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Abstract: In agricultural production, it is fundamental to characterize the phenological stage of plants
to ensure a good evaluation of the development, growth and health of crops. Phenological characteri-
zation allows for the early detection of nutritional deficiencies in plants that diminish the growth
and productive yield and drastically affect the quality of their fruits. Currently, the phenological
estimation of development in grapevine (Vitis vinifera) is carried out using four different schemes:
Baillod and Baggiolini, Extended BBCH, Eichhorn and Lorenz, and Modified E-L. Phenological
estimation requires the exhaustive evaluation of crops, which makes it intensive in terms of labor,
personnel, and the time required for its application. In this work, we propose a new phenological
classification based on transcriptional measures of certain genes to accurately estimate the stage of
development of grapevine. There are several genomic information databases for Vitis vinifera, and
the function of thousands of their genes has been widely characterized. The application of advanced
molecular biology, including the massive parallel sequencing of RNA (RNA-seq), and the handling
of large volumes of data provide state-of-the-art tools for the determination of phenological stages,
on a global scale, of the molecular functions and processes of plants. With this aim, we applied
a bioinformatic pipeline for the high-throughput quantification of RNA-seq datasets and further
analysis of gene ontology terms. We identified differentially expressed genes in several datasets, and
then, we associated them with the corresponding phenological stage of development. Differentially
expressed genes were classified using count-based expression analysis and clustering and annotated
using gene ontology data. This work contributes to the use of transcriptome data and gene expression
analysis for the classification of development in plants, with a wide range of industrial applications
in agriculture.
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1. Introduction

In viticulture, the cultivation of grapevine (Vitis vinifera), key phenological and
metabolic events play a crucial role in determining the size and organoleptic composi-
tion of the fruits [1]. Phenological characterization enables the early detection of diseases or
nutritional deficiencies in plants, which can significantly reduce the productive yield and
adversely affect the quality of fruits. Phenology is a vital component in evaluating crop
productivity and crop management [2–4].

At present, the estimation of phenological stages in grapevine is carried out using
various established systems, including Baillod and Baggiolini, Extended BBCH, Eichhorn
and Lorenz, and Modified E-L [5,6]. In these systems, the phenological stage of a plant is
determined by observing specific structures or events (such as budburst, shoot growth,
the beginning of flowering, full bloom, setting, veraison, and harvest) and helps in char-
acterizing its development and growth. While these systems have been employed for
phenological estimation for over two decades, they necessitate a thorough assessment of
crops, which can be labor-intensive and time-consuming. To address this issue, various
approaches have been adopted for estimating phenological stages, including the analysis
of time-series data from MODIS and NOAA satellite images [7,8]. Satellite and drone
remote sensing imagery have emerged as valuable tools for monitoring multiple facets of
viticulture, such as drought surveillance, nitrogen status assessment, and evapotranspira-
tion measurement [9,10]. Furthermore, the National Snow and Ice Data Center has been
engaged in the construction of a time series utilizing data from both the MODIS and VIIRS
missions. This effort can offer valuable insights for the research community, particularly in
the context of climate change [11,12].

Current challenges in determining grape berry phenology depend on different vari-
ables, including specific genotypic response, water availability, climate, agronomic practices,
and crop load [13]. The introduction of next-generation sequencing offers the opportunity
to use the dynamic expression patterns of broad gene sets to track fruit development and
improve classification systems with molecular information [14–16]. Some examples of
studies that have successfully applied this strategy in plants were used to reconstruct the
transcriptional development of individual organs in maize and sorghum, linking the ap-
pearance of morphological traits to precisely defined molecular developmental stages [17].
This method successfully created a transcriptomic-aging clock, accurately determining the
biological age of organisms such as Caenorhabditis elegans [18]. Recent advances in gene
expression quantification methods could be used to improve the accuracy of phenological-
stage classification [19].

Grapevine (Vitis vinifera) has been extensively characterized at the genome, transcrip-
tome, and metabolome levels [20–24]. For instance, Licausi et al., 2010, investigated the
genome of V. vinifera by analyzing the expression dynamics of two gene groups associated
with grape development and growth [25]. Additionally, Zhu et al., 2017, studied the Sucrose
Synthase Gene Family in the grape genome [26]. Several genomic information databases
exist for Vitis vinifera, and the functions of its genes have been comprehensively charac-
terized. Moreover, numerous protocols and tools have been developed for the molecular
analysis of the grape. The adoption of advanced molecular biology techniques, including
RNA parallel massive sequencing (RNA-seq), and the management of large-scale, highly
complex data sets, offer cutting-edge tools for studying the precision of phenological and
metabolic dynamics on a global scale. These tools encompass all integrated processes and
molecular functions of plants [27].

The primary aim of this study was to perform a phenological analysis utilizing tran-
scriptome data to pinpoint differentially expressed genes (DEG) throughout the growth
stages of grapevine. This work contributes significantly to the advancement of intel-
ligent systems in molecular biology that enhance productivity and facilitate informed
decision making to yield high-quality fruits. By applying a bioinformatic pipeline to the
analysis of RNA-seq datasets [28] and conducting gene expression analysis for DEG identi-
fication [16,29,30], we were able to characterize the gene ontology processes enriched at
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various phenological stages [31]. Our work holds substantial potential to revolutionize the
understanding and management of grapevine growth stages, leading to improved agricul-
tural practices and better fruit quality. Moreover, this research offers valuable insights into
the molecular processes governing grapevine development, which could be instrumental
in optimizing crop production and mitigating potential challenges.

In this study, we conducted an exhaustive analysis of the global transcriptional profile
of grape berries, enabling us to accurately describe the functional roles of most genes in
Vitis vinifera. Our investigation centered on table grape seedless segregants exhibiting
contrasting phenotypes for berry weight, thereby enhancing our understanding of the
mechanisms governing berry weight determination. To facilitate cross-species comparisons
of plant developmental stages, we utilized Plant Ontology (PO). Through our comparative
transcriptome profiling, we identified candidate genes associated with berry weight. These
genes hold potential as selection tools in table grape breeding programs. We employed the
Grape RNA-Seq Analysis Pipeline Environment (Grape) for the processing and analysis
of RNA-Seq data. This pipeline supports raw sequencing reads produced by various
technologies, in FASTA or FASTQ formats, as well as pre-aligned reads in SAM/BAM
formats. It conducts quality control measures, aligns the reads to the genome, and performs
gene expression analysis. Our approach and results contribute significantly to the field of
viticulture, offering new insights into the genetic basis of berry weight variation. The iden-
tification of candidate genes associated with berry weight will inform future breeding
programs, helping to optimize grape production and enhance fruit quality.

2. Materials and Methods
2.1. Phenological Classification

For the phenological stage classification in this work, we used the Modified E-L system
proposed in [5,6] (Table 1). The growth stage of each sample, which was retrieved from the
ArrayExpress metadata, has a different format and classification system for each dataset.
To overcome this, we used the equivalences between different systems for grapevine
growth stage identification, and manually assigned each sample to its respective Modified
E-L stage.

2.2. RNA-Seq Data Processing and Quantification

Transcriptome data for grapevine was searched using ArrayExpress and GEO
databases [32,33]. Details of the datasets used for the phenological classification are
available in the Supplementary Materials. With the aim of designing a rapid and ac-
curate workflow for RNA-seq data analysis, we implemented the bioinformatic pipeline
described in Figure 1. We started with preprocessing of the transcriptome data using
FastQC for quality control [34], and Trimmomatic for sequence trimming [35]. For quan-
tifying transcript abundance from RNA-seq reads, we used Salmon, which is an accu-
rate and fast pseudo-aligner that can be used on standard computers [36]. For each
tool, it was necessary to create an index from the transcriptome, for which the IGGP
12X genome assembly with V1 annotation of the Vitis vinifera genome was used (http:
//plants.ensembl.org/Vitis_vinifera/Info/Index, accessed on 18 February 2024).

2.3. Differential Gene Expression Analysis

To identify DEGs in a variety of plant physiology stages, we implemented edgeR
according to [37]. EdgeR is a Bioconductor package for gene expression analyses of read
counts arising from RNA-seq or similar technologies [38]. The first step to identifying
DEGs is to read counts from the RNA-seq quantification output. We used the Bioconductor
package tximport to create a read-count matrix, and then, used this to create a DGEList data
object with edgeR [39,40]. The second step was to carry out the filtering and normalization
of the RNA-seq quantification libraries, according to the following criteria: counts-per-
million (CPM) > 1, log-fold change (logFC) > 5, and adjust p-value (FDR) < 0.01. Volcano,

http://plants.ensembl.org/Vitis_vinifera/Info/Index
http://plants.ensembl.org/Vitis_vinifera/Info/Index
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biological coefficient of variation (BCV), and multidimensional scaling (MDS) plots were
created using R version 3.5.2.

2.4. Gene Ontology

We identified gene ontology (GO) terms for the DEGs in grapevine reproductive
stages. For functional annotation and GO enrichment analysis, we used BioMart, Ensembl
Plant, Panther, and PlantRegMap [41–44]. Different GO IDs were associated with the DEGs
selected; molecular functions and enzyme codes associated with the DEGs were analyzed.

We used a Microsoft Azure virtual machine with an Intel Xeon CPU E5-2673 v3
@ 2.40 GHz processor and 32 GB of RAM.

Figure 1. Proposed bioinformatic pipeline for RNA-sequencing data processing. This figure illustrates
a step-by-step workflow for processing RNA-sequencing data using bioinformatics tools and software.
The pipeline begins with the acquisition of raw sequencing data, typically in the form of FASTQ
files, and progresses through several key stages, including quality control, read alignment, transcript
assembly, differential expression analysis, and functional annotation. Each stage involves specific
bioinformatics tools and algorithms, which are applied to the raw data to generate meaningful
biological insights.
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Table 1. Phenological growth stage schemes for grapevine. This table outlines the stages of growth
that grapevine goes through, from dormancy to ripeness. The stages are adapted from the work
of Lorenz et al. (1995) and Coombe et al. (1995). These stages are crucial for grape growers and
winemakers, as they determine when certain tasks need to be performed, such as pruning, water-
ing, and harvesting. Understanding the phenological growth stages helps in managing grapevine
effectively, which, in turn, leads to better grape quality and wine production. These schemes provide
a standard framework that can be used across different grape varieties and regions, allowing for
consistent terminology and management practices in the grape and wine industry [5,6].

Major Stage Detailed Stage Baillod
and Baggiolini

Extended
BBCH

Eichhorn
and Lorenz

Modified
E-L

Shoot and
inflorescence
development

A 0 1 1

1 2 2

B 3

5 3 3

Budburst C 7 5 4

D 9 5

E 11 7 7

12 9 9

13

14 11

Shoots 10 cm F 15, 53 12 12

16 13

14

G 55 15 15

19 16

H 57 17 17

18

Flowering

Flowering begins 60 19 19

61 20

63 21 21

Full bloom I 65 23 23

68 25 25

69 26 26

Berry development

Setting J 71 27 27

73 29 29

Berries pea size K 75 31 31

77 33 32

L 79 33
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Table 1. Cont.

Major Stage Detailed Stage Baillod
and Baggiolini

Extended
BBCH

Eichhorn
and Lorenz

Modified
E-L

Ripening

34

Veraison M 81 35 35

36

37

Harvest N 89 38 38

39

Senescence

O 91 41 41

92

P 93 43 43

95

97 47 47

3. Results and Discussion

In this article, we report on a transcriptome data analysis for phenological stage iden-
tification in grapevine. The implementation of a bioinformatic pipeline for RNA-seq data
processing allowed us to quantify multiple datasets from gene expression databases. Dif-
ferent stages of phenology were found in the available information from Vitis vinifera tran-
scriptomic studies. This global analysis of transcriptomes enabled a comprehensive study
for the identification of phenological stages in Vitis vinifera through molecular examination.
To evaluate the development of grapevine, we evaluated a phenological classification that
compares the four schemes used currently in the viticulture industry, including “Baillod
and Baggiolini”, “Extended BBCH”, “Eichhorn and Lorenz”, and “Modified E-L”. We
used, for further analysis, the Modified E-L system for identifying major and intermediate
grapevine growth stages. The different associated events of plant development in the
Modified E-L system are “Shoot and inflorescence development”, “Flowering”, “Berry
development”, “Ripening”, and “Senescence”.

The transcriptome data used in this study were obtained from ArrayExpress and GEO.
The datasets were quantified according to the proposed bioinformatic pipeline (Figure 1).
In total, 1340 million reads (89.1 GB of data) were quantified and used for further analysis.
In the major stage of “Shoot and inflorescence development”, a total of 479 million reads
were quantified, equal to 26.136 GB of data. In the “Berry development” major stage,
214 million reads were quantified, equivalent to 16.794 GB of data. In the “Ripening”
major stage, 577 million reads were quantified, equivalent to 43.102 GB of data. In the
“Senescence” major stage, 65.9 million reads were quantified, equivalent to 3.099 GB of
data. After the processing of the reads, including quality control and trimming, pseudo-
alignments against the Vitis vinifera genome data (12X, IGGP) were performed. A count
matrix of 29,958 observations (gene counts) and 68 variables (biological replicates) was
created. This count matrix was used for gene expression analysis and gene ontology
enrichment. The raw library sizes were scaled with the calculation of the normalization
factors. As is shown in Figure 2, a multidimensional scaling (MDS) plot of distances
between gene expression profiles was made to represent the relationships between the
groups of samples, as a visualization of the distances between replicates. The biological
coefficient of variation (BCV) was calculated as the relative variability value of the true
abundances of the gene between biological replicates. As is shown in Figure 2, the BCV
distances correspond to the dispersion estimates among samples, in which each color
corresponds to a phenological stage according to the Modified E-L system. It represents



Agronomy 2024, 14, 613 7 of 13

the coefficient of variation that would remain between biological replicates if sequencing
depth could be increased indefinitely [45].

Figure 2. Multidimensional scaling (MDS) and biological coefficient of variation (BCV) plots gener-
ated using edgeR showing segregation of distances between gene expression profiles. This figure
illustrates the use of MDS and BCV plots to assess the distances between gene expression profiles,
which can provide insights into the reliability and variability of experimental data. (A) Multidimen-
sional scaling plot for the biological replicates. (B) Biological coefficient of variation.

We report the DEGs for the classification of grapevine using the reproductive pheno-
logical stages according to the Modified E-L system. We applied a bioinformatic pipeline
for the processing of large amounts of data derived from RNA-sequencing experiments.
The DEGs were calculated using available transcriptome data from the four major stages
mentioned above and ten detailed stages according to the Modified E-L system. This
included the representation of four stages from “Shoot and inflorescence development”
(EL-3, EL-5, EL-15, EL-17), two stages from “Berry development” (EL-27, EL-31), three
stages from “Ripening” (EL-35, EL-36, EL-38), and one stage from “Senescence” (EL-41).
All the comparisons were made using the stage EL-3 as a control. For the representation of
the transcriptional dynamics across phenological stages, volcano plots were made showing
the observed DEGs in each phenological stage (Figure 3).

The DEGs found in this analysis were used for a gene classification according to
their molecular functions for functional categorization. The general transcriptional dy-
namics observed show general downregulation of gene expression in the last stages of
development, ripening, and senescense, with the highest number of DEGs (Figure 3). This
reflects a very dynamic and active process in the late stages of fruit ripening maturity
and senescence [46]. Several processes could be involved in the transcriptional downreg-
ulation observed in the last stage of development. One of theses could be attributed to
mitochondrial activity, due to the gradual degradation of chlorophyll in the senescence
stage [47].
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Figure 3. Volcano plots of differentially expressed genes in multiple phenological stages. The volcano
plots depict the results of differential gene expression analysis across multiple phenological stages of
grapevine growth. Each point in the plot represents a gene, and its position is determined by both
the statistical significance of its expression change (x-axis) and the magnitude of that change (y-axis).
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According to our results, multiple DEGs found in the last stages of development
were attributed to oxidoreductase activity (GO:0016722); some of them are associated
with phenylpropanoid biosynthetic (GO:0009699) and metabolic (GO:0009698) processes
(Figure 4), such as the genes that code for phenylalanine ammonia-lyase, flavanone-3-
hydroxylases, and anthocyanin acyltransferase. These biochemical pathways underlie the
synthesis of a wide range of important phenolic and flavonoid compounds that could pro-
vide beneficial effects on health, including anthocyanins, which lead to a change in the color
of the fruit [48]. The concentration of these secondary metabolites is a relevant indicator
of fruit quality and obviously has an important economic impact [49]. On the other hand,
phenylpropanoid metabolism can also be regulated to determine the action of members
of the MYB transcription factor family. We detected four DE MYB genes, indicating that
they play a very relevant role in anthocyanin synthesis. In the last stages of ripening, the
anthocyanin accumulation ceased [50]; this is correlated with the downregulation of MYB
genes, and indicates that the precursors of anthocyanin are channeled to the production of
other phenolic compounds, such as stilbenes.

Figure 4. Gene ontology enrichment. (A) Shoot and inflorescence development, (B) berry devel-
opment, (C) ripening, and (D) senescence. This figure illustrates the results of gene ontology (GO)
enrichment analysis for different phenological stages of grapevine growth. The enrichment analysis
identifies GO terms that are significantly over-represented in the set of differentially expressed genes
(DEGs) for each phenological stage. Each bar represents a GO term, and its height indicates the statis-
tical significance of enrichment, typically measured using adjusted p-values or enrichment scores.

Serine-type carboxypeptidase activity (GO:0004185) was also found to be enriched in
the last stage of senescence. This process of protein degradation is involved in efficient
protein remobilization during leaf senescence. Serine-type carboxypeptidase proteins may
be vital for normal plant growth and development, for the synthesis of compounds that
protect plants against pathogens and xenobiotic agents [51].
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Fruit softening is one of the key features of this stage, and is associated with the
disassembly of the primary cell wall and dissolution of the middle lamella [52], and this,
in our analysis, is confirmed by changes in gene expression for a set of genes that encode
for enzymes important for this process, such as pectinesterase, xyloglucan endotransglu-
cosylase/hydrolase (XET), glycosyltransferase, and pectate lyase. Specifically, the role of
XET is uncertain, since there is inconsistency between studies that show opposite expres-
sion patterns [53,54], indicating that they could be involved in cell wall extensibility and
growth [55]. Our transcriptomic classification approach could be a great tool for identifying
specific isoforms of XET that are up- and downregulated in this stage and contribute to
applications in industrial agriculture.

Another important process in this stage corresponds to lipid metabolism. We detected
changes in transcripts described like lipoxygenases that could be involved in fatty acid
degradation and the synthesis of lipid-derived aroma volatiles, resulting in an increase in
flavor [53]. Finally, we believe these genes represent interesting targets in the modulation
of complete maturation and the ripening process. A certain combination of these genes
could be applied for the classification of plants according to the Modified E-L scale. This
system could be applied for the monitoring of the health of crops, including pathogens and
pests such us the grapevine moth Lobesia botrana [56,57].

4. Conclusions

In this study, we aimed to contribute to the transcriptome analysis and characterization
of the phenological stages of development in grapevine. We utilized several datasets of
RNA-seq data obtained from public databases, including ArrayExpress and GEO, resulting
in the quantification of 1340 million reads and the analysis of 89.1 GB of data. Transcriptome
analysis techniques, such as microarrays and RNA sequencing (RNA-Seq), were employed
to study the organism’s transcriptome.

We observed that the number of differentially expressed genes (DEGs) increased as
phenological development progressed, from shoot and inflorescence development until
the senescence stage. The most enriched gene ontology (GO) categories were identified for
each stage of development: oxidation-reduction processes during shoot and inflorescence
development, the regulation of transcription during berry development, phenylpropanoid
processes during ripening, and cell wall organization during senescence.

Our work contributes to the utilization of transcriptome data for the analysis of plant
development, with potential applications in various types of crops. By understanding the
gene expression patterns and biological processes associated with different phenological
stages in grapevine, researchers and growers can make informed decisions regarding vine-
yard management, cultivar selection, and the timing of various interventions, ultimately
leading to improved crop yield and quality.

The identification of specific genes involved in crucial stages of grapevine maturation
and senescence opens up avenues for the development of targeted strategies aimed at
enhancing fruit quality and bolstering disease resistance. By focusing on genes related to
the biosynthesis of phenylpropanoids, for example, it becomes possible to direct the accu-
mulation of beneficial phenolic compounds, thereby elevating the organoleptic qualities
and antioxidant stability of the grapes. This knowledge also underpins more informed
strategies for post-harvest handling, aiming to prolong shelf life and maintain the grapes’
sensory attributes. Thus, the insights gained from our analysis offer a roadmap for select-
ing varieties and refining cultivation practices that align with the sustainable production
of high-quality grapes, satisfying both consumer preferences and the wine industry’s
standards. While this study has laid a promising foundation, enriching it with further
detailed examinations and expanding on the practical applications of these findings could
significantly amplify its impact on this field.
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