesis was made, saying that the location of the contig on the chromosome is 

equal to the average position of the markers for this contig. It was also supposed that the length 

of the chromosome is equal to the sum of the length of all the contigs it contains, despite that it 

is possible that the contigs are overlapping or that they have spaces between them, and knowing 

that 15 contigs for S2 and 46 contigs for S3 are missing because they are not mapped yet. 

  

http://mev-tm4.sourceforge.net/svnroot/mev-tm4/trunk
http://mev-tm4.sourceforge.net/svnroot/mev-tm4/trunk
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III. RESULTS 

III.1. Phenotypes of the somaclonal lines 

The vegetative parts of Cucumis sativus plants of the line S2 are quite similar to the ones 

of the wild type B10 (Fig. 2a, b, c). They have the same shape and color of leaves. The stage 

of growth is the only thing that can differentiate them. Indeed, a delay of growth can be noticed 

(Fig. 2b). In the first four weeks after sowing, the plants of S2 line remain smaller than the ones 

of B10 line. However, on the fifth week, they reached the same height, but then a delay of 

development was noticeable through a delay in flowering. B10 plants already had few open 

flowers while S2 plants’ flowers were still in formation (Fig. 2c). 

Cucumis sativus S3 line has a noteworthy delay of growth, remaining half-size of B10 

line plants at every stage (Fig. 2d, e). It might be a dwarf form of cucumber plant. Yet the leaves 

reach the normal size around the fourth week of culture after sowing. Moreover, the growth 

habit of these plants is more compact. The biggest difference between the wild type and the S3 

mutants lies in the color of the leaves. Young leaves are light green-yellowish with very marked 

veins of the same color and have a slightly different shape (Fig. 2d, e). They are more elongated. 

As for the old leaves, they become darker, the same color as B10 leaves. However, their veins 

remain light green-yellowish, making S3 plants easy to distinguish from B10 plants. 

 

III.2. Statistics on differentially expressed genes 

The DEGs identified were considered to be differentially expressed if their fold change 

was higher than 1,5 with a false discovery rate lower than 0,001. In S2 line, 364 DEGs were 

identified in which 324 are protein coding (89% of the DEGs) and 40 are long intergenic non-

coding RNA (lincRNA) (11% of the DEGs). Ninety DEGs were downregulated (25%) and 274 

were upregulated (75%). In S3 line, 273 DEGs were identified in which 203 are protein coding 

(74% of the DEGs) and 67 are lincRNA (25% of the DEGs). The 1% left goes to small nucleolar 

RNA (snoRNA) of CD-box type, that is responsible for the methylation of ribose of the rRNA, 

participating in the rRNA maturation. S2 and S3 have 26 common DEGs (Fig. 3). One hundred 

nine DEGs were downregulated (40%) and 164 were upregulated (60%) 

 

III.3. Verification of RNA-seq results by qPCR 

To validate the RNA-seq results, qPCR reactions were carried out using specific primers 

for the chosen DEGs of S2 and S3 lines. In order to view the qPCR results and RNA-seq data 

simultaneously, a set of charts was built (Fig. 4a, b). Each chart represents one gene. Seeing 

the trend of the difference of expression between B10 and S2, and between B10 and S3, the 

RNA-seq data are validated for all the genes in both somaclonal lines except one 

(Cucsat.PASA.G149) that has overlapping error bars (Fig. 4b). Despite the correlated trend of 

the qPCR results of this gene with the RNA-seq data, this result cannot be validated because it 

is not significant. However, 100% of S2 line and 94% of S3 line DEG expression profiles is 

validated by qPCR. 
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Figure 2: Photographs showing the comparison between the somaclonal lines S2 and S3 and the wild type B10 

from different angles and at different stages of growth. S2 is compared to B10 after a) 4 weeks of growth, from 

the top b) from the side and c) after 5 weeks of growth, from the side. S3 is compared to B10 d) after 4 weeks of 

growth, from the top e) after 5 weeks of growth, from the side. The white arrows show the flowers 

 

 

Figure 3: Venn diagram presenting the number of DEGs in S2 and S3 line and the number of common DEGs 

between the two somaclonal lines 
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Figure 4a: RNA-seq data, expressed in TPM and represented by the black line, in comparison with the qPCR 

results, expressed as the relative normalized expression of the S2 DEGs and represented by the grey bars. 

Each chart corresponds to 1 of the 16 selected DEGs of S2 line. The error bars represent the standard deviation 

of the three biological replicates 
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Figure 4b: RNA-seq data, expressed in TPM and represented by the black line, 

in comparison with the qPCR results, expressed as the relative normalized 

expression of the S3 DEGs and represented by the grey bars. Each chart 

corresponds to 1 of the 17 selected DEGs of S3 line. The error bars represent the 

standard deviation of the three biological replicates 
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III.4. Analysis of protein interaction through bioinformatics tools 

Two molecular networks were built based on STRING analysis of the DEGs of S2 and 

S3 somaclonal lines.  

The S2 network is made of 306 nodes and 200 edges (Fig. 5a), with an average node 

degree of 1,31. The average node degree is the average number of interactions that a protein 

has in the network. The average local clustering coefficient is of 0,279. This coefficient 

represents a measure showing how connected are the nodes of the network. The higher the value 

is the stronger the nodes are connected to each other. Moreover, the protein-protein interaction 

(PPI) enrichment p-value is lower than 1.0e-16, indicating that the number of edges, the 

enrichment of the network, is significant, and the proteins are not random but belong to groups. 

Besides, 144 nodes were identified as single components that are not implied in any network, 

and 6 nodes were identified as forming pairs. Five other networks containing each 3 nodes and 

2 edges, one network containing 3 nodes with mutual interactions, one network containing 4 

nodes and 4 edges, and one network containing 5 nodes and 5 edges were identified. The main 

network is made of 129 nodes and 175 edges. In this main network, 4 groups were identified, 

explaining the significant enrichment value: 1. proteins implied in transcription, 2. proteins 

related to cell wall and others, 3. protein related to lipids, 4. intricate group of proteins of various 

functions related to hormones, detoxification, amino acids, transporters, transcription, 

proteolysis, vesicle trafficking, metal ions, stress response and others. 

The S3 network is made of 186 nodes and 65 edges (Fig. 5b), with an average node 

degree of 0,699. The average local clustering coefficient is 0,281. Moreover, the PPI richment 

p-value is 0,00139. The p-value is higher than the one of S2 network but is still low enough to 

consider that the network’s enrichment is significant and that the proteins are not random but 

belong to groups. Besides, 108 nodes were identified as single components that are not implied 

in any network, and 24 nodes were identified as forming pairs. Two other networks containing 

3 nodes and 2 edges, one network containing 4 nodes and 3 edges, 1 network containing 5 nodes 

and 4 edges and one network containing 9 nodes and 9 edges were identified. The main network 

is made of 30 nodes and 33 edges. In this main network and the smaller network of 9 nodes, 7 

groups were identified, explaining the enrichment value (Fig. 5b): 1. proteins implied in cell 

cycle processes, 2. proteins implied in transcription, 3. proteins implied in translation and 

maturation of proteins, 4. proteins implied in flowering processes, 5.a. ions and b. other 

transporters, 6. proteins implied in the peroxisome metabolism, 7. proteins implied in 

detoxification processes. 

 

III.5. Bioinformatics analysis of promoter regions of DEGs in 

somaclonal lines 

After determining the DEGs, their expression, their functions and interactions, it is 

interesting to understand how they are regulated, by which kind of factors. To reach this aim, 

the PlantCare database was used to study and analyze the promoters of the DEGs. The results 

were organized in charts representing the number of elements in the different categories of 

motifs found, the different lengths of the motifs’ sequences, the number of elements in each 

organism containing these motifs. The functions of the motifs were manually grouped together 

and the number of elements possessing each category of function is also represented on a chart.  
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Figure 5: Protein network showing the connections between the DEGs of a) S2 line and b) S3 line. Each node 

represents one protein and each edge a connection. The red color means that the gene is upregulated and the green 

color means that the gene is downregulated. The darker the color is, the higher the fold change is. The thicker the 

edge is, the stronger the connection is. In S2 line, the main network was divided in the 4 following groups: 1. 

proteins implied in transcription, 2. proteins related to cell wall and others, 3. protein related to lipids, 4. intricate 

group of proteins of various functions related to hormones, detoxification, amino acids, transporters, transcription, 

proteolysis, vesicle trafficking, metal ions, stress response and others . In S3 line, the two main networks were 

divided into the 7 following groups: 1. proteins implied in cell cycle processes, 2. proteins implied in transcription, 

3. proteins implied in translation and maturation of proteins, 4. proteins implied in flowering processes, 5.a. ions 

and b. other transporters, 6. proteins implied in the peroxisome metabolism, 7. proteins implied in detoxification 

processes 

 

In the PlantCare analysis of the promoter region of the S2 DEGs, 24158 motifs in different 

organisms, with different sequences and functions were found. They are divided in 116 motifs. 

In the fig. 6a, only the 47 most abundant of them are showed. These all appear at least 30 times 

in the analysis. The motifs appearing less than 30 times are grouped under the name “Others”. 

The most represented motifs are the TATA-box and CAAT-box, appearing respectively 7976 

and 6008 times and constituting respectively 33% and 25% of the total number of analyzed 

sequences. There are still a lot of unknown motifs of which sequence is not known yet. They 

appear 1441 times and represent 6% of the analyzed sequences. Moreover, some motifs can be 

found under name types like “Unnamed_1”, “Unnamed_2”, etc. These motifs possess a known 

a 

b 
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sequence but are not named yet. One of these categories, “Unnamed_4” is quite highly 

represented in this analysis since it appears 1117 times and represents 5% of the sequences. The 

other motifs, going from the AT~TATA-box to ABRE, represent each between 1% to 5% of 

the analyzed sequences while each of all the others represent less than 1% of the analyzed 

sequences. 

In the PlantCare analysis of the promoter region of the S3 DEGs, 17528 motifs in 

different organisms, with different sequences and functions were found. They are divided in 

109 motifs. In the fig. 6b, only the 45 most abundant of them are showed. These all appear at 

least 30 times in the analysis. The motifs appearing less than 30 times are grouped under the 

name “Others”. The most represented motifs are the TATA-box and CAAT-box, appearing 

respectively 5472 and 4256 times and constituting respectively 31% and 24% of the total 

number of analyzed sequences. In this line also there are still a lot of unknown motifs. They 

appear 1057 times and represent 6% of the analyzed sequences. The same category as in S2 

line, the category “Unnamed_4”, is quite highly represented in this analysis since it appears 893 

times and represents 5% of the sequences. The other motifs, going from the AT~TATA-box to 

CGTCA-motif, represent each between 1% and 5% of the analyzed sequences while each of all 

the others represent less than 1% of the analyzed sequences. 

The length of the motifs in S2 line is between 4 and 18 nucleotides (Fig. 7a). The length 

of some motifs was measured equal to a non-entire number (8,5; 9,5; etc.). It means that the 

sequence can sometimes count one more nucleotide, but the nature of this nucleotide is unsure. 

The most recurrent motifs are short, between 4 and 6 nucleotides. They are 20340 which makes 

84% of the total analyzed sequences. The motifs over 10 nucleotides and the ones counting a 

non-entire number of nucleotides are weakly represented. They are 187 and represent together 

less than 1% of the analyzed sequences, as well as the motifs made of 10 nucleotides (199). As 

for the motifs between 7 and 9 nucleotides, each of them represents between 4% and 6% of the 

analyzed sequences. 

The length of the motifs in S3 line is between 4 and 15 nucleotides (Fig. 7b). The most 

recurrent motifs are short, between 4 and 6 nucleotides. They are 14916 which makes 85% of 

the total analyzed sequences. The motifs over 10 nucleotides and the one counting a non-entire 

number of nucleotides are weakly represented. They are 154 and represent together less than 

1% of the analyzed sequences, as well as the motifs made of 10 nucleotides (135). As for the 

motifs between 7 and 9 nucleotides, each of them represents 4% or 5% of the analyzed 

sequences. 

The motifs were found in 31 different organisms for S2 line while some motifs are still 

not attributed to any organism, constituting the “Unknown” category (Fig. 8a). The motifs were 

mainly attributed to the model plant Arabidopsis thaliana. It represents 9424 of the motifs, that 

being 39% of the analyzed sequences. Nicotiana glutinosa, Pisum sativus and Brassica napus 

were also quite well represented with respectively 3489, 2440 and 1244 of the motifs, which 

makes respectively 14%, 10% and 5% of all the analyzed sequences. There are 1441 motifs that 

are not attributed to any organism, that is to say 6% of the analyzed sequences. The motifs of 

S3 line were found in 30 different organisms (Fig. 8b). There is an “Unknown” category in this 

line as well. The motifs were mainly attributed to the model plant Arabidopsis thaliana. It 

represents 6626 of the motifs, that being 38% of the analyzed sequences. Nicotiana glutinosa, 

Pisum sativus, Brassica napus and Petroselinum Hortense were also quite well  
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Figure 6: Abundance of each motif found with PlantCare analysis in the promoter region of the DEGs in a) S2 

line and b) S3 line. Only the motifs present more than 30 times in the total analyzed sequence are shown 
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Figure 7: Distribution of the motifs’ length found with PlantCare analysis in the promoter region of the DEGs in 

a) S2 line and b) S3 line. The non-entire lengths mean that the motif could have one more nucleotide which nature 

is unsure 

 

represented with respectively 2585, 1701, 945 and 937 of the motifs, which makes respectively 

15%, 10%, 5% and 5% of all the analyzed sequences. There are 1057 motifs that are not 

attributed to any organism, that is to say 6% of the analyzed sequences. 

For S2 line, the functions were manually classified in 18 categories of function (Fig. 

9a). Most of the functions remain unknown. There are 12806 motifs in this category, 

constituting 53% of the analyzed sequences. Otherwise, the most represented function is the 

core promoter elements with 7976 motifs in this category, that being 33% of the analyzed 

sequences. The light response elements is the third most represented function with 1693 motifs 

and 7% of the analyzed sequences. Hormone, stress and oxygen response elements are 

following, representing between 1% and 2% of the analyzed sequences. The last ones are, in 

the following order, the metabolism regulation elements, the circadian cycle regulation 

elements, the meristem expression elements, the endosperm expression elements, the cell 

differentiation elements, the flavonoid biosynthetic genes regulation, the seed-specific 

regulation elements, the cell cycle regulation elements, the phytochrome expression elements, 

the hormone and light response elements and the flowering regulation elements, each of them 

representing less than 1% of the analyzed sequences. 

8595

4489

7256

1377 1165

25
891

13 199 7 65 2 50 23 1 1
0

2000

4000

6000

8000

10000

4 5 6 7 8 8,5 9 9,5 10 10,5 11 11,5 12 13 14 18

Lengths of the motifs in S2 line

6269

3354

5293

928 750

15
645

6 135 8 47 64 12 1 1
0

1000

2000

3000

4000

5000

6000

7000

4 5 6 7 8 8,5 9 9,5 10 10,5 11 12 13 14 15

Lengths of the motifs in S3

a 

b 



21 

 

 

Figure 8: Distribution of the organisms to which the motifs found with PlantCare analysis in the promoter region 

of the DEGs in a) S2 line and b) S3 line were attributed 

 

For S3 line, the functions were manually classified in 17 categories of function (Fig. 

9b). Most of the functions remain unknown. There are 9464 motifs in this category, constituting 

54% of the analyzed sequences. Otherwise, the most represented function is the core promoter 

elements with 5472 motifs in this category, that being 31% of the analyzed sequences. The light 

response elements is the third most represented function with 1229 motifs and 7% of the 

analyzed sequences. Stress, hormone and oxygen response elements are following, representing 

between 1% and 3% of the analyzed sequences. The last ones are, in the following order, the 

metabolism regulation elements, the temperature response elements, the meristem expression 

elements, the circadian cycle regulation elements, the endosperm expression elements, the cell 

differentiation elements, the flavonoid biosynthetic genes regulation, the organ-specific 

regulation elements, the phytochrome expression elements, the cell cycle regulation elements 

and the hormone and light response elements, each of them representing less than 1% of the 

analyzed sequences. 
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Figure 9: Distribution of the functions of the motifs found with PlantCare analysis in the promoter region of the 

DEGs in a) S2 line and b) S3 line. PlantCare functions were manually grouped in the presented functions 
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III.6. Chromosomal location of DEGs 

The next step of the analysis consisted in determining the place of each DEG on the 

chromosomes of the cucumber. The places of the DEGs in their respective contigs and 

chromosomes are represented on chromosome maps on the fig.10a for S2 and on the fig. 10b 

for S3. The upregulated DEGs are represented in red while the downregulated DEGs are 

represented in green. The protein coding DEGs are written without any alteration of the font. 

The lincRNA are written in italic bold font and the snoRNA are underlined. In S2 line, 348 

DEGs in total were mapped on the 7 chromosomes out of the 364 total DEGs. Some contigs 

are empty, some contain only 1 DEG while others contain whole groups of DEGs. Besides, the 

3rd chromosome is the longest, but it is the 6th one that has the highest number of DEGs. 

Similarly, the 2nd chromosome is the 2nd shortest chromosome but has the 3rd highest number 

of DEGs while the 5th chromosome is the 2nd longest chromosome and has the 2nd lowest 

number of DEGs. Moreover, there is a great majority of protein coding genes among the 

mapped DEGs. Indeed, they are 314, that being 90% of these DEGs, while lincRNA are only 

34 or 10% of these DEGs, and there is no snoRNA. 

In S3 line, 223 DEGs in total were mapped on the 7 chromosomes out of the 273 total 

DEGs. Some contigs are empty, some contain only 1 DEG while others contain whole groups 

of DEGs. Furthermore, the 3rd chromosome is the longest, but the 6th one has the highest number 

of DEGs. Similarly, the length of all the other chromosomes except the 7th one does not 

correspond to the number of DEGs that are mapped on it. Moreover, there is a great majority 

of protein coding genes among the mapped DEGs.  Indeed, they are 181, that being 81% of 

these DEGs, while lincRNA are only 39 or 18% of these DEGs and the snoRNA are 3, that is 

to say 1% of these DEGs. Besides, all the snoRNA are mapped on the 3rd chromosome. 

 

III.7. Heatmap of DEGs 

To complete the analysis of the DEGs, the repeatability of the biological replicates of 

the somaclonal S2 and S3 lines and the wild type reference line B10 was verified by building 

heatmaps (Fig. 11) that also enabled to better see the distribution of the differential expression 

of the DEGs. Genes were clustered following their differential expression by HCL analysis 

using the Pearson correlation coefficient and the gene tree built in this way was added on the 

left of the heatmap (Fig. 11). On S2 heatmap, most of the DEGs are expressed following the 

same trend within the three biological replicates. Thus, it can be considered that the differences 

between the biological replicates are not significant. Moreover, according to the HCL analysis, 

2 main different anticorrelated groups can be distinguished. The anticorrelation is medium with 

a Pearson correlation coefficient of -0,27. Inside these 2 main groups many other moderately 

correlated groups with a Pearson correlation coefficient of 0,36 can be found (Fig. 11a). 

On S3 heatmap, most of the DEGs are expressed following the same trend within the 

three biological replicates. Thus, it can be considered that the differences between the biological 

replicates are not significant. Moreover, according to the HCL analysis, 2 main different 

anticorrelated groups can be distinguished. The anticorrelation is medium with a Pearson 

correlation coefficient of -0,37. Inside these 2 main groups many other moderately correlated 

groups with a Pearson correlation coefficient of 0,32 can be found (Fig. 11b). 
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Figure 10a: Chromosome 

maps of all the cucumber 

chromosomes indicating the 

position of the DEGs of S2 

line on the chromosome and 

more precisely on the 

contig. The contigs are 

delimited by black lines. 

The position of the gene is 

represented by a colored 

line. The red color means 

that the gene is upregulated 

and the green color means 

that the gene is 

downregulated. The names 

without any modification of 

the font correspond to the 

protein coding genes. The 

names that are in bold and 

italic font correspond to the 

lincRNA. The table gives 

the number of contigs and 

DEGs mapped on every 

chromosome 
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Figure 10b: Chromosome 

maps of all the cucumber 

chromosomes indicating the 

position of the DEGs of S3 

line on the chromosome and 

more precisely on the 

contig. The contigs are 

delimited by black lines. 

The position of the gene is 

represented by a colored 

line. The red color means 

that the gene is upregulated 

and the green color means 

that the gene is 

downregulated. The names 

without any modification of 

the font correspond to the 

protein coding genes. The 

names that are in bold and 

italic font correspond to the 

lincRNA. The underlined 

names correspond to 

snoRNA. The table gives 

the number of contigs and 

DEGs mapped on every 

chromosome 
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Figure 11: Heatmaps of a) S2 and b) S3 DEGs. Each heatmap shows the three biological replicates of the B10 

wild type line and the three biological replicates of a somaclonal line. The HCL analysis results are shown on the 

left of each heatmap 

a b 
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IV. DISCUSSION 

IV.1. Phenotypical analysis of the somaclonal lines of cucumber 

The S2 line was defined to be identical to the wild type B10 except for its slower rhythm 

of growth implying a late flowering. The experiment was stopped after 5 weeks, so the fruits 

could not be described. However, in a previous paper, the slow growth and delay of flowering 

were not mentioned as characteristics of this line. It was described as being identical to the wild 

type, except for the fruits that had a lighter tint and were smooth (Skarzyńska et al., 2017). 

As for S3 line, in this study it had a slower growth and might even be a dwarf plant as 

it wass never greater than the half height of the wild type B10. It also had a different shape of 

leaves and the whole plant had a lighter tint. Similarly to the S2 line, it was described differently 

in a previous paper. It was described as being identical to the wild type except for the lighter 

tint of the whole plant (Skarzyńska et al., 2017). 

The noticeable differences between this study and the publication from 2017 can be 

explained because the plants are from the next generation. Indeed, the changes that are already 

present in the genotype could be perpetuated from one generation to the other and they could 

be more visible in the phenotype.  

 

IV.2. Statistics on differentially expressed genes 

In this study 364 DEGs were identified in S2 and 273 in S3 through RNA-seq. In 2016, 

a publication on sweet cherry identified 39 different proteins only between the ‘Hedelfinger’ 

cultivar and its somaclonal variant, at two ripening stages (Prinsi et al., 2016). Another study 

using AFLP analysis of cDNA showed only 62 DEGs in sugarcane somaclones in response to 

infection with Ustilago scitaminea or Bipolaris sacchari compared to non-resistant sugarcane 

plants (Borrás-Hidalgo et al., 2005). These publications suggest that the amount of DEGs found 

in the cucumber somaclones of this study is particularly high, and thus, hard to study completely 

in so few pages. Moreover, both articles continue their analysis with the relation between the 

function of the DEGs and the phenotype. Nevertheless, such studies as chromosome maps, 

heatmaps and promoter analysis are usually not combined with this kind of analysis for 

somaclones characterization. However, most of the studies of somaclone characterization rely 

on different markers (mostly RAPD markers) to study the genetic variability of somaclones 

(Leva et al., 2012; Matheka et al., 2008; Martín et al., 2002; Damasco et al., 1998). 

 

IV.3. Verification of RNA-seq results by qPCR line 

RNA-seq data were confirmed at 100% for S2 line and at 94% for S3 line. In other 

articles, rates of confirmed genes were about 86-96% and so were similar to the ones found in 

this study (Pawełkowicz et al., 2019; O’Rourke et al., 2013; Gao et al., 2013). The differences 

obtained between the two techniques can be explained by their difference of sensitivity 

(Pawełkowicz et al., 2019). Only one gene was not confirmed due to the non-significance of 

the result, and despite the consistent trend of the gene expression in qPCR with the RNA-seq 

data. This gene is Cucsat.PASA.G149 and corresponds in Arabidopsis thaliana to the gene 
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TPS21, also called AT5G23960. It encodes for a sesquiterpene synthase that is responsible with 

only one other sesquiterpene synthase to the production of all the group of sesquiterpenes found 

in the Arabidopsis thaliana floral volatile blend (Tholl et al., 2005). These molecules might 

play a role in attracting insects to the plant even if Arabidopsis emits fewer floral volatiles than 

the other insect-pollinated plants, because it is mostly self-pollinated (Chen et al., 2003). The 

difference of expression between the wild type B10 and the somaclonal line S3 for this gene is 

not significant. The non-significance of the result can be explained by differences found 

between the biological replicates that were used to calculate the standard deviation for all genes 

and all lines due to their position in the field. Indeed, it is possible that the plants are not all 

under exactly the same conditions. Indeed, in the promoters’ analysis, it is clearly visible that 

there are a substantial number of light response elements in all the analyzed promoters’ 

sequences, and so there were probably some plants that were more in the shadow than others in 

the field. Moreover, Cucsat.PASA.G149 possesses a lot of light responsive elements in his 

promoter region. The different conditions of lighting between the biological replicates of this 

gene is probably the reason why the standard deviation is that high, making the result non-

significant. However, to the knowledge of the author, no study on the impact of heterogeneity 

between replicates would have been carried out until this day. 

 

IV.4. Analysis of protein interaction through bioinformatics tools 

Several groups were determined in the protein networks of both somaclonal lines. In the 

first group, there are proteins related to the cell cycle. It is the basis of cellular multiplication 

and therefore is an important element in plant growth. In plants, it is known to be regulated by 

a large number of TF (Dewitte and Murray, 2003). However, the TF that are differentially 

expressed in the somaclonal lines do not correspond to the specific TF acting at the level of the 

cell cycle, so it cannot explain why some of the proteins implied in the cell cycle are 

differentially expressed. Nevertheless, it is also known that the cell cycle is highly dependent 

on hormone activity like auxins, cytokinins, brassinosteroids, abscisic acid and jasmonic acid 

(Dewitte and Murray, 2003). In S3 line, some auxin-related genes are differentially expressed 

while in S2 line, there are DEGs related to all hormones quoted before except the jasmonic acid. 

It implies a disrupted hormones expression and might explain the changes in the cell cycle. 

These changes are confirmed by the phenotypical analysis of the somaclonal lines that both 

show a slower growth or even a potential dwarfism for S3 line. But surprisingly, S3 does not 

show any DEG related to dwarfism while S2 possesses one. 

The second group concerned the proteins implied in transcription. There are some 

proteins that are directly responsible for the transcription like the subunits of the RNA 

polymerase while the other proteins are TF in both somaclonal lines. The transcription process 

is an important process of a cell life since it enables the expression of all the genes that can be 

found in the DNA of a living being. However, all the genes are not constitutively expressed. 

They are all regulated by TF that are themselves acting depending on different factors that can 

be intracellular or extra cellular, including the plant environment. There are TF for every 

developmental process. The PLATZ TF are known to be implied in cell division and can act as 

a repressor or as an activator (Kim et al., 2018). The HD-Zip TF are mostly involved in plant 

development (Ariel et al., 2007). Their presence can partly explain the slow growth of S2 and 

S3 for PLATZ, and only S2 for the HD-Zip. The TF containing a NAC domain are mostly 
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known to be implied in biotic and abiotic stress tolerance (Puranik et al., 2012). It was shown 

that WRKY can be differentially expressed in response to wounding (Eulgem et al. 2000), what 

happened to the plants in both somaclonal lines. The bHLH TF have a very wide range of 

actions, including stress response (Feller et al., 2010). The ERF TF are mostly regulating stress 

response (Xu et al., 2008). The Heat Shock TF are implied in the expression of the heat shock 

proteins under stress conditions (Lohmann et al., 2004). The 3 first ones are present in S2 and 

S3 and the 2 latter are present only in S2. They might be the reflection of the stressful conditions 

that the plants underwent during in vitro culture. The Heat Shock TF might bind to a stress 

responsive element found in the promoter region of S2 DEGs. Moreover, the bHLH TF is also 

implied in hormone signaling, like DOF and bZIP TF (Feller et al., 2010; Noguero et al., 2013; 

Jakoby et al., 2002) and the KAN TF is known to regulate auxin transport (Ilegems et al., 2010). 

In both somaclonal lines, hormone responsive elements were important cis-acting elements in 

the promoter region. Hence, the 3 first TF might bind to some of them. The KAN TF might 

imply changes in the hormonal balance of S2 line and so a disrupted growth and flowering, 

partly explaining the features of this line. Nevertheless, there is a DOF TF only in S3 line. 

Besides, bHLH and MYB TF can interact together in the flavonoid biosynthesis for instance 

(Feller et al., 2010). That might explain the presence of a few flavonoid biosynthetic genes 

regulation in the promoter region of S2 and S3 DEGs. Nonetheless, one of the MYB TF detected 

in S2 line is acting in response to UV-B light. DOF and bZIP TF are also known to be implied 

in light signaling (Noguero et al., 2013; Jakoby et al., 2002). The TF with a GATA domain are 

often depending on light (Reyes et al., 2004). The MYB TF might be regulated by a light 

responsive element in S2, while the last ones would bind to this kind of light responsive element 

in S3 for DOF, S2 for GATA and in both lines for bZIP. The changes in light perception and 

hormone balance in the plant have an effect on flowering. Indeed, the bZIP and bHLH TF can 

also be implied in flower development as well as MADS-box and AP2 TF that are really 

numerous and C2H2 TF (Jakoby et al., 2002; Feller et al., 2010; Riechmann and Ratcliffe, 

2000). The TF with a jmjC domain is known to have an epigenetic impact by demethylation of 

DNA. The proteins of this family mostly regulate regions implied in flowering or in the 

circadian cycle (Chen et al., 2011). This type of TF can partly explain the delay in flowering in 

S2 and S3 for jmjC, bZIP, bHLH and S2 only for MADS-box, AP2 and C2H2. The bHLH TF 

is also implied in phytochrome signaling (Feller et al., 2010). It might explain the presence of 

phytochrome expression elements in the promoter region of both lines. 

The 3rd group concerned the proteins involved in the translation process. It is a process 

as important as transcription since this is the next step that is necessary in the plants’ genes 

expression. Translation enables to build proteins from a specific mRNA. The DEGs of S3 line 

encode for the protein responsible for the elongation of the protein. It can be concluded that all 

the translation process should be impacted, for all genes. However, it is impossible to confirm 

such hypothesis with the available information obtained during this study. 

The 4th group of proteins was related to flowering processes. Flowering is a very 

intricate part of a plant’s life, regulated by a very wide range of genes. As for the TF implied in 

flowering, these proteins in S3 line might distort the natural flowering process of cucumber. 

This implies some changes in the flowering and it can be a delay in the first appearance of the 

flowers, explaining the phenotype analysis of S2 and S3 lines. 

In the 5th group were classified the transporters. They are essential molecules in any 

living being as they enable the communication inside the cell, between all the organelles, or 
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even between the cells themselves. Without transporters, the coordination of all the cells would 

not be possible, and so complex pluricellular organism could not exist either. Most of the 

transporters detected in S3 line are ion transporters, especially Ca2+ transporters. This ion is one 

of the most important second messenger in plants. Its action can be regulated in response to 

hormones, light or stress. Moreover, some enzyme cannot work without Ca2+, for instance 

enzymes involved in stress tolerance. It is involved in cell cycle regulation as well (Tuteja and 

Mahajan, 2007). Thus, if the transport of such an important ion is disrupted, it can be expected 

to see important changes in the plants, like a differential expression of some hormone, light or 

stress responsive genes. The promoters’ analysis can confirm this hypothesis since hormone, 

light and stress responsive elements were among the most important elements in the promoter 

region of S3 line. Besides, it can be suggested that the Ca2+ transporters reflect the stress 

underwent by the plants during in vitro culture. 

The 6th group was dedicated to the peroxisome metabolism. Photorespiration takes place 

in this organelle but a lot of different processes happen there as well, like events of the 

secondary metabolism, some developmental processes and part of the stress response of the 

plant (Hu et al., 2012). It is difficult to judge how the differential expression of these proteins 

could impact the primary and secondary metabolism of the plant as the research was not 

oriented on these elements, but it can show once again the reflection of the stress of the in vitro 

culture at a moment of the plants life. 

The 7th and last group was attributed to detoxification processes. The proteins of this 

group are mostly glutathione S-transferases or other peroxidases that are both known to be 

implied in detoxification processes by removing the toxic hydroperoxides from the plants’ cells 

(Edwards et al., 2000). The hydroperoxides like H2O2 are Reactive Oxygen Species (ROS) that 

have an important role of signaling in plants. They are implied in processes of growth and 

development but also in apoptosis and in response to stresses. However, these molecules can 

be very harmful for the organism (del Río, 2015). That is why the excess needs to be removed 

by antioxidative molecules like the proteins of this group which were found in S3 line. The 

differential expression of the detoxification proteins can once again be based on the stress 

provoked by in vitro culture, creating a lot of ROS and thus a need to remove their excess. 

No further analysis of the S2 network will be done as it is very complex. However, it 

could be the subject of a whole study in a later work. It would have been interesting to make a 

more intricate analysis drawing a parallel between the STRING analysis and the qPCR and 

RNA-seq results, to determine how big can be the impact of each studied protein in the plant. 

 

IV.5. Bioinformatics analysis of promoter regions of DEGs in 

somaclonal lines 

PlantCare analysis showed that 33% of the motifs found in the promoters’ sequences in 

S2 and 31% in S3 are core promoter elements. The core promoter elements are necessary to the 

transcription because they include the starting site of transcription. They can be made up of 

motifs like TATA-box, which is one of the most important ones (Burke and Kadonaga, 1997). 

The CAAT-boxes are also counted in the core promoter elements (Lee-Huang et al., 1993) and 

they have an influence on the transcriptional initiation frequency (Kusnetsov et al., 1999). This 

explains their abundance among the analyzed promoter sequences, since the genes cannot be 
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transcribed and so expressed in any way without the presence of a core promoter element. The 

other motifs, less abundant in the analyzed sequences are more specific to the genes. Most of 

them regulate gene expression as an answer to different factors such as light, stress or hormones. 

The motif MYB is known to regulate genes that are mostly specialized in cell proliferation and 

cell shape, in response to hormones like gibberellic and abscisic acids (Martin and Paz-Ares, 

1997).  The motif MYC regulates genes that might be involved in cell cycle, differentiation and 

death (Amati and Land, 1994). It is also implied in some hormones’ pathways like the pathway 

of jasmonic acic in response to a stress (Lorenzo et al., 2004; Boter et al., 2004). MYC genes 

are interacting with MYB genes (Lorenzo et al., 2004). This can explain why both motifs are 

found in approximately equivalent quantities among the analyzed sequences in both lines. As 

for the motif ABRE, it is implied in stress tolerance like drought tolerance in response to ABA 

(Yoshida et al., 2010). The CGTCA-motif and TCACG-motif of S3 line are both related to 

stress in response to methyl jasmonate (Sirhindi et al., 2016).  Other motifs like G-boxes can 

regulate multiple genes depending on a wide range of factors. They are not specific but are not 

in every promoter region or necessary to the translation (Menkens et al., 1995). Their wide 

range of possible actions explains their quite substantial presence in the studied sequences. 

The short motifs between 4 and 6 nucleotides were highly represented among the 

analyzed promoters’ sequences while the longer ones were way less present. Indeed, the TATA-

boxes and CAAT-boxes are very small motifs of 4 or 5 nucleotides while the other more specific 

motifs have longer sequences. That explains the distribution of the lengths of the motifs found 

in the results. 

The functions of the motifs are probably the most important characteristic to study in 

the promoter region analysis as it determines under which conditions the gene is regulated. As 

seen previously, a lot of them are acting in response to hormones. They represent a quite weak 

percentage of the analyzed sequences but remain the fourth and fifth more represented category 

of function in S2 and S3 lines respectively. The stress response function is of the same rough 

estimate, as it is the fifth most represented category in S2 line and the fourth in S3 line. Just 

after them come the oxygen responsive elements in which elements related to anoxia are 

classified. This abundance of hormone and stress responsive elements suggests that the plants 

were facing stress and endured some changes in their hormonal response and/or environment. 

Plant hormones have a very wide range of different effects in the plants. They are regulating 

growth and development, including the cell growth, division and differentiation and its 

adaptation to the plant environment. They regulate also the flowering time and the following 

fruit development, ripening and even fall, as well as the leaves’ fall. They regulate seed 

germination. They have also other roles outside the growth and development aspect of every 

organ, like the control of the stomatal opening or the regulation of stress response. In a few 

words, hormones regulate almost every aspect of the plant life from the seed to its death 

(Davies, 1995). Knowing that, it becomes clear that the smallest change in the plant 

environment can induce some changes in its hormonal balance. Moreover, the plants used in 

this study went through a lot of changes. Indeed, in vitro culture needs to put the plant in a stress 

state, because an explant is cut from the whole plant. Then this explant is sterilized and put in 

a medium totally different from its previous environment, in which anoxia can sometimes 

occur, like in the liquid medium where S3 line was grown. The wound and the products used 

for sterilization as well as the lack of natural molecules provided by the plant where it came 

from, put the explant in a great stress situation, implying the activation of stress responsive 

genes. Furthermore, as it was said previously, hormones are implied in the regulation of stress 
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response. It can be concluded that such a stress changes the hormone balance in the explant and 

so changes the expression of hormone responsive genes. Another reason for the change in the 

hormonal balance of the explant can be explained by the composition of the medium itself. 

Often, some substitute artificial hormones are used to replace the natural hormones that were 

previously provided by the plant. . The most common used medium in in vitro culture nowadays 

is the MS medium (Musharige and Skoog, 1962) elaborated by Musharige and Skoog in the 

sixties (Thorpe, 2007). The synthetic hormones added to this medium have different aims. 

Synthetic auxins, for instance, are used for callus induction or for the organogenesis of roots 

from a callus. Auxin enables the root primordia formation but inhibits its growth while 

gibberellins inhibits the root primordia formation but is necessary for its growth. As for 

cytokinins, they are used for the development of adventitious buds and for cell multiplication 

in combination with auxins (Gaspar et al., 1996). Moreover, the somaclonal lines of this study 

were created on MS medium supplemented with hormones: 2,4-D (an auxin) and IPA (a 

cytokinin) for S2 line that regenerated passing through a callus stage and for S3, 2,4-D was 

used to obtain a callus that was then put in a solution with BAP (a cytokinin) to regenerate 

plants from single callus cells. All these facts are enough to explain a change in the genes 

expression but not why they are still present in a fully-grown plant that went through a field 

culture after the in vitro stage. However, the plants stayed a long time under stressful conditions 

(4 to 10 months) and it is well known that a long exposure to stress can induce mutations or 

epigenetic changes for the plant to adapt to its environment. It was proven through different 

works that such kind of changes can be induced under plant tissue culture (Phillips et al., 1994; 

Kaeppler et al., 2000). Moreover, already in 1990, it was said that hormones are considered as 

potential mutagenic factors, as well as the stress of in vitro culture, anoxia and the lack of 

elements previously provided by the plant (Tonelli, 1990). It is then possible that these changes 

occurred in the genes with hormone responsive elements and in the genes with stress responsive 

elements in their promoter region, as well as in the genes with oxygen responsive element 

because of potential anoxia conditions. This might explain how the changes of expression that 

may have been observed during in vitro culture of B10 line were preserved through the different 

stages of the culture, creating new variants and explaining the difference of expression of the 

DEGs between B10 line and both somaclonal lines. A similar case was studied on the oil palm 

where the somaclonal variants showed a difference of gene expression compared to the wild 

type in normal conditions but also in response to auxin (Morcillo et al., 2006). In addition, as 

said previously, the changes in the hormone responsive genes affect organs growth and 

development, so it is not surprising to find seed-specific regulation elements in the promoter 

region of S2 DEGs and organ-specific regulation elements (it includes root-specific and seed-

specific regulation elements) in the promoter region of S3 DEGs. Hormones are also regulating 

cell differentiation (Davies, 1995) and a disrupted hormonal regulation might be the reason of 

the presence of cell differentiation elements in the promoter region of both somaclonal lines’ 

DEGs. 

The most abundant category of function was the light responsive elements. Plant’s life, 

in most of the cases, is conditioned by light as it is necessary for the photosynthesis that enables 

the production of sugars for plant growth and development. Some artificial light was used 

during in vitro culture. It is only rarely that natural light is used for plant tissue culture, like in 

the experiment of Kodym and Zapata-Arias on banana in 1998 where they qualify the natural 

light as an alternative light source. These lights are not of the same intensity and with the same 

wavelength than the sun light. The photoperiod is every day the same, usually 16 hours of light 
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and 8 hours of night (Kodym and Zapata-Arias, 1998; Comino et al., 2019), and the light does 

not turn on and off gradually as the sun rises or sets. These artificial conditions imply a different 

expression of the genes that are regulated by light responsive elements and a long exposure to 

unusual lighting conditions can cause a long-term adaptation of the plant implying mutations 

and epigenetic changes. Indeed, it was found in another study that a somaclone of Prunus avium 

L. cv. Hedelfinger showed a different response to the light compared to the wild type (Piagnani 

et al., 2002). It is likely that the same kind of mutation touching the light responsive genes 

occurred in S2 and S3 line. Additionally, a modified lighting and/or response to light affects 

the circadian cycle of plants (McWatters et al., 2000) and might explain the presence of 

circadian cycle regulation elements in the analyzed sequences. Besides, these changes can 

modify the expression of different plant photoreceptors like the phytochromes and 

cryptochromes (Tóth et al., 2001), giving an explanation to the presence of phytochrome 

expression elements, even in small quantities, in the analyzed sequences. Moreover, 

photosynthesis is highly dependent of the temperature and thus it can be expected to see a strong 

link between light responsive genes and temperature responsive genes (Long et al., 1994). This 

dependence might be an interesting element to explain the presence of temperature responsive 

elements in the analyzed sequences. Flowering is another characteristic that can be affected by 

light. Cucumber flowers are not all induced under the same conditions: male flowers are 

induced under long days and female flowers are induced under short days (INFOARGO 

SYSTEMS, SL, 2014). The cultivar used in this study, the ‘Borszczagowski’ cultivar, gives 

only male flowers. Besides, if the circadian cycle of the plant is disrupted, as it might be in the 

somaclonal lines, the flowering time can be affected, as seen in the phenotype of both lines. 

However, what is quite surprising is that only 1 flowering regulation element was detected in 

the promoter region of S2 DEGs, while the delay of flowering is visible in both somaclonal 

lines. 

The last five functions, zein metabolism regulation elements, meristem expression 

elements, endosperm expression elements, flavonoid biosynthetic genes regulation and cell 

cycle regulation elements, might be implied in disrupted developmental processes (Zhou et al., 

2017). It can be explained by the modified hormone expression in somaclonal lines since 

hormones regulate the development of plants. Moreover, these disrupted developmental 

processes can be seen in the phenotype of the somaclonal lines. Indeed, S2 shows a slow growth 

and a delay in flowering while S3 has not only a slow growth but might also be a dwarf variant 

because it never exceeds the half height of the wild type B10 in 5 weeks of culture, and it also 

shows a delay in flowering, as seen in the phenotypical analysis of the somaclonal lines. 

 

IV.6. Chromosomal location of DEGs 

The DEGs of both somaclonal lines were mapped on their corresponding cucumber 

chromosomes and contigs. The chromosomal location of the DEGs is not evenly distributed. 

Moreover, the number of DEGs mapped on a chromosome does not depend on its length. From 

this analysis, it can be suggested that the DEGs are not totally random and that there are links 

between at least some of them. Another study on HeLa cells and human primary fibroblasts 

points out that the non-coding sequences are usually randomly distributed on chromosomes 

while the place of a gene is highly characteristic for this gene although independent from its 

expression (Kurz et al., 1996). Moreover, a master’s thesis on a cucumber somaclone concluded 
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that the identified DEGs are not randomly distributed on the chromosomes (Mróz, 2019). It is 

probable that the differential expression of one gene impacted the expression of other close 

genes and it would explain the more or less large groups DEGs mapped together. This 

hypothesis is confirmed by the STRING analysis where the PPI enrichment p-value is 

significant, which means that the DEGs put in the analysis are not randomly chosen genes and 

that they belong to groups, as it can be seen on the chromosomes’ maps. However, a further 

analysis could be made to check if the genes implied in networks correspond to the groups of 

genes found on the chromosomes or if they are totally different. Of course, all the genes of the 

main network do not belong to the same groups on the chromosomes’ maps because there is a 

greater number of DEGs in this network than in any of these groups, but it might be true for 

some of them. It also means that some genes located on different chromosomes or far from each 

other can also be somehow connected and are not necessarily random. Nevertheless, only 84% 

of contigs were mapped to the chromosomes (Osipowski et al., under review) so the 

hypothetical length of the chromosomes compared to each other in this study might be totally 

wrong. Indeed, in S2 line, there are 15 contigs that are not mapped on chromosomes (they bear 

some of the DEGs studied here) and in S3 line, there are 46 contigs that are not mapped. It 

means that in total, the chromosomes’ maps elaborated in this study miss at least 46 contigs, if 

not more. Hence, it is likely that any other chromosome could be longer than the 3rd that is 

considered as the longest, even the 7th one that is considered to be the shortest one with the 

currently possessed information. Consequently, this analysis is only valid in the hypothesis that 

the missing contigs are evenly divided between each chromosome. 

 

IV.7. Heatmap of DEGs 

The heatmaps show that most of the DEGs have a consistent trend of expression between 

their three biological replicates. Only very few of them are not consistent. It can be concluded 

that the environment had a minimal impact on the replicates growth and that the experiment is 

reproducible. Moreover, the HCL analysis showed in both somaclonal lines 2 anti-correlated 

groups of DEGs having inverted trend of expression. Inside each group all the genes have a 

rather correlated expression. From this analysis it can be concluded that the DEGs belong to 2 

distinct groups which expression trend is inverted. However, the medium Pearson correlation 

coefficient points out that the trend of expression of the DEGs in a group is not random, which 

confirms the previous analyses. 

To conclude this discussion, it can be noticed that S2 and S3 are really similar through 

most of the analyses. The biggest differences lie in the number of identified DEGs which is 

much higher in S2 than in S3, their nature and mostly their connections. These differences are 

probably the explanation for their phenotypical differences in the color and supposedly in the 

fruits. However, they also have common points in the phenotype (delay in growth and 

flowering) that were previously explained through the analysis of the category of genes they 

have in common. Moreover, as epigenetic changes were detected, it could be interesting to 

develop more widely this aspect and link it to phenotypical changes as it was done in a study 

of wheat somaclones (Baránek et al., 2016). 
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V. CONCLUSION 

The somaclonal lines S2 and S3 both show phenotypical changes compared to the wild 

type line B10. S2 seems morphologically similar to B10 during the 5 weeks of culture when the 

plants were measured. However, a delay of growth was noticeable during the 4 first weeks of 

culture as well as a delay in flowering visible at the 5th week of culture, and in a previous 

description of the line, it was said that its fruit had a lighter color and was smooth, unlike B10 

fruits. As for S3 line, it had an even stronger delay of growth, without flowering during the 5 

weeks of culture. It might be a dwarf variant. It also shows a different shape of the leaves and 

a lighter tint of the whole plant. 

To explain these features, it was necessary to check the repeatability of the experiment 

and the correctness of the RNAseq data. The genes were confirmed at 100% for S2 line and 

94% for S3 line because of a lack of accuracy that can be explained by the difference of 

sensitivity between the methods. Thus, it can be considered that RNAseq results are reliable. 

Moreover, the heatmap showed that most of the DEGs have a consistent trend between the 3 

biological replicates. Therefore, the experiment can be considered repeatable. Besides, the gene 

map shows that the DEGs are not random and so, that they are linked together and can be 

categorized in groups, giving meaning to the executed analysis. 

The analysis of the protein network and of the promoter region of the DEGs in both 

somaclonal lines enabled to explain some of their features. The slow growth can for instance 

be explained by the DEGs implied in the cell cycle, and by the ones related to hormones as well 

as some transcription factors like PLATZ and HD-Zip. Indeed, these transcription factors can 

be under the regulation of hormone responsive promoter elements. Besides, proteins implied in 

cell cycle can potentially be under the control of a transcription factor implied in cell division, 

explaining their differential expression. Moreover, a lot of promoter elements could be 

responsible for these developmental changes like the zein metabolism regulation elements, 

meristem expression elements, endosperm expression elements, flavonoid biosynthetic genes 

regulation and cell cycle regulation elements that are known to be implied in developmental 

processes. The different shape of S3 leaves can also be explained by these factors. However, 

S3 is not confirmed as being a dwarf variant because no DEGs was found corresponding to this 

state in this line but one was curiously found in S2. 

Flowering is regulated by a lot of different factors. The one mostly found in both 

somaclonal lines was the DEGs related to hormones, potentially explaining the late flowering 

of both somaclonal lines. Some transcription factors might be implied directly in flowering or 

through their relation to hormones, light and/or circadian cycle. These 2 latter change the 

perception of the photoperiod, another factor implied in flowering. 

Nonetheless, no explanation was found to explain the supposed difference of fruits in 

S2 or the different color of the whole plant in S3. 

The network of S2 was very hard to divide into groups as the main network counts 2 

main central nodes of very different functions that are linked to a great variety of proteins, often 

impossible to put in the same group because of their differences. Because of this issue, the 

analysis was not performed with as much accuracy as it should be. In further researches, each 

protein of the networks should be compared with the RNAseq analysis to determine more 

precisely their role in the phenotype and maybe find the explanation of the features that were 

not justified in this work. 
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Annex I: Thermocycler programs for cDNA synthesis, PCR and qPCR 

 

(1) Program used for cDNA synthesis 

TEMPERATURE TIME 

25°C 10 minutes 

37°C 2 hours 

85°C 5 minutes 

4°C ∞ 
 

(2) PCR program 

TEMPERATURE TIME STEP CYCLE NUMBER 

95°C 3 minutes Initial denaturation  

95°C 20 seconds Denaturation 

34 cycles 
58°C 30 seconds Annealing 

72°C 30 seconds 
Extending – cDNA 

synthesis 

72°C 5 minutes Final extending  

4°C ∞   
 

(3) Gradient PCR program used to test the primers. In the thermocycler, during the annealing step, each column 

has a different temperature ranging from 49,8°C to 65,1°C. 

TEMPERATURE TIME STEP CYCLE NUMBER 

95°C 3 minutes Initial denaturation  

95°C 20 seconds Denaturation 

34 cycles 

49,8°C < 51,1°C < 

52,5°C < 54,3°C < 

56,2°C < 58,3°C < 

60,2°C < 62°C < 

63,5°C < 65,1°C 

30 seconds Annealing 

72°C 30 seconds 
Extending – DNA 

synthesis 

72°C 5 minutes Final extending  

4°C ∞   
 

(4) qPCR program used to verify the RNA-seq data and do the melting curve 

TEMPERATURE TIME STEP CYCLE NUMBER 

50°C 20 seconds 
qPCR 

 

95°C 10 minutes  

95°C 15 seconds 
qPCR 40 cycles 

60°C 1 minute 

95°C 15 seconds 

Melt Curve 

 

60°C 1 minute  

95°C 30 seconds  

60°C 15 seconds  



 
 

Annex II: List of chosen genes to verify the RNA-seq data by qPCR in S2 and 

S3 lines 

 

N° \ Line S2 S3 

1 Cucsat.PASA.G825 Cucsat.PASA.G2525 

2 Cucsat.PASA.G1373 Cucsat.PASA.G3325 

3 Cucsat.PASA.G2244 Cucsat.PASA.G5228 

4 Cucsat.PASA.G6064 Cucsat.PASA.G6440 

5 Cucsat.PASA.G6481 Cucsat.PASA.G8234 

6 Cucsat.PASA.G8448 Cucsat.PASA.G10613 

7 Cucsat.PASA.G17205 Cucsat.PASA.G20923 

8 Cucsat.PASA.G17802 Cucsat.PASA.G149 

9 Cucsat.PASA.G1539 Cucsat.PASA.G2308 

10 Cucsat.PASA.G16815 Cucsat.PASA.G7422 

11 Cucsat.PASA.G18285 Cucsat.PASA.G8944 

12 Cucsat.PASA.G20995 Cucsat.PASA.G9960 

13 Cucsat.PASA.G21221 Cucsat.PASA.G11136 

14 Cucsat.PASA.G2239 Cucsat.PASA.G13532 

15 Cucsat.PASA.G3723 Cucsat.PASA.G13651 

16 Cucsat.PASA.G7236 Cucsat.PASA.G14249 

17  Cucsat.PASA.G20744 

 

  



 
 

 
 

 

Diplôme : Diplôme d'Ingénieur de l'Institut des Sciences Agronomiques, 

Agroalimentaires, Horticoles et du Paysage 

Spécialité : Horticulture 

Spécialisation / option : Science et ingénierie du végétal (SIV)/ Semences et 
plants : recherche et développement, production, commercialisation (SEPRO) 

Enseignant référent : Agnès GRAPIN 

Auteur(s) : Estelle BYSTRZYCKI 

 

Date de naissance* : 26 septembre 1996 

Organisme d'accueil : Szkoła Główna 
Gospodarstwa Wiejskiego w Warszawie 

Adresse : Nowoursynowska 166 

                  02-787 WARSZAWA 

 

Maître de stage : Magdalena PAWEŁKOWICZ 

Nb pages : 45                   Annexe(s) : 2 

Année de soutenance : 2019 

Titre français : Caractérisation de deux lignées somaclonales de concombre (Cucumis sativus L.) par approche 
transcriptomique 

 

Titre anglais : Characterization of two somaclonal lines of cucumber (Cucumis sativus L.) through a 

transcriptomic approach 

 

Résumé : Le concombre a une haute valeur économique dans le monde et particulièrement dans les pays de 
l’est en Europe. Il a déjà été longuement étudié pour permettre aux sélectionneurs d’obtenir de nouvelles variétés. 
Les NGS ont d’ailleurs grandement facilité l’amélioration des plantes. Différentes sources de nouveau matériel 
végétal sont disponibles. Parmi elles, on peut trouver la variation somaclonale (mutations issues de la culture in 
vitro) qui est la cible de cette étude. Deux lignées somaclonales de concombre, S2 et S3, ont été étudiées. Les 
deux phénotypes ont été comparés. Une analyse RNA-seq a été réalisée pour déterminer les DEGs entre les 
lignées somaclonales et le type sauvage dont elles sont issues, B10. Quelques-uns des DEGs ont été vérifiés par 
qPCR avec un succès d’en moyenne 97%. Un réseau de protéines a été construit avec les DEGs ainsi que des 
cartes chromosomiques et des heatmaps. Une analyse de promoteur a été réalisée. Les conclusions des analyses 
portent à croire que le retard de croissance observé est dû à des gènes en lien avec le cycle cellulaire, les 
hormones et les facteurs de transcription, sous le contrôle de divers éléments promoteurs impliqués dans des 
processus développementaux. Le retard de floraison peut s’expliquer par des gènes en lien avec les hormones et 
des facteurs de transcription sous l’influence d’hormones, de la lumière et du cycle circadien. Cependant, rien n’a 
pour l’instant été identifié pour expliquer la différence de couleur de S3 ou la supposée différence entre les fruits 
de S2 et ceux de B10. 

Abstract: Cucumber has a high economic value in the world and particularly in eastern countries in Europe. It 
was already widely studied, giving tools for the breeders to create new varieties. Incidentally, NGS made plant 
breeding way easier. Different sources of nex plant material are available. Among them, somaclonal variation 
(mutations caused by in vitro culture) can be found. They are the target of this study. Two cucumber somaclonal 
lines, S2 and S3, were studied. Both phenotypes were compared. An RNA-seq analysis was carried out to 
determine DEG between somaclonal lines and the wild type from which they derive, B10. Some DEGs were 
checked by qPCR with an average success of 97%. A protein network was built with the DEGs as well as 
chromosome maps and heatmaps. A promoter analysis was carried out. The conclusions of the analyses suggest 
that the observed delay of growth comes from genes related to cell cycle, hormones and transcription factors, 
under the control of diverse promoter elements implied in developmental processes. The delay of flowering can 
be explained by genes related to hormones and transcription factors under the influence of hormones, light and 
the circadian cycle. However, nothing was identified to explain the difference of color of S3 or the supposed 
difference between S2 and B10 fruit. 
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