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Transcriptome-guided selection
of stable reference genes for
expression analysis in spinach

Aboozar Soorni‘, Maryam Rezvani & Haniye Bigdeli

Accurate measurement of gene expression levels is vital for advancing plant biology research. This
study explores the identification and validation of stable reference genes (RGs) for gene expression
analysis in Spinacia oleracea. Leveraging transcriptome data from various developmental stages, we
employed rigorous statistical analyses to identify potential RGs. A total of 1196 candidate genes were
initially screened based on expression variability, with subsequent refinement using criteria such as
low variance and stability. Among 12 commonly used candidate RGs, EF1a and H3 emerged as the
most stable across diverse experimental conditions, while GRP and PPR exhibited lower stability.
These findings were further validated through qRT-PCR assays and comprehensive statistical analyses,
including geNorm, NormFinder, BestKeeper, and RefFinder. Our study underscores the importance

of systematic RG selection to ensure accurate normalization in gene expression studies, particularly
in the context of S. oleracea developmental stages and physiological processes like flowering. These
validated RGs provide a robust foundation for future gene expression analysis in S. oleracea and
contribute to the advancement of molecular research in plant biology.
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As the depth of plant biology studies increases, the importance of accurately measuring gene expression levels
becomes more significant. Consequently, quantitative real-time polymerase chain reaction (qQRT-PCR) has
become a key analytical method for researchers in this field. This technique allows for the sensitive and specific
measurement of gene expression, making it an essential tool in the study of S. oleracea (spinach) and other
model organisms!~3. Despite the numerous advantages offered by qRT-PCR, including its high sensitivity and
specificity, good reproducibility?~ the reliability of its results can be influenced by various factors. These factors
encompass variables such as RNA concentration, reverse transcription efficiency, primer specificity, the specific
experimental conditions employed during the analysis, and internal (RGs’~. Among these factors, internal RGs
are essential elements in qQRT-PCR analysis, providing a stable foundation within the experimental setup. Their
primary function is to establish a consistent baseline for measuring the expression levels of target genes. Indeed,
it becomes crucial to carefully select appropriate internal RGs in order to ensure accurate data correction and
standardization in qQRT-PCR analysis. Through the normalization of variations caused by these factors, internal
RGs enhance the reliability and robustness of analytical results. The careful selection and validation of internal
RGs are fundamental requirements for ensuring the accuracy and reproducibility of qRT-PCR data analysis!%-14,
An ideal reference gene in plant biology should demonstrate consistent expression levels under various
experimental conditions, irrespective of external factors, sample types, or treatment methods. It should remain
unaffected by fluctuations caused by environmental cues, developmental stages, or stress responses. This stability
is crucial as it guarantees that the reference gene serves as a dependable baseline for accurately evaluating the
expression levels of target genes!>~!°. Recent investigations have revealed that the expression profiles of RGs
may vary in different experimental contexts. This suggests that the stability of housekeeping genes depends
on the specific experimental conditions and shows consistency within a limited range of cellular contexts.
Therefore, it is crucial to carefully select appropriate RGs when using quantitative polymerase chain reaction
(qPCR) techniques to assess gene expression dynamics in plants under well-defined experimental scenarios?*2!.
Traditionally, genes such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH;**~%°), B-actin (ACT);?>26-%8,
18 S ribosomal RNA (18 S rRNA);2%30, ubiquitin (UBQ);*!, tubulin a and p (TUB);*?, and elongation factor 1-a
(EF1A);***! have been recognized for their housekeeping functions in cellular processes and are commonly
used as RGs to normalize qPCR data. However, recent studies have indicated that the stability of transcripts
associated with these conventional RGs can vary under different experimental conditions®**>%, prompting a
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growing interest in the identification of stable reference genes. In order to select suitable RGs and assess their
expression stability, a comprehensive approach is required, which involves the use of multiple methodologies and
software tools. One promising approach is to leverage the abundance of transcriptome data to identify potential
RG candidates?»37-3, Additionally, several statistical algorithms have been developed to identify RGs that
maintain stable expression levels under specific experimental conditions. These algorithms include geNorm¥,
NormFinder?®, BestKeeper!4, the ACt method?!, and RefFinder*’. In previous research endeavors, these
approaches and algorithms have been extensively employed in studying various plant species under different
conditions to identify stable RGs. For example, investigations have been conducted to assess the expression
stability of candidate RGs in plants like Arabidopsis thaliana®®, Oryza sativa*, Solanum lycopersicum®, and Zea
mays*S, which were exposed to diverse environmental stresses including drought, salinity, heat, and pathogen
infection. Additionally, spinach has emerged as a valuable model organism in plant biology studies due to its
genetic manipulability, compact genome, and rapid growth rate. This highlights the significance of identifying
suitable RGs for spinach research under different conditions*’~*. A previous publication has highlighted the
necessity for specific investigations regarding the selection of optimal RGs for spinach, particularly concerning
stress response®. In this previous study, various housekeeping genes from spinach were evaluated for their
stability under different abiotic stress conditions. Ten candidate genes, including 18 S ribosomal RNA (18 S
rRNA), actin, ADP ribosylation factor (ARF), cytochrome ¢ oxidase subunit 5 C (COX), cyclophilin (CYP),
elongation factor 1-alpha (EF1a), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), histone H3 (H3), 50 S
ribosomal protein L2 (RPL2), and tubulin alpha chain (TUB«), were analyzed under various stress responses
by qRT-PCR and NormFinder, BestKeeper, and geNorm algorithms®’. The findings of this research identified
18 STRNA, actin, ARF, COX, CYP, EFla, GAPDH, H3, and RPL2 as optimal RGs for gene expression analysis of
different organs and stress responses™.

Given the intricate nature of gene expression regulation and the ever-changing landscape of plant development,
it is crucial to enhance the pool of RGs that can effectively standardize gene expression data under diverse
experimental conditions. This is especially important when assessing characteristics during developmental
phases and critical physiological processes like flowering and bolting time in spinach. Furthermore, as
transcriptome data play a significant role in identifying the most appropriate candidate genes for assessment
and standardization in spinach research, additional studies should concentrate on systematically appraising the
expression stability of candidate RGs pinpointed from transcriptome data in various spinach tissues at distinct
developmental stages. This includes stages such as vegetative growth, reproductive growth, and senescence. It is
also essential to utilize robust statistical methodologies like geNorm, NormFinder, and BestKeeper for accurate
evaluation. Hence, in order to fill the existing research gap concerning stable RGs for assessing gene expression
during developmental stages and important traits such as flowering/bolting time in spinach, we undertook an
extensive investigation. By utilizing transcriptome data as our main source and employing advanced statistical
algorithms and software tools for systematic analysis, we meticulously assessed the expression stability of
multiple potential RGs. Subsequently, we chose twelve genes for qRT-PCR validation.

Results

Refining candidate RGs via RNA-Seq analysis

Our endeavor to identify RGs in spinach involved a meticulous examination of diverse transcriptome datasets.
The datasets analyzed included four bioprojects, each containing a specific set of libraries focusing on different
aspects of spinach biology and development. These included tissue-specific expression profiling in leaves,
petioles, and roots, investigation of gene expression across various developmental stages of female flowers, and
targeting genes related to bolting and flowering during the transition from vegetative to reproductive stages, as
well as samples obtained from female sepal’s post-pollination.

To identify potential reference genes, we employed the CV method, which allowed us to systematically screen
for genes based on their expression variability. This method provided a simple yet effective way to compare
and rank genes. We excluded genes with low expression levels and set a minimum mean log2(TPM) cut-off
of 5 to ensure the selection of robust reference genes. Additionally, we required a SD log2(TPM) value of
less than 1 to ensure low variance. We further refined the identification of RGs by applying a 0.2 CV cut-off.
Through this rigorous methodology, we successfully identified a total of 1196 genes out of 25,496 (Table S1).
These genes exhibited log2(TPM) values ranging from 5.02 to 13.37 and CV values ranging from 0.026 to 1.999.
This comprehensive analysis provides valuable insights into the dynamics of gene expression in spinach across
various developmental stages.

Gene classification and functional enrichment
The gene classification analysis (Fig. 1) uncovered a wide range of biological processes in spinach, with
significant representation in multiple key categories. Metabolic processes were particularly prominent, with
163 genes involved in various metabolic activities that are crucial for the functioning of cells. Biosynthetic
processes were also highly represented, with 192 genes engaged in the synthesis of essential cellular components
and molecules that are vital for growth and development. Additionally, cellular processes emerged as the
most major category, with a remarkable 224 genes, indicating the roles of these genes in fundamental cellular
activities. Other noteworthy categories included nucleobase-containing compound metabolic processes (155
genes), carbohydrate metabolic processes (55 genes), and translation (83 genes). Furthermore, stress response
mechanisms were noteworthy, with 87 genes, along with transport processes (124 genes) and developmental
pathways such as multicellular organism development (26 genes), embryo development (11 genes), and flower
development (12 genes).

The results of GO enrichment analysis (Fig. 2) revealed significant associations between the gene identified
and various biological processes. Notably, the gene exhibited enrichment in several key cellular processes
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Fig. 1. Gene classification (biological process) for 1196 identified potential RGs.

essential for protein synthesis and cellular component formation. Processes such as ribosome biogenesis,
ribonucleoprotein complex biogenesis, and cellular component biogenesis were highly enriched, indicating
the gene’s involvement in fundamental cellular structural and functional activities. Moreover, enrichment in
translation and peptide biosynthetic processes underscored its crucial role in protein synthesis. Additionally,
the gene showed enrichment in metabolic processes related to peptide and amide biosynthesis, highlighting
its involvement in diverse biochemical pathways. Furthermore, associations with organonitrogen compound
biosynthesis and cellular nitrogen compound biosynthesis suggested its participation in nitrogen metabolism,
an essential aspect of cellular physiology.

Gene selection and expression analysis of candidate reference gene

Based on the results obtained from the RNA-seq data analysis, particularly focusing on the SD and CV of
genes, along with an extensive literature review to ascertain gene function, a selection of genes was curated and
presented in the Table 1. The SD and CV values were used as metrics to gauge the stability and consistency of
gene expression across samples, with a preference for genes demonstrating lower variability. In the selection
process, genes exhibiting SD values within a specific range (e.g., below 1.0) and CV values indicating relatively
stable expression (e.g., below 0.1) were included for qRT-PCR assay. Typically, genes with SD values below this
threshold and CV values within this range were prioritized, as they are more likely to represent reliable reference
or functional genes. However, genes with excessively high SD and CV values, indicating greater variability and
inconsistency in gene expression, were excluded from the list. Notably, two genes, namely GAPDH and Actin,
were not in the list of identified genes. This was attributed to their significantly higher SD and CV values, which
exceeded the specified thresholds.

In order to evaluate the stability of gene expression across different developmental stages, we examined the
quantification cycle (Cq) values derived from our experimental data (Fig. 3). Ct values are utilized as measures
of gene expression levels, where lower Cq values correspond to higher expression levels. Our analysis unveiled
distinct Cq values for each gene at various developmental stages, offering insights into the expression dynamics
throughout development. Among the genes investigated, we noted diverse expression patterns across the
developmental stages. As depicted in the results (Fig. 3), the average Cq values of 12 RGs ranged from 18 to 32,
with the majority falling between 22 and 27. Across all samples, EF1a and ACT exhibited the lowest and highest
Cq values, with Cq ranges of 18.2-20.8 and 27.2-32.0, respectively. These results suggest that EF1a displays the
highest expression levels, indicated by its lower Cq values, while ACT shows lower expression levels with higher
Cq values. Additionally, genes like GRP, PPR, and RPL27 demonstrated more variable Cq values, signifying
fluctuations in expression levels across different developmental stages. Among the genes studied, including EIF,
GAPDH, UBQ, and EFIa, there was a noticeable trend of displaying a narrower range of variation in their
expression levels across different conditions. These genes consistently exhibited relatively stable expression
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Fig. 2. GO enrichment (BP: biological process) of 1196 identified potential RGs.

patterns, with minimal fluctuations in their Cq values across various experimental conditions. In conclusion,
our analysis indicates a high level of expression stability for EFl1a and H3, making them potential candidates
for internal RGs in gene expression studies. Their consistent expression profiles suggest their suitability for
normalization purposes, facilitating accurate and reliable quantification of gene expression levels.

Expression stability of candidate genes
To provide additional evidence of the stability of the RGs, all samples underwent testing using four algorithms,
namely BestKeeper, geNorm, and NormFinder. The purpose of these tests was to evaluate the stability of the
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TUB« 4.65 | 1.12 | 0.125 | 0.816

GRP 3.44 | 0.85 | 0.356 | 0.34

PPR 3.58 | 0.85 | 0.395 | 0.21

EIF 1.25 1 0.38 | 0.425 | 0.046

ACT 2.35 | 0.68 | 0.624 | 0.03

EF1b 4.77 | 1.18 | 0.688 | 0.002

GAPDH | 5.93 | 1.11 | 0.721 | 0.002

RPL27 |9.52 | 1.55 | 0.758 | 0.001

ARF 4.83 | 1.36 | 0.856 | 0.001

UBQ 2.76 | 0.48 | 0.872 | 0.001

EFla 7.83 | 1.89 | 0.943 | 0.001

H3 6.21 | 1.59 | 0.995 | 0.001

20 -

Table 1. Expression stability values of 12 candidate RGs calculated by BestKeeper.

Fig. 3. Distribution of Cq values for 12 candidate RGs across all samples using qRT-PCR data.

potential RGs. Furthermore, the RefFinder tool was employed to comprehensively rank the expression stability
of all potential RGs.

geNorm analysis

The expression stability of various genes was evaluated using geNorm analysis (Fig. 4), which involved assessing
their respective M values. A lower M value indicates a higher level of stability in gene expression. After arranging
the M values in descending order, it was observed that all genes had M values below 1.0, indicating their stability
across a range of experimental conditions. Notably, among the genes analyzed, EFla exhibited the highest
stability with the lowest M value of 0.24, closely followed by H3 with an M value of 0.32. In contrast, GRP had
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Fig. 4. geNorm analysis of the stability values (M) of 12 candidate RGs under various developmental stages.

the highest M value of 0.72, suggesting relatively lower stability compared to the other genes analyzed. These
findings emphasize the significance of EFI1a and H3 as reliable RGs for normalization in gene expression studies
conducted under different experimental settings, while also highlighting the potential variability associated with
GRP expression.

NormFinder analysis

The expression stability of various candidate reference genes, which is crucial for reliable normalization in gene
expression studies, was determined using the NormFinder analysis (Fig. 5). The obtained expression stability
values from NormFinder provide valuable insights into the suitability of these genes as reference standards.
Lower stability values indicate greater stability in gene expression across different experimental conditions.
Among the genes examined, EFla exhibited the highest stability with an expression stability value of 0.21,
indicating consistent and robust expression levels. Similarly, genes such as RPL27(0.35) and H3 (0.3) also showed
relatively low stability values, suggesting their potential suitability as RGs in gene expression analyses. On the
other hand, GRP displayed the highest stability value of 0.68, indicating greater variability in gene expression
under the assessed experimental conditions. Comparing these results with those obtained from geNorm analysis,
there is a notable consistency in identifying EF1a as one of the most stable genes across both methodologies.
However, there are discrepancies in the rankings of other genes. This highlights the importance of using multiple
algorithms to comprehensively assess the stability of candidate RGs.

BestKeeper analysis

The stability of candidate RGs was assessed using the BestKeeper software, which considered the correlation
coefficient (r), coefficient of variation (CV) and the Standard Deviation (SD), and associated p-values. The
Table 1 provided outlines the results of this analysis. Among the genes examined, H3 displayed an exceptional
stability in its expression, as indicated by its high correlation coefficient of 0.995. This strong correlation suggests
a consistent expression pattern, which is further supported by its relatively low SD value of 1.59. Similarly, EF1«
demonstrated a high correlation coefficient of 0.943, highlighting its stability in expression. Although EFl«
had a slightly higher CV (7.83 ) and SD value + (1.89) compared to H3, it still maintained a robust correlation,
indicating reliable expression levels. Other genes, such as UBQ and ARF, also exhibited notable stability, with
correlation coefficients exceeding 0.85 and relatively low CV and SD values, further confirming their suitability
as reference genes. In contrast, genes like TUBa and GRP showed lower correlation coeflicients below 0.4,
indicating less stable expression profiles. This is supported by their higher CV and SD values, suggesting greater
variability in expression across the samples.
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Fig. 5. Expression stability values of 12 candidate RGs calculated by NormFinder.

1 EFla EFla H3 EFla 1.36
2 H3 H3 EFla H3 3.42
3 RPL27 | RPL27 UBQ UBQ 3.45
4 ARF ARF ARF RPL27 3.93
5 UBQ UBQ RPL27 ARF 4.49
6 EF1b GAPDH GAPDH EF1b 5.77
7 GAPDH | EF1b EF1b EIF 7.34
8 EIF EIF ACT GAPDH 8.61
9 ACT ACT EIF ACT 8.65
10 TUB« PPR PPR TUB«& 9.47
11 PPR TUB« GRP PPR 9.95
12 GRP GRP TUB« GRP 10.24

Table 2. Ranking of expression stability for the 12 candidate RGs using RefFinder.

RefFinder analysis

The stability rankings of 12 candidates internal RGs were consolidated through the RefFinder analysis, which
utilized geNorm, NormFinder, and BestKeeper. The Stability Value (SV) provided an overall measure of the
stability of these genes. Among the candidates, EF1a was identified as the most stable gene with the lowest SV
(Table 2), consistently ranking highly in all analyses. H3 and UBQ also exhibited robust stability, maintaining
their top positions. On the other hand, GRP and PPR showed higher SV values, indicating lower stability across
the various statistical methods. These results highlight EF1a as a reliable internal RG, while caution is advised
when considering GRP and PPR for normalization in gene expression studies.

Validation of candidate stable RGs

Based on our analysis, we identified EF1o and H3 as the most stable RGs and GRP as one of the most unstable RGs,
which were subsequently validated through an examination of the expression profiles of FKFI1 and LHY genes to
assess their reliability (Fig. 6). Based on the slope of the standard curve, all gene primers exhibited efficient PCR
amplification. While the R* values were slightly below the optimal threshold of 0.99, with all primers showing
values greater than 0.97, this level of linearity is still considered robust. Given the inherent biological variability
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Fig. 6. Relative expression levels of LHY and FKFI across all stages normalized by the most stable genes and
the most unstable gene. 4L, 6 L, 8 L, 10 L, and 12 L represent the four, six, eight, ten and twelve leaf stages.

of our samples, we regard these values as acceptable, reflecting reliable quantification performance.The results
from our experiment revealed distinct expression patterns of FKFI and LHY across various developmental
stages. The results depicted in Fig. 6 indicate that the expression levels of FKFI and LHY, when standardized
with EFla and H3, demonstrated distinct patterns across diverse developmental stages according to their
function. LHY exhibited its lowest expression during the vegetative stage, with notable upregulation at the 8-leaf
stage, indicating the transition into the reproductive phase and flowering initiation, consistent with its role in
the circadian regulation of flowering. FKF1 displayed relatively stable expression during the vegetative stage but
showed a marked increase at the 8-leaf stage, suggesting involvement in the early flowering phase.

Discussion

Gene expression analysis plays a crucial role in molecular biology research. To achieve this, different PCR
techniques such as semiquantitative PCR, RT-qPCR, and digital PCR (dPCR) are commonly utilized. Among
these techniques, dPCR stands out as it allows for the detection of absolute gene expression levels without the need
for RGs®!. However, its labor-intensive nature and limited throughput have hindered its widespread adoption
in plant molecular labs. On the other hand, QRT-PCR remains a convenient and accurate method for mRNA
quantitation. The key to obtaining precise quantitative results lies in the careful selection of suitable internal RGs
for a specific species under specific experimental conditions. Consistent with prior research, findings indicate
that there are several RGs that exhibit stable expression within specific sample sets in spinach. However, it is
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important to note that no single gene remains stable across all conditions. Previous investigations in spinach* have
utilized genes such as 18 S rRNA, actin, and GAPDH as RGs, but their stability has not been thoroughly validated
for gene evaluation pertaining to developmental stage and flowering/bolting time. Consequently, the objective of
this study was to identify novel and stable RGs for gene expression studies in spinach using transcriptome data
and qRT-PCR validation. Utilizing transcriptome data with stringent criteria for the identification of RGs offers
several advantages over traditional methods of RG selection. Traditional approaches often rely on the assumption
that commonly used housekeeping genes exhibit stable expression across all experimental conditions. However,
this assumption may not always hold true, leading to inaccurate normalization of gene expression data. In
contrast, employing transcriptome data allows for a more comprehensive assessment of gene expression stability
across various experimental conditions. By applying hard criteria, such as low variance among samples and
ubiquitous expression, transcriptome-based RG identification ensures the selection of genes that are truly stable
and suitable for normalization®*. This approach has been successfully employed in several studies across different
organisms and experimental setups*>>*~>%, The successful identification of a total of 1196 potential RGs marks
a significant achievement in our study, as it provides a robust foundation for future gene expression analysis
in spinach. In our study, we conducted a thorough screening of 12 commonly used candidate RGs in spinach,
leveraging transcriptome data for initial selection. Given the variations in gene expression levels across different
organs and developmental stages, we employed multiple statistical tools to assess the stability of these candidate
RGs under diverse circumstances. Combining commonly algorithms, including geNorm, BestKeeper, and
NormPFinder, allowed for a comprehensive evaluation of RG stability and enhanced the reliability of experimental
data!#¥+40 This approach aimed to mitigate the potential biases introduced by individual analysis programs,
as highlighted by previous studies showing discrepancies in results among different algorithms. Our findings
demonstrated varying rankings of RGs across different analytical methods, consistent with observations in other
species, suggesting the influence of algorithmic principles and screening focus on analysis outcomes?!3254-58,
Notably, the online software RefFinder was employed to rank each candidate RG comprehensively, highlighting
the importance of considering multiple algorithms for accurate RG selection®’. Among the candidate RGs, EFla
and H3 consistently demonstrated superior stability across various conditions, while GRP, PPR, and TUBa
consistently ranked lower in stability assessments. These findings are consistent with some previous studies
that have identified EFla and H3 as reliable internal RGs for standardization in various plant species, further
highlighting the importance of rigorous RG selection for gene expression studies®**-6!. Previous research on
spinach gene expression analysis has assessed EFla as a potential RG. In certain algorithmic analyses, such as
NormPFinder, EF1a has been identified as one of the most stable genes across some experimental conditions such
as organs/seedlings and heat stress. However, it's worth noting that in some specific experimental conditions,
the stability of EF1a and H3 was not consistent across all analyses®. The variability in the stability of EF1a and
H3 in different researches and different experimental conditions can be attributed to several factors. Firstly,
gene expression levels may fluctuate due to biological variations inherent to specific experimental setups, such
as variations in developmental stages, tissue types, or environmental conditions. Moreover, the selection of
appropriate RGs depends on their suitability for normalization within the context of the specific experimental
conditions being studied. Hence, factors such as RNA extraction methods, and data normalization procedures
can also impact the perceived stability of EFla and H3 across different experiments. Overall, the variability
in stability underscores the importance of rigorously evaluating reference gene candidates under diverse
experimental conditions to ensure their reliability for accurate gene expression analysis.

Conclusion

In conclusion, our study presents a comprehensive approach to identifying stable RGs for gene expression studies
in spinach, utilizing transcriptome data and qRT-PCR validation. The identification of a total of 1196 potential
RGs in this study marks a significant achievement, providing a robust foundation for future gene expression
analysis in spinach. Additionally, through meticulous screening of candidate RGs and rigorous evaluation
using multiple statistical tools, we successfully identified EFla and H3 as the most stable RGs across various
experimental conditions. Overall, our study contributes valuable insights into the dynamics of gene expression
in spinach and offers a methodological framework for selecting reliable RGs in plant molecular biology research.

Materials and methods

Transcriptome datasets

Our research on identifying RGs in spinach involved the analysis of various datasets: PRINA663445, which
included seven libraries focusing on tissue-specific expression profiling in leaves, petioles, and roots of the SP75
genotype; PRINA649901, consisting of eighteen libraries investigating gene expression across five developmental
stages of spinach female flowers, from ovary formation to ovule maturation; PRJNA630139%2, which contained
twelve libraries targeting bolting and flowering-related genes during the transition from the vegetative to
reproductive stage in two spinach accessions; and PRJNA716151, which included six libraries obtained from
female sepals post-pollination.

Read mapping, expression level calculation, and filtration

In this investigation, we rigorously conducted a series of analytical steps to ensure the reliability and accuracy of
gene expression data in spinach. Initially, clean paired-end reads from each sample were aligned to the spinach
genome assembly version 1°° using the STAR v2.7.1 software®. Subsequently, transcripts were assembled
employing StringTie v2.0.7%, with meticulous attention to detail including the utilization of the ‘-¢" option to
enhance transcript reconstruction accuracy. The resulting transcripts read-count data matrices were generated for
comprehensive analysis across all samples using a Python script, prepDE.py. To ensure robustness in subsequent
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RT-qPCR analyses, we adopted a well-established method based on CV for the selection of reference genes, as
outlined in previous studies?*¥. Expression levels were quantified using Transcripts Per Million (TPM) values,
which were averaged across biological replicates for statistical reliability. To maintain data integrity, genes with
log2(TPM) values <5, indicative of low expression levels prone to noise, were excluded from further analysis.
The CV values, calculated as (SD of log2(TPM) divided by the mean log2(TPM), were computed using Microsoft
Excel. Our criteria for candidate RGs emphasized stability, with a stringent CV cutoff of 0.2 applied to identify
genes exhibiting consistent expression patterns across diverse conditions. This meticulous approach ensures the
selection of robust RGs essential for accurate normalization in subsequent RT-qPCR analyses, thereby enhancing
the credibility and reproducibility of gene expression studies in spinach.

Function investigation

To gain deeper insights into the functionalities of the identified genes and selection of reference genes, we
performed gene classification and Gene Ontology (GO) enrichment analysis on all genes selected in the previous
step. This analysis involved utilizing gene functional classification tools and accessing the most recent genomic
reference data for S. oleracea available on SpinachBase (http://spinachbase.org)®®.

Plant material, RNA isolation, and cDNA synthesis

For the purpose of sampling and RNA extraction, seeds of Viroflay accession were sown in sterilized soil in
plastic pots measuring 15 cm in diameter and 25 cm in height. These pots were positioned in a growth chamber
at Isfahan University of Technology, Iran, where the spring conditions were regulated with a temperature
range of 24-46 degrees Celsius and a photoperiod of 12-14 h of light. The plants were grown for a duration
of three months. To obtain these samples the permissions were not necessary. The formal identification of the
plant material was undertaken by the herbarium of Agricultural and Natural Resources College, University
of Tehran, and no voucher specimens were collected and deposited in the collection (it is not necessary as we
don’t describe a novel species). We also stated that the field studies were in compliance with local legislation
of Iran in the experimental greenhouse and growth chamber of Isfahan University of Technology, Isfahan,
and no specific licences were required. To obtain the total RNA, leaf samples were gathered at various stages,
spanning from the four-leaf stage to the twelve-leaf stage. To reduce variability arising from inter-individual
gene expression disparities, each sample comprised pooled material from a minimum of three plants. The RNA
extraction procedure was conducted in triplicate using the DENAzist column RNA isolation kit, adhering to
the manufacturer’s instructions. The concentration and purity of the extracted RNA were evaluated using a
NanoDrop Spectrophotometer and agarose gel. Subsequently, the RNA samples were quantified, and the
construction of the cDNA library was executed. In the construction of the cDNA library for reverse transcription
quantitative polymerase chain reaction (RT-qPCR), the isolated RNA samples were treated with DNase I enzyme
to ensure the elimination of genomic DNA contamination. Specifically, 2 ug of total RNA was treated with 1 U
of DNase I (Thermo Fisher Scientific) at 37 °C for 30 min, followed by heat inactivation at 75 °C for 10 min.
Afterwards, the DNase I-treated RNA underwent reverse transcription using Moloney Murine Leukemia Virus
Reverse Transcriptase (M-MLV RT, Thermo Fisher Scientific). A reaction mixture containing 1 pg of DNase
I-treated RNA, 200 U M-MLV RT, 500 uM dNTPs, 5 uM random hexamer primers, 10 mM DTT, and 20 U
RNase inhibitor was incubated at 37 °C for 1 h, followed by enzyme inactivation at 70 °C for 15 min.

Gene selection and primer design

Twelve genes were chosen for validation through qRT-PCR at different stages of development. This set of genes
included commonly used RGs and novel candidates. Subsequently, we utilized the Primer3 tool (https://www.
primer3plus.com/index.html)®” to design primers for the selected genes (Table 3). Our primer design took into

Gene Amplification

Gene ID | Gene name Abbreviation | SD CV | Forward sequence Reverce sequence length
Spo07600 | Polyubiquitin (Ubiquitin) UBQ 0.336 | 0.041 | ATGGAAGAACACTCGCCGATTA | CTTATCATCGGCAAGCTGCTTC | 236
Spo17662 | 60 S ribosomal protein 1.27 RPL27 0.489 | 0.041 | ACCACCACAGAATCATGTTCGA | GGCCTTCTCCTTGACATCTTCA | 155
Spo00342 | Eukaryotic translation initiation | pyy 0.424 | 0.043 | CACCTCGTAAACCAGAACCTGA | ACAGCATCAACTACCTCTTGGG | 175
Spo0s2sg | Lentatricopeptide repeat PPR 0.455 | 0.046 | TAACTCAAACTCTCCGAACCCG | CCAAGGATGACAATGGTGAGGA | 184

superfamily protein
Spo13459 | glycine-rich protein GRP 0.459 | 0.045 | TGGAATACCCGGGTACAATGAC | TAACCCTTACCGGCCCTACTAA | 198
Sp024936 | Elongation factor 1-alpha EFla 1.033 | 0.086 | GACTCAAAGAACGACCCTGCTA | ATTGGCTTGGTGGGAATCATCT | 248
Spo25393 | Elongation factor 1 beta EF1b 0.658 | 0.106 | CGATGAGGAAGATGACGACGAT | TTCATCATCCCATGGCTTCACA | 160
Spo20857 | Tubulin alpha chain, putative TUB« 1.411 | 0.181 | CTCTGAGGTTTGATGGTGCTCT | ACACTTGGCCATCATGGAAGAT | 194
Spo14438 | Histone H3 H3 0.978 | 0.148 | ACTGAGCTTTTGATCCGCAAAC | TGTCCTTAGGCATGATGGTCAC | 199
Spo22714 ?rlgi'i'nibosylati"“ factor family | s ppp 0.665 | 0.100 | GTGGCGACTGGAGGATATAGTG | GAGTGAGGGTTTGCTGAGAAGA | 243
Spo2degy | 8lyceraldehyde-3-phosphate GAPDH - - GGCTGCCATCAAGGAGGAAT | GCAATTCCAGCCTTGGCATC 129

dehydrogenase
$p023599 | actin ACT - - TGTTCACGACATCAGCCGAA CGTCGGGTAGCTCGTAGTTC 138

Table 3. Spinach RGs information and their primer sequences.
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account various factors, including melting temperature, self-complementarity, hairpin potential, and primer
product sizes. By incorporating these criteria, we successfully developed specific and efficient primers for
amplifying the target genes in our study.

Validation of the reference gene expression stability by RT-qPCR assay

To validate the expression of genes, we conducted qRT-PCR to quantitatively assess the expression of candidate
genes in leaf tissues at various developmental stages. QRT-PCR experiments were carried out in triplicate using
an StepOne Real-Time PCR system in a final volume of 15 pL. This volume included 7.5 pL of SYBR Green
Master Mix (BioFACT, Korea), 2 pL of diluted cDNA, and 0.5 pL of each primer (10 pM), with the remainder
filled with PCR-grade water. The qRT-PCR protocol involved an initial step of 5 min at 95 °C, followed by 40
cycles of 10 s at 95 °C, 20 s at the primer-specific annealing temperature, 20 s at 72 °C, and concluded with a
melting curve program.

Statistical analysis

In order to thoroughly assess the stability of RGs, we conducted a rigorous analysis using different statistical
methods. These methods, namely geNorm (https://genorm.cmgg.be/*), NormFinder (http://moma.dk/*°), and
BestKeeper (www.gene-quantification.com/bestkeeper.html'), were chosen based on their proven effectiveness
in similar studies?*3”’. The experimental design involved evaluating the stability of twelve RGs across various
samples from different developmental stages. For geNorm, and NormFinder, we utilized Ct values obtained from
qRT-PCR. These values were then transformed into relative expression levels using the formula 272€T, where
ACT represents the difference between each Ct value and the lowest Ct value for that particular gene across
different samples. Subsequently, these transformed values were subjected to analysis within geNorm to calculate
the M values, which indicate the stability of gene expression. Lower M values corresponded to more stable
expression. NormFinder, on the other hand, employed a mathematical model to assess the variance within and
between groups in order to identify stable RGs. The SV determined the most suitable individual or set of genes
for normalization purposes. In parallel, BestKeeper software analyzed the raw Ct data. The former calculated
the standard deviations (SD) of Ct values for each RG, with higher stability associated with lower SD values.
BestKeeper, on the other hand, utilized the coefficient of variance (CV) and SD of Ct values, with stability
determined by the correlation coeflicient between candidate genes. Lower SD and CV values were indicative of
higher stability. Additionally, RefFinder, an online tool that integrates the aforementioned methods, facilitated a
comprehensive ranking of RGs. The final overall ranking was determined by calculating the geometric mean of
rankings from Delta Ct, geNorm, NormFinder, and BestKeeper.

RGs validation

In order to validate the reliability of the chosen RGs, the expression profiles of FLAVIN-BINDING KELCH
REPEAT F-BOX 1 (FKFI) and LATE ELONGATED HYPOCOTYL (LHY) were examined at various stages,
representing the photoperiod and circadian pathways, respectively. These genes play a crucial role in regulating
the timing of flowering/bolting. The quantification of FKF1 and LHY gene expression was determined using the
2785C formula.

Data availability
All RNA-Seq data are deposited in the NCBI SRA database under the projects PRINA663445, PRINA649901,
PRJNA630139, and PRJNA716151.
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