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Abstract

Background
Eggplant (Solanum melongena L.) is a thermophilic vegetable, and its yield and quality are often affected by cold stress. Therefore,
identifying the key genes and mechanisms of cold tolerance has become a signi�cant topic in eggplant. qRT-PCR has been widely
used to analyse gene expression patterns, and reliable reference genes are necessary for this technique.

Methods
To select and evaluate suitable reference genes for qRT-PCR, 18 candidate genes selected from transcriptome sequence data were
subjected to analysis of their expression stability under natural cold and normal temperature conditions. Four commonly used
programs (geNorm, NormFinder, BestKeeper and RefFinder) were used to determine the stabilities of these genes.

Results
The results showed that D5, D4 and D1 were the three most stable reference genes among the 18 genes. Then, D5, D4 and D1 were
compared with commonly used reference genes. The results showed that D5 was still the most stable gene, followed by APRT, D4,
and Actin was the least stable gene.

Conclusion
D5, APRT and D4 were recommended as a reference gene combination for gene expression normalization under cold stress and at
normal temperature during fruit development. Our results provide a molecular foundation for further research on the cold tolerance
mechanism of eggplant.

Background
Eggplant is one of the most popular vegetable crops in the world. Like many thermophilic vegetables, eggplant often fails to set fruit
under cold stress, which seriously in�uences eggplant yield and quality [1]. Cultivating cold-resistant varieties is a cost-effective way
to avoid heavy losses resulting from cold stress. However, the major gene(s) and molecular mechanism underlying low-temperature
resistance in eggplant are unknown and need to be further studied.

Detecting gene expression abundance is a very important method for selecting candidate genes and researching molecular
mechanisms. To analyse gene expression levels, many techniques, such as DNA microarrays, northern blot analysis, ribonuclease
protection assays and quantitative real-time reverse-transcriptase PCR (qRT-PCR), have been widely used [2–4]. Of these techniques,
qRT-PCR is the most commonly used to measure levels of gene expression because of its high sensitivity, accuracy, speci�city,
throughput capability and low cost [5, 6]. When conducting a qRT-PCR experiment, it is necessary to select appropriate reference
genes for normalizing target gene expression.

Reference genes, also known as housekeeping genes, are stably expressed across different developmental stages, tissue types and
experimental conditions. In addition, an ideal reference gene should have expression abundances similar to those of target genes in
all samples [7]. Genes that are commonly used as reference genes mainly include Actin, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), beta-tubulin(TUB), adenine phosphoribosyltransferase (APRT) and 18S ribosomal RNA (18S) [6]. However, many studies
have shown that these reference genes have different expression levels across different materials [8, 9], plant tissues and treatments
[10, 11], which means that reference genes may not always be stable in practical experiments. Thus, it is necessary and important to
select and validate reliable reference genes under different experimental conditions before conducting gene expression research.
Some reference genes for eggplant have been reported. Based on screening for stable reference genes, alpha-tubulin (TUA) and
elongation factor 1-alpha (EF1) were the most stable genes in all samples of Solanum aculeatissimum (including different tissues,
plant growth regulator treatments, and abiotic and biotic stresses) [12]. Solanum melongena of elongation factor 1-alpha (SmEF1α)
and Solanum melongena of thioredoxin (SmTRX) were the most stable reference genes under high-temperature stress in eggplant
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[13]; further, geNorm identi�ed SAND family protein (SAND) and TATA box binding protein (TBP) as the most stable gene
combination, and NormFinder identi�ed expressed sequence (Expressed) as the best reference gene during eggplant fruit
development [14]. To date, however, no suitable reference gene has been selected for low-temperature conditions in eggplant.

Advances in molecular biology have made it possible to identify more stable and new genes as reference genes rather than
traditional screening approaches for reference genes. In this study, 18 candidate reference genes from fruit (ovary) transcriptome
datasets (unpublished data) were tested for their expression stabilities during fruit developmental stages under cold stress and
normal temperature. Then, a stability comparison between the 3 most stable of the 18 candidate genes and commonly used
reference genes was made. Our study aims to detect the most stable reference gene combination suitable for normalizing gene
expression analysis during fruit development in eggplant under cold stress and normal temperature. This research can provide a
basis for understanding eggplant cold tolerance mechanisms.

Results
Screening and Analysis of Candidate Reference Genes Selected from Transcriptome

The speci�city of the primer pairs designed from the 18 candidate reference genes was detected using 3.0% agarose gel
electrophoresis, and each result showed a single band with the expected size (Figure 1). Furthermore, their qRT-PCR products also
showed a single peak in the melting curve analysis (Figure 2).

From the calculation of standard curves, we found that the ampli�cation e�ciencies of these primers ranged from 81.05% (D3) to
99.90% (D11), and the correlation coe�cients ranged from 0.9670 (D2) to 0.9998 (D6, D13) (Table 1). Thus, these primer pairs were
reliable.

Gene transcript abundance is often represented by the Ct (Cycle threshold) value of the gene, which is negatively correlated with
expression abundance: the higher the Ct value, the lower the expression level. Different genes had different Ct values across all the
samples. The Ct values were visualized using a boxplot, and they varied from 13.02 to 27.19. Compared with other genes, D5 had the
highest expression level with an average Ct value of 14.33, whereas D18 had the lowest expression level with an average Ct value of
22.77 in these samples (Figure 3). In addition, the majority of these values were between 15.95 and 19.87. Detailed data are provided
in Supplementary Table S1.

Four commonly used housekeeping gene selection tools, namely, geNorm, NormFinder, BestKeeper and RefFinder, were used to
analyse the stability of the candidate reference genes. GeNorm, NormFinder and BestKeeper use Microsoft Excel as their operational
platform, while RefFinder operates on a website.

In geNorm software, the stability of candidate reference genes is represented by their stability (M) values. The threshold of M was set
as 1.5; a lower value of M indicated a higher gene expression stability [4]. The average M values calculated by geNorm under
automated analysis are shown in Table 2. In all samples and under the condition of cold stress, D1 and D2 were ranked as the two
most stable genes, with the lowest average M values of these genes being 0.46 and 0.39, respectively. D4 and D5 were the two most
stable genes under normal temperature, with the lowest M value of these genes being 0.41. In addition, D18 was the least stable gene
in all sample groups, with M values of 1.10, 0.96 and 1.04, respectively.

The Vn/Vn+1 value was used to determine the optimal number of reference genes for accurate normalization. This measure
recommends a V score below 0.15 as ideal for a test system. If the value of Vn/Vn+1<0.15, then the optimal number of reference
genes is n [4]. In this study, the values of V2/V3 were less than 0.15 in all samples and under cold stress conditions, which suggested
that two reference genes would be su�cient for gene normalization. However, under normal temperature conditions, V2/V3>0.15 and
V3/V4<0.15, which meant that three reference genes would be necessary for gene normalization under these conditions (Figure 4).
Because the proposed value (0.15) is not a strict cut-off value, whether two or three reference genes should be used for gene
normalization will likely depend on the speci�cs of the experiment, and some previous reports have indicated that three reference
genes are ideal for gene normalization [15-17]. As a result, we chose three reference genes in this study.

NormFinder is a model-based strategy that can identify the optimal normalization genes among a set of candidates. It can not only
calculate the stability (M1) values of candidate genes and rank them according to these values but also incorporate intra- and
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intergroup variations for normalization factor calculations and thus directly estimate expression variation [18]. The expression
stability values of the 18 candidate reference genes calculated by NormFinder are shown in Table 3. For all samples and normal
temperature samples, D5 was the most stable gene, with M1 values of 0.30 and 0.25, respectively. For the samples exposed to cold
stress, D4 was recommended as the best reference gene, with an M1 value of 0.33.

BestKeeper is another tool used to analyse the expression stability of candidate reference genes by calculating the coe�cient of
variation (CV) and standard deviation (SD). Since the Ct values were of the same order of magnitude and did not vary greatly in this
study, the stability of the genes was compared according to the SD values. Any candidate genes with an SD greater than 1 should be
excluded. The reference gene with the lowest SD was suggested as the most stable gene [19]. The values of SD calculated by
BestKeeper are shown in Table 3. Obviously, D5 (0.607, 0.575) was the most stable gene under the conditions of all samples and cold
stress. However, for the normal temperature samples, D10 (0.574) was the most stable gene, followed by D5 (0.585). In addition, the
SDs of D18 (1.622, 1.130, 1.367) and D14 (1.047, 1.128, 1.097) were greater than 1 in the three sample sets, which indicated that
they should be excluded.

The rank orders of the eighteen tested genes generated by geNorm, NormFinder and BestKeeper showed some differences (Table 2,
Table 3). To conduct a comprehensive evaluation, the web-based tool RefFinder was used to rank these genes based on their
comprehensive ranking values (M2). RefFinder was developed to evaluate and screen reference genes from extensive experimental
datasets. The tool integrates currently available major computational programs to compare and rank the tested candidate reference
genes. According to the ranking values, D5 was the most stable gene, and D5, D4 and D1 were the 3 most stable genes under the
three conditions for all samples, cold stress and normal temperature (Table 3).

Stability Comparison Between the Screened Candidate Reference Genes from the Transcriptome and Commonly Used Reference
Genes

A further stability comparison between our selected stable reference genes (D5, D4, D1) and commonly used reference genes (Actin,
GAPDH, TUB, APRT and 18S ribosomal RNA) was made to con�rm the necessity of selecting reference genes through the same
methods (Supplementary Table S2.). The results are shown in Table 4. In general, D5 still shows the best stability (except in all
samples calculated by BestKeeper). However, the stability comparison results obtained from geNorm and NormFinder indicated that
APRT was more stable than D4 and D1 with lower M and M1values. Different stability ranking orders could be found from the result
of BestKeeper, in which D5, D4 and D1 were more stable than APRT under cold stress and normal temperature but least stable than
APRT in all samples. Thus, a further comprehensive stability analysis was performed by RefFinder, and the results showed that D5,
APRT and D4 were the top three stable reference genes under cold stress and across all samples, whereas D5, APRT, and GAPDH
were the top three stable reference genes under normal temperature. It is worth noting that Actin showed the lowest stability in all
experimental conditions, which suggested that commonly used reference genes might not be stable in some practical experiments.
Considering the comparison results and the previous selection work synthetically, we �nally recommended D5, APRT, and D4 as a
reference gene combination in eggplant fruits under cold and normal temperatures.

To illustrate that reference genes in�uence qRT-PCR results in eggplant fruit, the expression level of the eggplant methionine
sulfoxide reductase A gene (SmMsrA) was analysed at cold and normal temperatures by using the three most stable reference genes
(D5, APRT and D4), a combination of the top three most stable reference genes (D5+APRT+ D4) and the worst reference gene (Actin)
as reference. SmMsrA, which was cloned by our research team, might be related to resistance during fruit development [20].

We used the 2-ΔΔCt method to calculate the expression level of SmMsrA in ovaries or fruits of P-10 and 03-2 during six fruit
developmental stages under natural cold stress and normal temperature (Figure 5).

The expression level of SmMsrA in the stiff fruit of 03-2 formed under cold stress (Figure 5C) was obviously lower than that in the
normally expanded fruits (Figure 5A, 5B, 5C) regardless of which gene was used as a reference gene.

In the normally expanded fruit (Figure 5A, 5B, 5C), using D5, APRT, D4, D5+APRT+D4 and Actin for normalization, the expression
trend of SmMsrA was not the same. When using D5, APRT, and D4 D5+APRT+D4 as reference genes, the expression level of SmMsrA
was lower and similar, decreasing after 10 DPA at 0, 2, 4, and 10 days post anthesis (DPA). Using Actin as a reference gene, the
expression trend of SmMsrA was similar to that using D5, APRT, D4 or D5+APRT+D4 for normalization in the fruit of P-10 under cold
stress; however, in the fruit at normal temperature, SmMsrA had the highest expression level on the anthesis day, while it was similar
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and higher at 2, 4 and 10 DPA. At 15 and 20 DPA, their expression levels continued to decline, and at 20 DPA, SmMsrA had the lowest
expression level.

In some timepoints, especially in the early stage of fruit development (such as at 0, 2, and 4 DPA), SmMsrA had a higher expression
level using Actin as the reference gene than using D5, APRT, and D4 D5+APRT+D4 as the reference genes.

We conclude that using different genes as reference genes may lead to results showing different expression levels and trends for the
target genes. It is important to choose suitable genes as reference genes. Therefore, in our study, we chose the D5+APRT+D4
combination as a reference.

Discussion
qRT-PCR is a rapid, sensitive, speci�c and quantitative technique for gene expression analysis [21]. To compare gene expression
abundance between different samples using qRT-PCR, selecting suitable reference genes for gene normalization is necessary [22].
Traditional reference genes were chosen based on their function, such as Actin and tubulin, which encode basic components of the
cytoskeleton. Similarly, GAPDH, EF-1α and ubiquitin are involved in the basic metabolic processes of organisms. These traditional
internal reference genes are assumed to be stably expressed across all materials and conditions. However, some research has shown
that these traditional reference genes are not always stable across different experimental designs and plants [23–25]. Thus, it is
imperative to identify new internal reference genes and select suitable reference genes for speci�c experimental conditions when
studying gene expression patterns by qRT-PCR [26]. With the development of high-throughput sequencing technology, the selection
range of housekeeping genes has been broadened by using transcriptome data to screen housekeeping genes. Based on
transcriptome data collected before and after high-temperature stress in eggplant, two new reference genes (SmTRX and SmUCP)
and one commonly used reference gene (SmEF1α) with stable expression were screened under 42 °C high-temperature stress with
different treatment times and in different tissues and species [13]. Zhou et al. selected 15 candidate reference genes from apple root
RNA-Seq data to evaluate their potential use as reliable reference genes. Then, 5 stably expressed genes, namely, MDP0000095375,
MDP0000147424, MDP0000233640, MDP0000326399 and MDP0000173025, were recommended for normalizing quantitative gene
expression data in apple roots under various abiotic or biotic stresses [27]. In addition, transcriptome databases have been used to
screen reliable reference genes in peony [28], lily [29] and cherry [30]. In our research, we selected eighteen candidate reference genes
based on their low FPKM variance to investigate their suitability under cold stress and at normal temperatures during eggplant fruit
development. The results showed that three genes, namely, D5, D4 and D1, were expressed stably during the development of
eggplant fruits under low-temperature stress and at normal growth temperatures. Gene D5 is predicted to encode Elongation Factor
1α (EF1α), and D1 is predicted according to sequence similarity to encode ADP, an ATP carrier protein, which is involved in the basic
metabolic processes of organisms. D4 is predicted to encode 40S ribosomal protein S5, which encodes a basic component of the
cell. Elongation factor 1α and ribosomal protein are often used as reference genes, but they are not always suitable for different
experimental conditions because many of these genes belong to gene families, and different members of the same gene family may
have different expression patterns in the same samples. For example, in eggplant, the EF1α gene family has 11 members; one EF1α,
which is expressed stably under high-temperature stress, is on scaffold Sme2.5_01406.1 [14], and the EF1α (D5) expressed stably
under cold stress in our study is on scaffold Sme2.5_08608.1. Obviously, these two EF1α genes are different, and they are suitable
for only speci�c conditions. Therefore, before a qRT-PCR experiment is conducted, selecting appropriate reference genes is necessary.
Our results are useful for the analysis of gene expression in eggplant under low-temperature stress in the future. At the same time,
these results also provide a reference for the discovery of new stably expressed internal reference genes.

Four reference gene selection tools, namely, geNorm, NormFinder, BestKeeper and RefFinder, were used in this study. GeNorm,
NormFinder and BestKeeper are the most commonly used software to select reference genes. The results showed that the stability
rankings of candidate reference genes varied across the three kinds of software (Table 2, Table 3), as reported in previous research
[13, 31]. Therefore, further comprehensive analysis should be conducted, and RefFinder is an ideal choice. As a web-based tool,
RefFinder is very convenient for researchers screening for candidate reference genes synthetically. In addition, by integrating the
results from geNorm, NormFinder and BestKeeper to compare and rank the tested reference genes based on the geometric mean of
the weights of every individual gene calculated by each programme, RefFinder can help researchers identify the ideal reference genes
[26]. In this study, the results from the geNorm software revealed that at least two reference genes were needed under cold stress
conditions and across all samples, and at least three reference genes were needed at normal temperature. Taking into account our
practical experimental conditions, we recommend using three reference genes when analysing gene expression in this study. As the
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primary result from RefFinder, D5, D4 and D1 always ranked in the top three (Table 3). However, when comparing the stability of
these three genes with some commonly used reference genes, D4 and D1 were less stable than APRT, so D5, APRT, and D4 were the
top three stable reference genes, while Actin was the least stable gene in the cold stress sample set and across all samples, as shown
by the subsequent RefFinder results (Table 4). The stability comparison results con�rmed that D5, D4 and APRT were more stable
than D1 as reference genes. In the end, we decided on D5, APRT, and D4 as our �nal reference gene combination.

The availability of D5, APRT, and D4 was compared with Actin by analysing the expression levels of SmMsrA. Different expression
trends were obtained using Actin as a reference gene compared with D5, APRT and D4 as reference genes. In addition, using the least
stable reference gene, Actin, for normalization, the expression level was higher at some time points; for example, 4.24-fold, 5.14-fold,
7.12-fold, and 5.38-fold increases were found compared with normalization to D5, APRT, D4 and D5 + APRT + D4 as reference genes,
respectively, on anthesis day in P-10 under cold stress (Fig. 5). These results indicated that the expression level of the target gene
may be in�uenced by the stability of the internal controls. Therefore, it is necessary to select and evaluate suitable reference genes
for speci�c qRT-PCR experiments .

Eggplant is a thermophilic crop that has a very high heat requirement [32]. Therefore, the yield of eggplant is in�uenced by cold
stress. To overcome these disadvantages, growers generally heat greenhouses and treat �owers with plant hormones [33]. However,
these methods not only are time consuming and laborious but also greatly increase the cost of cultivation. Therefore, the selection
and cultivation of cold-resistant eggplant lines is highly important. Transcript analysis of cold-resistance-related genes in eggplant
can provide insights into the molecular mechanism of cold resistance, thus promoting the breeding of cold-resistant eggplant
varieties. We hope that this study will not only lay a foundation for subsequent gene expression pattern analyses of these
differentially expressed genes but also provide more choices for reference genes in Solanaceae crops.

Conclusions
With the rapid development of high-throughput sequencing technology, using transcriptome data to screen housekeeping genes has
broadened the selection range and quantity of reference genes. Our study �rst selected and evaluated 18 candidate reference genes
of eggplant under cold stress. We selected three stable genes, D5 (Sme2.5_08608.1_g00002.1), D4 (Sme2.5_00276.1_g00016.1) and
D1 (Sme2.5_01136.1_g00003.1), from fruit (ovary) transcriptome datasets. A further stability comparison was made between the
three genes and the commonly used reference genes Actin, GAPDH, TUB, APRT and 18S ribosomal RNA (18S). As the results showed,
D5 still had the best stability (except across all samples as calculated by BestKeeper), followed by APRT and D4. Actin showed the
least stability among the sample sets of cold stress, normal temperature and all samples in P-10 and 03 − 2, which indicated that
commonly used reference genes may not be suitable for some speci�c experimental conditions. In addition, the expression level of
SmMsrA normalized to D5, APRT, D4, D5 + APRT + D4 and the least stable commonly used reference gene, Actin, indeed showed
some signi�cant differences (p < 0.05), especially on biological samples from the day of anthesis and 2 days post anthesis.
Therefore, it is necessary for researchers to select suitable reference genes for gene normalization when using qRT-PCR. In the end,
we recommended D5, APRT, and D4 as a reference combination by considering the comparison results and the previous selection
work synthetically in this study.

Methods
Plant materials and cultivation conditions

The eggplant cold-resistant line P-10 and non-cold-resistant line 03 − 2 were used as the plant materials in this study. P-10 was
selected from round purple eggplant with cold resistance by self-cross selective breeding, which has facultative parthenocarpy in
which parthenocarpic fruit is produced normally without pollination and fertilization at low temperatures (daily minimum temperature
ranges from 7 °C to 15 °C during the anthesis and fruiting periods) and seeded fruit is produced at normal temperatures. 03 − 2 was
selected from local round purple eggplant variety by self-cross selective breeding, which produces stiff fruit at low temperatures and
seeded fruit at normal temperatures. These two materials were planted in Beijing (116° 13’ E; 39° 92’ N) from February to June.

Seeds of the two lines were sown in plastic pots in a greenhouse and maintained at 15 ~ 30 °C and 50% relative humidity under
natural light conditions from February to April. In April, when the plants had approximately 8 leaves, they were transplanted into an
open �eld. The samples were collected under two conditions: natural cold stress and normal temperature. From late April to early
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May, the natural daily minimum temperature in the open �eld was 7–17 °C, which caused the eggplant to undergo cold stress during
anthesis of the �rst fruit, and ovaries or fruit samples at 0, 2, 4, 10, 15, and 20 days post anthesis (DPA) were collected. From June to
early July, the natural daily minimum temperature was 17–28 °C, which was suitable for eggplant during anthesis of the fourth fruit,
and then the ovaries or fruit samples at 0, 2, 4, 10, 15, and 20 DPA were collected as experience samples under normal temperature.
In the end, four ovaries were collected as a biological sample at 0, 2 and 4 DPA, while four sarcocarps were collected as a biological
sample at 10, 15, and 20 DPA. Three biological replicates were performed for each time point, plant material, and temperature
condition, and �nally, a total of 72 biological samples were collected by Jinkun Yang. All sample collections were got permissions
from our institution and complied with institutional guidelines, which were wrapped in tinfoil, frozen immediately in liquid nitrogen
and stored at -80 °C in our laboratory for subsequent experiments.

RNA isolation and �rst-strand cDNA synthesis

Total RNA was extracted using a Quick RNA isolation kit (Huayueyang, Beijing, China) according to the manufacturer’s instructions.
The integrity of total RNA was detected by 1.0% agarose gel electrophoresis to ensure that no degradation occurred. In addition, RNA
purity and concentration were determined using a BioSpec-nano Micro-volume UV spectrophotometer (BIOSPEC-NANO, Shimadzu,
Japan). RNA samples with an OD260/OD280 value between 1.9 and 2.2 and an OD260/OD230 value greater than 2.0 were used for
cDNA synthesis. First-strand cDNA synthesis was conducted using a 5 × All-In-One Master Mix reverse transcription kit (Applied
Biological Materials, Vancouver, Canada) according to the manufacturer’s instructions. The cDNA solution was stored at -20 °C.

Source of candidate reference genes and primer design

In total, 18 genes with an appropriate expression level and small coe�cient of variation (CV) of FPKM values from eggplant
transcriptome data (unpublished data) were selected as candidate reference genes. Primer pairs (Table 1) were designed using
PrimerSelect, a tool in the DNASTAR Lasergene package (DNASTAR, Wisconsin, USA), with the following parameter settings: a
melting temperature of greater than 55 °C, a primer length of 18–25 bp and an amplicon length of 100–200 bp. The candidate
reference gene sequences and primers can be found in the Eggplant Genome DataBase (http://eggplant.kazusa.or.jp/).

Real-time quantitative PCR analysis

qRT-PCR analysis was conducted in 384-well plates using a LightCycler 480 SYBR Green I Master kit and LightCycler 480 system
(Roche, Germany) with the following reaction conditions: the total reaction volume was 10 µl and contained 2 µl (50 ng/µl) of
template, 0.5 µl (10 µM) forward and reverse primers, 5 µl of SYBR Green I Master Mix and 2.5 µl of nuclease-free H2O. In addition, the
reaction programme included preincubation at 95 °C for 10 min, followed by 40 cycles of ampli�cation at 95 °C for 10 s, 56 °C for
20 s and 72 °C for 30 s in single acquisition mode; melting at 95 °C for 5 s, 65 °C for 1 min and 97 °C in continuous acquisition mode;
and, �nally, cooling at 40 °C for 10 s. All reactions were conducted with three biological replicates and three technical replicates. The
primer e�ciency of each reference gene and the ampli�cation speci�city were analysed by a standard curve and a melting curve. To
generate the standard curves, the cDNA solution was �rst diluted from that used for reverse transcription 10 times, followed by a
�vefold or tenfold dilution series (1/5, 1/25, 1/125, and 1/625 or 1/10, 1/100, 1/1000, and 1/10000). After the qRT-PCR procedure
was completed, the melting curves and the standard curves were analysed through Tm calling and advanced relative quanti�cation
analysis in the LightCycler 480.

Candidate reference gene expression stability analysis

The primer pair speci�city of the 18 genes was con�rmed according to the melting curve results. The ampli�cation e�ciency of these
genes was obtained from the standard curve results. Boxplots of quanti�cation cycle (Ct) values for the 18 candidate genes were
drawn using SPSS Statistics version 17 software.

To evaluate the expression stability of the 18 candidate reference genes in different developmental stages and under different
temperature conditions, three gene-screening tools (geNorm, NormFinder and BestKeeper) and one online tool (RefFinder,
http://150.216.56.64/referencegene.php?type=reference) were used to analyse and rank the candidate reference genes. The methods
and emphases of these tools differ; therefore, they might produce different results regarding the expression stability of the same
gene [34]. As a visual basic application (VBA) for Microsoft Excel, geNorm relies on the principle that two ideal reference genes
should be expressed identically in all samples regardless of the experimental conditions and tissue types. This tool can
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automatically calculate the gene stability value M for all reference genes in all samples so that the best stable reference genes can
be selected according to the value of M. Furthermore, this application can determine the number of housekeeping genes that are
necessary for accurate normalization through pairwise variation (Vn/n + 1) [4]. Similar to geNorm, NormFinder is a VBA for Microsoft
Excel that calculates the stability value for all candidate normalization genes automatically but provides the best stable gene [16].
BestKeeper, a tool that determines the best-suited standard from ten candidate genes and then combines them into an index, was
established as an Excel-based spreadsheet software application for biological material tests [17]. Finally, RefFinder is a web-based,
comprehensive tool that was developed to evaluate and screen reference genes from extensive experimental datasets to compare
and rank candidate reference genes.

Further stability comparison of the identi�ed reference genes

To con�rm the stability of our selected reference genes and the necessity to screen reference genes, a further stability comparison
between the identi�ed reference genes and those commonly used reference genes, Actin, GAPDH, TUB [24], APRT and 18S ribosomal
RNA (18S) [35], was made using the same tools.

Validation of the �nal selected reference genes

An eggplant peptide methionine sulfoxide reductase A gene, namely, SmMsrA, was selected to validate the reliability of the identi�ed
reference genes. The gene expression abundance in eggplant ovaries or fruit during six fruit developmental stages under the
conditions of natural cold stress and normal temperature were normalized using the most stable reference genes as well as the least
stable reference gene from the stability comparison results. The relative expression of SmMsrA was calculated using the 2^-ΔΔCt

method.
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Table 1 Information on candidate genes and primer sequences.
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Code Gene ID Primer sequence (5'-3') Length (bp) E (%) R2

D1 Sme2.5_01136.1_g00003.1 GGTGCTGCTGGTGCTTCCTCTTT 107 96.20 0.9994

    AACTGCCTCTCACCTCCCTTCTTT      

D2 Sme2.5_06157.1_g00003.1 AGTATGGCTTGACCCTAATGAA 128 94.75 0.9670

    GGGCGCGAGATCGTGAATGAAT      

D3 Sme2.5_04412.1_g00001.1 TCCTGATTATTGACTCCACTACT 184 81.05 0.9980

    ACTTCCTTCACAATTTCATCATAC      

D4 Sme2.5_00276.1_g00016.1 CCAGGCCAAGCGTTTCAGGA 200 96.40 0.9977

    CCCTTGGCCCACTGTTGATAAC      

D5 Sme2.5_08608.1_g00002.1 GGGTAAAGAGAAGACTCACATCAG 175 98.50 0.9979

    CACCCAGGCATACTTGAATGAC      

D6 Sme2.5_10667.1_g00002.1 GCTGCTCGTGTCCCCAAGAAGGT 153 89.35 0.9998

    CCATAAGTCGGGGGTCAGGAAC      

D7 Sme2.5_00488.1_g00017.1 TTCATGACCAACAGGCTACTTTC 134 97.55 0.9994

    ATGGCATTTGGATCTTTCACTTC      

D8 Sme2.5_00499.1_g00025.1 CGGAGCTGATTCGTGGAGTGG 169 92.10 0.9931

    ACGTCATCGGCGGGGTAGAAC      

D9 Sme2.5_01918.1_g00003.1 CCACCGGTCAGCCAAGGAAGAG 119 86.70 0.9995

    GCGAGGACGAGCAGGGAAAAG      

D10 Sme2.5_00036.1_g00030.1 GGAACCGGCGAGAAATGTG 155 99.55 0.9951

    CAATCAGGGTCGTATGGGGC      

D11 Sme2.5_00563.1_g00006.1 GGAAACGGTACCGGAGGAGAAT 146 99.90 0.9981

    TTAGCGGTGCAGATGAAGAACT      

D12 Sme2.5_00417.1_g00023.1 AGAAGGCAAAGATGGCTCGTGA 133 98.00 0.9997

    GAAGTGGTGCAAATGAATGTCTG      

D13 Sme2.5_00183.1_g00004.1 GCGGGGAATCTATTTACGGTGAG 198 98.30 0.9998

    AAACGACATCCATTCCAGACAAC      

D14 Sme2.5_00584.1_g00008.1 TCGTCCACGTCATTTCTGTAAG 178 95.25 0.9964

    TCTCTGGCCGTTGGATGTGAT      

D15 Sme2.5_00079.1_g00001.1 AGCCGCCACTTTCTCTGTCG 161 96.90 0.9982

    AATCCTCGCCCTGGCTGTCTTT      

D16 Sme2.5_06588.1_g00003.1 TTCCAATCAACGCCTCCATCAC 136 95.50 0.9985

    AGCTCGTCCTTAACCTTTTCAGA      

D17 Sme2.5_06715.1_g00005.1 CTGAGGCCTACTTGGTTGGTCTGT 121 96.60 0.9900

    TAAGCACGCTCGCCCCTAATAC      

D18 Sme2.5_00276.1_g00008.1 ACGTCTTGTTCAGTCTCCTAAT 168 89.40 0.9780

  GAACATCCCTCGGTAAGTCT    
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E represents the ampli�cation e�ciency. R2 represents the correlation coe�cient of the standard curve.

Table 2 Average expression stability values and rankings of candidate reference genes.

Ranking Cold stress M Normal temperature M All samples M

1 D1/D2 0.39 D4/D5 0.41 D1/D2 0.46

2 D5 0.45 D1 0.47 D5 0.48

3 D3 0.54 D2 0.50 D3 0.55

4 D4 0.60 D3 0.54 D4 0.58

5 D13 0.66 D8 0.62 D12 0.65

6 D10 0.72 D9 0.67 D13 0.71

7 D6 0.75 D7 0.70 D7 0.75

8 D7 0.77 D10 0.72 D10 0.77

9 D12 0.78 D15 0.73 D6 0.79

10 D15 0.81 D12 0.76 D15 0.80

11 D9 0.85 D13 0.77 D9 0.82

12 D8 0.87 D6 0.79 D8 0.84

13 D16 0.90 D17 0.81 D16 0.87

14 D11 0.93 D16 0.83 D17 0.90

15 D14 0.96 D11 0.85 D11 0.92

16 D17 0.99 D14 0.89 D14 0.95

17 D18 1.10 D18 0.96 D18 1.04

Table 3 Relevant stability evaluation values calculated by NormFinder, BestKeeper and RefFinder.
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Cold stress    Normal
temperature

    All samples   

NormFinder BestKeeper RefFinder NormFinder BestKeeper   RefFinder NormFinder BestKeeper RefFinder

Gene  M1 Gene  SD Gene  M2 Gene  M1 Gene  SD Gene  M2 Gene  M1 Gene  SD Gene  M2

D4   0.33 D5   0.575 D5   1.57 D5   0.25 D10  0.574 D5   1.19 D5   0.30 D5   0.607 D5   1.32

D5   0.34 D1   0.600 D4   2.59 D4   0.27 D5   0.585 D4   2.21 D4   0.30 D1   0.631 D1   2.28

D3   0.35 D4   0.668 D1   3.15 D1   0.30 D8   0.621 D1   3.22 D1   0.37 D10  0.632 D4   2.99

D13  0.37 D12  0.672 D2   3.34 D2   0.34 D1   0.640 D2   4.23 D3   0.37 D4   0.693 D2   3.34

D2   0.40 D2   0.677 D3   3.94 D9   0.37 D2   0.669 D10  5.48 D2   0.39 D2   0.708 D10  5.24

D10  0.40 D10  0.680 D13  5.09 D15  0.38 D4   0.716 D8   6.00 D10  0.42 D13  0.773 D3   5.37

D1   0.42 D13  0.726 D10  6.24 D3   0.39 D17  0.730 D9   6.47 D7   0.43 D17  0.773 D7   7.80

D7   0.46 D6   0.756 D12  7.75 D7   0.40 D7   0.765 D7   7.67 D15  0.44 D12  0.776 D13  7.94

D12  0.46 D17  0.809 D6   8.92 D8   0.40 D6   0.807 D3   7.91 D12  0.46 D6   0.783 D12  8.32

D6   0.50 D3   0.817 D7   9.12 D10  0.44 D9   0.819 D15  8.60 D13  0.46 D8   0.796 D15  9.59

D15  0.50 D15  0.835 D15 
10.74

D12  0.47 D13  0.833 D17 
10.90

D8   0.49 D7   0.822 D6  
10.65

D16  0.54 D7   0.874 D16 
12.72

D17  0.51 D12  0.854 D12 
11.24

D9   0.50 D15  0.881 D8  
11.68

D8   0.56 D16  0.926 D8  
13.24

D13  0.52 D15  0.917 D13 
12.22

D6   0.51 D3   0.895 D17 
12.32

D9   0.60 D8   0.971 D9  
13.71

D6   0.53 D3   0.937 D6  
12.31

D16  0.55 D9   0.907 D9  
12.47

D11  0.61 D9   0.979 D17 
14.50

D16  0.53 D11  0.962 D16 
15.24

D11  0.61 D16  0.99 D16 
14.24

D14  0.68 D14  1.047 D11 
15.48

D11  0.56 D16  0.974 D11 
15.74

D17  0.63 D11  1.069 D11 
15.49

D17  0.73 D11  1.089 D14 
16.00

D14  0.73 D14  1.128 D14 
17.24

D14  0.70 D14  1.097 D14 
17.00

D18  1.27 D18  1.622 D18 
18.00

D18  0.97 D18  1.130 D18 
18.00

D18  1.13 D18  1.367 D18 
18.00

Table 4 Stability comparison between D5, D4, D1 and �ve commonly used reference genes.
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Tools/Rank Treatments  

GeNorm Cold stress Normal temperature All samples  

1 D5/APRT 0.51 D5/APRT 0.387 D5/APRT 0.45  

2 D4 0.58 GAPDH 0.447 D4 0.529  

3 D1 0.631 TUB 0.502 D1 0.603  

4 18S 0.674 D1 0.534 GAPDH 0.669  

5 GAPDH 0.743 D4 0.585 TUB 0.728  

6 TUB 0.816 18S 0.673 18S 0.774  

7 Actin 0.879 Actin 0.798 Actin 0.864  

NormFinder              

1 D5 0.302 D5 0.089 D5 0.214  

2 APRT 0.326 GAPDH 0.247 APRT 0.332  

3 GAPDH 0.537 APRT 0.347 GAPDH 0.514  

4 D4 0.637 TUB 0.372 D4 0.591  

5 D1 0.679 D1 0.505 D1 0.593  

6 18S 0.726 D4 0.551 TUB 0.628  

7 TUB 0.774 18S 0.917 18S 0.831  

8 Actin 0.908 Actin 1.099 Actin 1.015  

BestKeeper              

1            D5 0.57 D5 0.59 18S 0.37  

2 D4 0.57 D4 0.56 APRT 0.48  

3 D1 0.66 D1 0.82 D4 0.57  

4 18S 0.42 18S 0.3 D5 0.58  

5 APRT 0.51 APRT 0.46 D1 0.74  

6 GAPDH 0.89 GAPDH 0.74 GAPDH 0.86  

7 TUB 1.04 TUB 0.71 TUB 0.87  

8 Actin 1.09 Actin 1.27 Actin 1.22  

RefFinder              

1 D5 1.41 D5 1.41 D5 1.41  

2 APRT 1.68 APRT 2.06 APRT 1.68  

3 D4 3.46 GAPDH 2.91 D4 3.46  

4 18S 3.66 TUB 4.23 GAPDH 4.05  

5 GAPDH 4.24 18S 4.3 18S 4.30  

6 D1 4.73 D4 5.05 D1 4.73  

7 TUB 7 D1 5.44 TUB 6.24  

8 Actin 8 Actin 8 Actin 8  
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Figures

Figure 1

PCR products for 18 candidate reference genes. M indicates a 50 bp marker, and D1 to D18 represent the ampli�cation products of
the 18 candidate reference genes.
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PCR products for 18 candidate reference genes. M indicates a 50 bp marker, and D1 to D18 represent the ampli�cation products of
the 18 candidate reference genes.

Figure 2

Melting curves for 18 candidate reference genes.
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Figure 2

Melting curves for 18 candidate reference genes.
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Figure 2

Melting curves for 18 candidate reference genes.
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Figure 2

Melting curves for 18 candidate reference genes.
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Figure 3

Expression levels of the 18 candidate reference genes in all samples. Variations are displayed as medians (lines), 25 to 75th
percentile ranges (boxes), and total ranges (whiskers).
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Figure 4

Pairwise variations of 18 candidate reference genes calculated by geNorm.
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Figure 5

Expression levels of SmMsrA in ovaries or sarcocarps of P-10 and 03-2. (A-D) The expression abundance of SmMsrA calculated by
D5, APRT, D4, and their combination D5+APRT+D4 and the least stable reference gene, Actin. The bars indicate the standard error,
and the letters above the bars indicate signi�cant differences (p<0.05).
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