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Abstract

Passion fruit (Passiflora edulis), an important tropical and subtropical fruit, has a high edible and medicinal value. Stem rot
disease is one of the most important diseases of passion fruit. An effective way for control and prevention of this disease is to
identify the genes associated with resistance to this disease. Quantitative real-time PCR (RT-qPCR) has mainly been widely
applied to detect gene expression because of its simplicity, fastness, low cost and high sensitivity. One of the requirements
for RT-qPCR is the availability of suitable reference genes for normalization of gene expression. However, currently, no
Fassiflora edulis reference genes have been identified andthus it has hindered the gene expression studies in this plant. The
present study aimed to address this issue. We analyzed sixteen candidate reference genes, including nine common (GAPDH,
UBQ, ACTI1,ACT2, EF-la-1, EF-1a-2, TUA, NADP, and GBP) and seven novel genes (C13615, C24590, C27182, C10445,
C21209, C22199, and C22526), in different tissues (stem, leaf, flower and fruit) of two accessions under stem rot condi-
tion. We calculated the expression stability in twenty-four samples using the ACt, GeNorm, NormFinder, BestKeeper and
RefFinder. The results showed that both C27209 and EF-1a-2 were sufficient to normalize gene expression under stem rot,
whereas the commonly used reference genes, GAPDH and UBQ, were the least stable ones. The expression patterns of PeUFC
under stem rot condition normalized by stable and unstable reference genes indicated the suitability of using the optimal
reference genes. To our knowledge, this is the first systematic study of reference genes in Passiflora edulis, which identified
a number of reliable reference genes suitable for gene expression studies in Passiflora edulis by RT-qPCR.
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Introduction Currently, purple passion fruit and yellow passion fruit are

the main cultivatars. Passion fruit have an aromatic smell

The passion fruit (Passiflora edulis) is an herb or vine plant
belonging to the Passifloraceae family. This family includes
of 530 species, which are classified into 16 genera [1].
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and are rich in sugar, vitamins, mineral elements and other
substances. Thus, they attract a vast number of consumers.

Stem rot disease is one of the main diseases of Passiflora
edulis. This disease manifests itself as the initial symptoms
of water-stained decay in the stem base. After being infected,
the plants gradually wither, their leaves drop, and later the
whole plant becomes yellow and withered to death, leading
to the destruction of the garden. Due to the serious destruc-
tion caused by this disease in Passiflora edulis planting areas
in southern China, it is highly necessary to identify the genes
related to resistance to stem rot disease for the development
of the cultivars resistant to this disease.

RT-qPCR has become one of the main methods for study-
ing gene expression because of its simplicity, fastness, low
cost and high sensitivity [2]. However, due to the large dif-
ferences in RNA quality, reverse transcription efficiency and
copy number of genes in different samples, two relatively
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stable internal reference genes are required for correction
and standardization when the RT-qPCR is used. The ref-
erence gene usually participates in the basic biological
activities of the cells and its expression is relatively sta-
ble among various tissues of the organism and under dif-
ferent experimental and environmental conditions [3]. To
date, the commonly used reference genes in plants include
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [4],
ubiquitin-conjugating enzyme (UBQ) [5], Actinl (ACTI)
[6], Actin2 (ACT2) [7], elongation factor 1-alpha (EF-1a)
[81, a-tubulin (TUA) [9], NADP-isocitrate dehydrogenase
(NADP) [10], and GTP-binding protein (GBP) [11]. How-
ever, the stability of the reference gene is relative and gene
expression is greatly influenced by a number of internal and
external factors, such as different varieties, tissues and envi-
ronmental conditions. In order to ensure reliable experimen-
tal results, it is necessary to screen and identify the most
suitable reference genes according to the specific experi-
mental conditions.

With the rapid development of genomics and molecular
genetics, increasing researches on Passiflora edulis genes
have carried out [12—15]. To date, four reference genes have
been reported in Passiflora edulis [13, 16]. However, the sys-
tematic screening of reference genes has not been reported
yet. Thus, we analyzed the expression stability of genes in
different developmental stages and accessions under stem rot
condition using ACt [17], GeNorm [18], NormFinder [19],
Bestkeeper [20], and RefFinder [21], and finally selected
C21209 and EF-1a-2 as the most reliable reference genes.
Our study identified a number of reliable reference genes for
the future quantification of gene expressions in Passiflora
edulis.

Materials and methods
Plant materials

Passiflora edulis is caused by Fusarium oxysporum
Schlecht. At the beginning, water-stained lesions appeared
on the infected part of plant by the pathogen, and then the
lesions spread in stripes along the stem, and finally the
whole branch rotted (Fig. 1). Cultivar Jinlingziguo (JLZG)
is susceptible to while the other cultivar Huangguoyuan-
shengzhong (HGYSZ) is resistant to stem rot disease.
Two accessions were planted at the germplasm garden of
the Institute of Biotechnology of Guangxi Academy of
Agricultural Sciences (22.77° N, 108.15° E), Nanning,
Guangxi, China. The cutting seedling heights ranged from
29 to 38 cm, and the seedlings were transplanted on May
25, 2019, using a single-line hedge planting model. The
distance between the plants was 200 cm. About 100 kg of
pure nitrogen per hectare was applied. The ratio of nitro-
gen (N) fertilizer: phosphorus fertilizer (P,O5): potassium
fertilizer (K,0) was 3: 1.5: 1 for application.

The samples of pathogenic fungi that causes stem rot
disease were collected from the infected plants. The fungi
were isolated, placed on the potato glucose agar medium
(PDA), separated and purified. The fungal pathogens were
identified mainly as Fusarium oxysporum Schlecht. Dis-
ease-resistant determination was performed using exoso-
metric inoculation method: the purified and preserved
pathogen was activated and inoculated to the PDA medium
and cultured at 28 °C for 5 days, and the fungal filament
was picked up by punching with a 1000 ul-pipetting tip.

Fig. 1 Stem rot causes passion fruit plant death in the orchard. a HP: health plant, IP: infected plant, b partial of IP
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When the first bud appeared in the plant, the stem base
was artificially stung, and then the prepared piece of myce-
lium was picked up and its front side was inoculated to the
wound site. Three days later, water-stained spots began
appearing on the inoculated site. The stems, leaves, flowers
and fruits (7 DAF) were collected from JLZG and HGYSZ
with three biological replicates per sample. A total of 24
samples were stored in the — 80 °C freezer.

Total RNA extraction and cDNA synthesis

Total RNA was extracted with RNAprep Pure (Tiangen,
Beijing, China) according to the manufacturer’s instruc-
tions. The concentration and purity of the RNA samples
were detected using the BioSpec-nano UV-visible spectro-
photometer (Shimadzu, Japan) and the integrity was evalu-
ated by 1% agarose gel electrophoresis. Reverse transcrip-
tion was performed with HiScript II Q RT SuperMix for
qPCR (+gDNA wiper) (Vazyme, Nanjing, China) and the
first chain cDNA synthesis was performed with superMix
according to the use instructions. All synthesized cDNA
samples were diluted at 1:10 with RNase-free water and then
stored at — 80 °C for subsequent analysis.

RNA-seq data analysis and selection of candidate
reference genes

Pingtang 1’ is cold-tolerant variety of P. edulis [13]. The
transcriptome data of ‘Pingtang 1’ was derived from pub-
lished research by Xu et al. [12], details are as follows: cut-
tings of ‘Pingtang 1’ were cultivated in L rocky desertifi-
cation areas and sandy D rocky desertification areas, and
the two plots are located in Kedu town, Pingtang Country,
Guizhou Province (25.72° N, 106.8° E). Two root samples
selected from those three biological replicates for RNA
extraction were immediately frozen in liquid nitrogen and
stored at — 80 °C in an ultralow temperature freezer, and
four cDNA libraries (T01, T02, TO3 and T04) were gen-
erated. RNA-seq data were downloaded from the NCBI
database ( https://www.ncbi.nlm.nih.gov/sra/SRP150688 ).
The Trinity [22] was used for the assembly of the sequence.
The expression level of the predicted sequence was ana-
lyzed using RSEMs [23]. Functional annotations for gene
sequences were performed using BLAST and databases NR,
COG, KOG, EggNOG, KEGG, GO, Pfam and Swiss-prot.
The expression stability of each gene in TO1, T02, TO3 and
T04 was calculated and evaluated using a coefficient of vari-
ation (CV). The candidate References. There are no sources
in the current document. genes were selected based on their
expression levels detected in this study and those reported
by previous studies [4—11].

Primer design

Specific primers were designed using Primer3 software
and synthesized by BGI (Beijing, China). The length of
primers varied from 20 to 22 bp. The length of the ampli-
fied products ranged from 119 to 498 bp and the annealing
temperatures ranged from 58 to 61 °C.

Quantitative real time PCR

All RT-qPCR assays were carried out in 96-well plates
using qTOWER 2.2 Quantitative Real-Time PCR Ther-
mal Cycler (Analytik Jena, Germany). The reaction system
included: 10 ul of 2 X TransStart SYBR Green Master Mix
(Vazyme, Nanjing, Jiangsu, China), 1 ul of each primer,
1 pl of template cDNA, complemented by ddH20 to 20 pl.
The cycle program for product amplification was as fol-
lows: 94 °C for 5 min followed by 40 cycles of 94 °C for
30 s (denaturation), 55 °C for 30 s (annealing), and 72 °C
for 30 s (extension). Tripricates were set for each sample.
When the reaction was completed, the melting curve was
analyzed and specificity of the product was determined
based on the melting curve.

Analysis of expression stability of candidate
reference genes

Each candidate reference gene was analyzed and evaluated
with the method of ACt [17], GeNorm [18], NormFinder
[19], Bestkeeper [20], and RefFinder [21]. The ACt, M
value, SV value and CV/SD value of the candidate genes
were calculated. These genes were ranked based on their
stabilities in the order from low to high. The lower the value
is, more stable the corresponding gene is. Finally, based on
the ranking results obtained with software ACt, GeNorm,
Normfinder, Bestkeeper, and RefFinder, the comprehensive
ranking for the expression stability of each internal reference
gene was calculated.

Validation of the selected candidate reference
genes

The Passiflora edulis gene PeUFC (protein UPSTREAM
OF FLC in Passiflora edulis) was cloned based on homol-
ogy of ZmAuxRP1 [24]. To validate the selected reference
genes (C21209, EF-1a-2, GAPDH and UBQ), RT-qPCR was
performed to analyze PeUFC expression profile in stem,
leaf, flower and fruit of JLZG and HGYSZ with three bio-
logical replicates per sample, under stem rot condition via
normalization with these reference genes. The relative gene
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expression level was calculated by reference to the 2744C
method [25].

Results

Identification of candidate reference genes
with RNA-seq data

The transcriptome data showed that 10,052, 20,580, 12,584,
17,888, 21,037, 20,925, 28,700 and 29,286 genes were sig-
nificantly matched the unigenes in the COG, GO, KEGG,
KOG, Pfam, Swissport, EggNOG and NR database, respec-
tively. The genes with the length > 1000 bp accounted for
55.75%, 49.90%, 46.71%, 48.89%, 55.02%, 52.37%, 48.75%,
and 48.73% of total unigenes in respective databases. The
NR database gained the highest proportion of the matched
unigenes, while the COG database gained the lowest one.

We analyzed the expression levels of 30,499 genes in
TO1, TO2, TO3 and T04, then selected the candidate refer-
ence genes based on their CV values. Firstly, the CV value
of each of the common reference genes, including GAPDH,
UBQ, ACTI1, ACT2, EF-1a-1, EF-1a-2, TUA, NADP and
GBP, was calculated, leaving only the one with the lowest
CV value for each type of gene. Secondly, the gene with
high expression value (FPKM > 25) was analyzed and the
gene with a smaller CV value was selected.After analysis,
we obtained a total of 16 candidate genes (Fig. 2).
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Fig.2 Heatmap of 16 candidate genes’ total RNA expression (Log,
(FPKM)) in a limestone rocky desertification area (TO1, T02) and a
sandy dolomite rock desertification area (T03, T04)
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Amplification efficiency and specificity evaluation
of primers

We used Primer3 to design primers targeting 16 candi-
date reference genes for RT-PCR (Table 1). The results of
amplification efficiency and specificity evaluation of primers
showed that the R? values of these candidate reference genes
varied from 0.9683 to 0.9822, indicating that there is a linear
relationship between the cDNA level as the template and Ct
values, and that the resulting linear equations are reliable.
The amplification rates for all candidate genes varied from
92.65% (NADP) to 102.37% (C21209). The melting curves
obtained by RT-qPCR all displayed a single peak, indicat-
ing that 16 primer pairs are specific to the targeted region
(Fig. S1).

Expression profiling of candidate reference genes

The expression levels of the 16 candidate reference genes
were evaluated in 24 samples collected from different tissues
in two accessions using their Ct values. The Ct values of 16
candidate reference genes varied from 18.07 to 36.16 in all
samples. Because the gene expression level is negatively
correlated with the Ct value, EF-Ia-1 was the most high-
ely expressed gene with the lowest mean Ct value (19.75),
while NADP was the lowest abundant gene with the highest
mean Ct value (33.60) in JLZG (Fig. 3a); C10445 was the
most highely expressed gene with the lowest mean Ct value
(19.04), while NADP was the lowest abundant gene with the
highest mean Ct value (32.80) in HGYSZ (Fig. 3b). The Ct
values varied from 19.48 (EF-1a-1) to 33.20 (NADP) in all
samples (Fig. 3c).

Expression stability of candidate reference genes

In this study, each reference gene was evaluated in three
groups: (1) JLZG (stem, leaf, flower and fruit of JLZG with
three biological replicates per sample), (2) HGYSZ (stem,
leaf, flower and fruit of HGYSZ with three biological rep-
licates per sample), and (3) All (stem, leaf, flower and fruit
of JLZG and HGYSZ with three biological replicates per
sample). Then, the expression stabilities of the 16 candidate
reference genes were analyzed by the ACt, GeNorm, Nor-
mFinder, BestKeeper, and RefFinder.

The genes with the lowest ACt values showed the most
stable expression profiles. Therefore, the top five reference
genes were C22526, EF-1a-1, C27182, C24590 and C13615
in JLZG, those were EF-1a-2, C21209, C27182, EF-1a-1
and C24590 in HGYSZ; and those were C21209, EF-1a-2,
EF-la-1, C27182 and C13615 in All (Table 2, Fig. 3), which
indicated that seven reference genes, C22526, EF-1a-1,
C27182, C24590, C13615, EF-1a-2 and C21209 would be
stably expressed in our RT-qPCR normalization. Especially,
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Table 1 Details of candidate reference genes and primers used for RT-qPCR in Passiflora edulis

Gene Gene annotation Database Forward sequence (5'-3") Reverse sequence (5'-3") Product

length (bp)

C13615 Histone acetyltransferase of the NR AAGTTGGCACACCGGAAAGA ACACCGTACAGTGATTGGCTC 356
MYST family 2

C24590 Histone deacetylase 5 isoform X1 =~ NR TCGCATCTTTTGCATGCTCG  ACAGGAATGCCATGCTCCTC 498

C27182 Histone-lysine N-methyltransferase NR GCAACGGAAAGGGTCCAAAC GGCATCCCGACATGATGCTA 302
ATXR7-like isoform X4

C10445 60S ribosomal protein L26-1-like  NR ACTCCCAAAAACCCTAGCCG TATCCTTATCAGCAGCGGCG 450

C2]1209 Eukaryotic translation initiation NR AGCTCTTCTACATCTGCGCT  TTCTTGTGCATCTTCCCCCG 258
factor la

C22199 Hypothetical protein CDL15_ NR TCCCTCCCTATGCGTATTGC AGAACAGTCTGGCAGTTCCC 408
Pgr024570

C22526 Uncharacterized protein NR GAAGTGCCGATTTGGCTTCG CAGCAGCTCAACCTAACCGA 437
Os]_027940-like

GAPDH Glyceraldehyde-3-phosphate dehy- Pfam CCTCGGTATGAAGAGCAGCA GAACAGCGACAATCCCTTCC 221
drogenase

UBQ Ubiquitin-conjugating enzyme Pfam TCTTATACGTGGCCTGTGCC  GGAGGAAGCCTCGGACAATC 440

Actinl ~ Actin Pfam ATTCTCCGTCTCGACCTTGC  GTCGGGCAATTCGTAGCTCT 210

Actin2  Actin NR GCATAAAGGGAAAGGACGGC CTCACCGAAGCTCCTCTCAA 119

EF-la-1 Elongation factor 1-alpha Swissprot  ATCGGAAATGGATACGCCCC ACGTCCAAGAGGTGGGTACT 213

EF-la-2 Elongation factor 1-alpha NR GGCCCAACTGGTCTGACTAC TTGCGGGATCATCCTTGGAG 163

TUA Tubulin/FtsZ family, GTPase Swissprot  AACTGCACTGGTCTCCAAGG AGGGCTCAACAACAGAGGTG 172
domain

NADP  Isocitrate dehydrogenase Swissprot TGAATTGGCACCCGGATGTT CAATCCAAGAGATCCGAA 173

GCCT

GBP Rac-like GTP-binding protein NR TGTCCTGAAGAAGTGGAT CAGCCAGAACTTTGACGCCT 306
ARAC7 GCC

PeUFC  protein UPSTREAM OF FLC Swissprot TTGCCATTGTTGGACCTGC TTCCGTTCATACTGGAAGACG 105

EF-1a-2 and C21209 all in the top two rankings might be
more stably expressed in HGYSZ and All. TUA, GBP and
UBQ were the least stably expressed reference genes because
they were all in the last five rankings.

GeNorm based on the calculated candidate gene expres-
sion stability (M) in different samples was used to deter-
mine the most stable reference candidate gene, M value is
inversely proportional to gene expression stability. M value
of 1.5 is generally considered a stable expression [19].
GeNorm analysis showed that EF-1a-2, C27182, C21209,
C10445 and EF-1a-1 were the most stable reference genes
in JLZG, C24590, C22199, EF-1a-2, EF-1a-1 and C13615
were the most stable ones in HGYSZ, and EF-1a-2, C27182,
C21209, EF-1a-1 and C22199 in All (Table 2, Fig. 4) were
the most stableones. These results indicated that EF-I/a-1
and EF-1a-2 might be more stably expressed in HGYSZ,
HGYSZ and All, whereas GBP, TUA, UBQ and GAPDH
were the least stable reference genes because they were all
in the last five rankings. Pairwise variation analysis showed
that V2/3 was 0.106 in JLZG, V3/4 was 0.145 in HGYSZ,
and V3/4 was 0147 in all samples. The results indicated
that the most suitable reference genes are 2 or 3 in different
samples (Fig. 5).

According to the NormFinder analysis, the gene with
the lowest stability value is the most stable reference gene
for RT-qPCR [20], C10445, C21209, EF-1a-2, C27182
and C24590 showed higher stability values in JLZG, while
C21209, C27182, NADP, EF-1a-2 and EF-1a-1 showed
higher stability values in HGYSZ, and C21209, TUA,
EF-la-1, C27182 and C24590 showed higher stability val-
ues in All (Table 2) and thus, they could serve as the top five
reliable reference genes. The results showed that C271209
and C27182 might be more stably expressed in HGYSZ,
HGYSZ and All. UBQ and GAPDH were the least stable ref-
erence genes because they were all in the last five rankings.

Bestkeeper reflects the stability of the internal reference
gene by calculating the CV and the standard deviation (SD),
and the gene that has the smaller difference between the
coefficient of variation and the standardization is the most
stable reference gene [26]. Bestkeeper analysis showed that
EF-la-1, C24590, C22526, C27182 and C13615 were the
stably expressed genes in JLZG, while EF-1a-2, C21209,
C27182, EF-1a-1 and C24590 were the stably expressed
genes in HGYSZ, C21209, EF-1a-1, EF-1a-2, C27182 and
C24590 were the stably expressed genes in All (Table 2),
which indicated that the seven reference genes, EF-1a-1,
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Fig.3 The Ct values of 16 candidate reference genes in JLZG (a), HGYSZ (b), and All (c)

C24590, C22526, C27182, C13615, EF-1a-2 and C21209
would be stably expressed in qRT-PCR normalization. EF-
la-1, C24590, and C27182 might be more stably expressed
in JLZG, HGYSZ and All than the other four reference genes
because they were all listed in the top five rankings. GBP,
UBQ, TUA and GAPDH were the least stable reference genes
because they were all lisred in the last five rankings.

The RefFinder calculates the geometric mean of the sta-
bility rankings obtained from the analysis of GeNorm, Nor-
mFinder, and BestKeeper and Ct obtain a comprehensive
ranking. The five most stable reference genes were C27182,
EF-la-1, EF-1a-2, C24590 and C21209 in JLZG; EF-1a-2,
C21209, C27182, EF-1a-1 and C24590 in HGYSZ, C21209,
EF-la-2, EF-l1a-1, C27182 and C24590 in All. These genes
were the same in JLZG, HGYSZ and All (Table 2). Espe-
cially, both C271209 and EF-1a-2 were listed as the top two
in the rankings in HGYSZ and All. They might be more
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stably expressed than the other three reference genes.
GADPH, GBP, UBQ and TUA were the least stable refer-
ence genes because they were all listed in the last five rank-
ings. In addition, GADPH and UBQ were listed as the least
stable reference genes because they were all in the last five
rankingsin HGYSZ and All.

Validation of candidate reference genes

To validate the accuracy and reliability of our results, the
relative expression patterns of PeUFC in different tis-
sues under stem rot disease were analyzed. The two most
stable reference genes (C27/209 and EF-la-2) and two
most unstable genes (GAPDH and UBQ) were selected
for normalizing RT-qPCR data. The expression level of
reference gene in the stem of JLZG was used as a con-
trol. Using C21209 as the reference gene, the expression
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Fig.4 The M value of the 16 candidate reference genes in JLZG (a), HGYSZ (b), and All (c¢) using GeNorm. The X-axis represents M value,

The Y-axis represents candidate reference genes

levels of PeUFC in HGYSZ tissues (stem, leaf, flower and
fruit) were much higher than those in JLZG. This result
is consistent with the resistance to stem rot disease in
HGYSZ. Similar trend was seen in the analysis of PeUFC
expression data with EF-I/a-2 normalization. However,
the expression level of PeUFC in the leaf of JLZG with
GAPDH normalization was much higher than those in the
stem and flower of HGYSZ. Meanwhile, the expression
level of PeUFC in the leaf of JLZG with UBQ normaliza-
tion was much higher than that in the stem and fruit of
HGYSZ (Fig. 6).

In summary, the expression patterns of PeUFC were
nearly the same when reference genesC2/209 and EF-1a-2
were used for normalization, while the expression levels in
all tissues were higher using EF-/a-2 than using C21209
as the normalizer. Expression level in leaf was higher when
C21209, EF-1a-2, GAPDH and UBQ were used as the
normalizers.

Discussions

Because of its numerous advantages, RT-qPCR has been
widely used in gene expression research and has become
an effective method for quantifying the transcriptional
expression of gene, revealing the gene expression patterns
[2]. It is generally believed that the ideal internal refer-
ence gene is the one whose expression is stable at different
developmental stages, in different tissue/organs, and under
different stress conditions, and whose expression level is
similar to that of the target gene. A number of house-keep-
ing genes, such as GAPDH [4], UBQ [5], ACT1 [6], ACT2
[7], EF-1a [8], TUA [9], NADP [10], and GBP [11], are
usually chosen as the internal reference genes. However,
an increasing body of research has shown that the expres-
sion levels of the house-keeping genes vary under different
experimental conditions [27, 28]. Therefore, it is particu-
larly important to select the genes whose expression levels
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Table 2 Gene expression stability under stem rot condition ranked by ACt, geNorm, BestKeeper, NormFinder and RefFinder

Groups  Ranking  RefFinder ACt GeNorm Normfinder BestKeeper
Gene Stability = Gene Stability Gene Stability = Gene Stability = Gene Stability

JILZG 1 C27182 3.40 C22526  0.87 EF-la-2  0.25 C10445  0.11 EF-la-1  0.71
2 EF-la-1 4.19 EF-la-1  0.94 Cc27182  0.25 C21209 041 C24590  0.71
3 EF-la-2 4.34 C27182  0.96 C21209 031 EF-la-2 044 C22526  0.75
4 C24590 4.37 C24590  0.96 C10445  0.35 C27182  0.55 Cc27182  0.78
5 C21209 4.42 Ci13615 098 EF-la-1 041 C24590  0.77 Ci13615 0.78
6 C10445 4.94 EF-la-2  0.98 C24590  0.50 EF-la-1  0.79 c21209  0.79
7 C13615 6.51 C21209  0.99 C22199  0.60 22199 0.84 EF-la-2  0.81
8 C22526 7.48 CI10445  1.16 Ci13615 0.70 NADP 1.05 C10445 093
9 C22199 8.08 Cc22199 132 Actinl 0.84 Actinl 1.09 C22199  1.06
10 Actinl 10.24 Actinl 1.99 NADP 0.96 Ci3615 1.15 Actinl 1.47
11 NADP 10.84 GADPH 2.11 Actin2 1.07 Actin2 1.31 NADP 1.74
12 Actin2 11.97 NADP 2.15 GBP 1.18 GBP 1.48 GAPDH 190
13 GADPH 12.64 Actin2 2.46 TUA 1.31 GAPDH 1.7 Actin2 2.00
14 GBP 13.12 GBP 2.62 UBQ 1.40 UBQ 1.76 GBP 2.06
15 UBQ 14.82 UBQ 3.03 GAPDH 149 TUA 1.89 UBQ 2.29
16 TUA 15.42 TUA 3.19 C22526  1.57 C22526  1.99 TUA 2.56
HGYSZ 1 EF-la-2 2.31 EF-la-2 03434 C24590  0.52 C21209 0.73 EF-la-2 027
2 C21209 2.56 C21209  0.4639 C22199 0.2 c27182  0.77 C21209 041
3 C27182 3.40 C27182  0.5963 EF-la-2 058 NADP 0.89 C27182 051
4 EF-la-1 433 EF-la-1 0.6376 EF-la-1 0.68 EF-la-2 0091 EF-la-1 058
5 C24590 4.87 C24590  0.7457 Ci13615 0.71 EF-la-1 099 C24590  0.59
6 C22199 5.78 C22199  0.8330 C21209  0.79 C22526  1.24 C22199  0.61
7 C22526 6.75 C22526  0.8605 C22526  0.83 C24590  1.26 C22526  0.74
8 NADP 7.22 Ci13615 09182 C27182  0.87 C22199  1.39 Ci13615  0.79
9 Ci13615 7.46 NADP 1.1132 Cl0445 097 C13615  1.39 NADP 0.93
10 C10445  10.13 CI10445  1.4094 NADP 1.07 Actin2 1.62 C10445 1.24
11 Actin2 11.06 Actin2 2.0908 Actin2 1.34 TUA 1.82 Actin2 1.50
12 TUA 11.95 TUA 2.3541 TUA 1.55 GBP 1.97 TUA 1.95
13 Actinl 12.95 Actinl 2.4544 Actinl 1.72 C10445  2.07 Actinl 2.17
14 GBP 13.88 GBP 3.1209 GBP 1.95 Actinl 2.22 GBP 2.59
15 GADPH 15.00 GADPH  3.3752 GAPDH 2.16 GAPDH 294 GAPDH 3.14
16 UBQ 16.00 UBQ 3.7023 UBQ 2.34 UBQ 3.29 UBQ 3.40
All 1 C21209 1.41 C21209  0.75765836  EF-la-2  0.55 C21209  0.381 C21209  0.60
2 EF-la-2 2.52 EF-la-2  0.80245265 C27182  0.55 TUA 0.510 EF-la-1  0.71
3 EF-la-1 3.01 EF-la-1  0.82819769 C21209  0.57 EF-la-1 0.514 EF-la-2  0.71
4 C27182 3.51 C27182  0.88477204 EF-la-1  0.65 C27182  0.546 Cc27182  0.75
5 C24590 5.86 C13615 093119488 (22199 0.74 C24590  0.566 C24590  0.76
6 Ci13615 6.66 C22526 097974699 C24590  0.79 EF-la-2  0.572 ci3615  0.77
7 C22526 7.02 C24590  1.02957568 C10445  0.87 C10445  0.687 C22526  0.82
8 C22199 7.15 C22199  1.12935077 Ci13615 092 NADP 0.705 C22199  0.88
9 C10445 8.69 C10445  1.43250136 C22526 097 C22199  0.734 C10445  1.25
10 NADP 9.96 NADP 1.72128738  NADP 1.07 Cci3615  0.773 NADP 1.30
11 Actin2 11.35 Actinl 2.1836666  ACTIN2 1.26 GBP 0.795 Actin2 1.72
12 TUA 11.95 Actin2 2.2413329 ACTINI 141 ACTIN2  0.837 Actinl 1.83
13 Actinl 11.98 TUA 2.79978454 TUA 1.55 C22526  0.843 TUA 2.39
14 GBP 13.95 GADPH  2.88650671 GBP 1.72 GAPDH  0.982 GBP 2.46
15 GADPH  14.85 GBP 2.89667472  UBQ 1.90 ACTINI  0.996 GAPDH 253
16 UBQ 15.87 UBQ 3.36669483 GAPDH  2.05 UBQ 1.055 UBQ 2.74
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Fig.5 Pairwise variation (V) of 10 candidate reference genes in
JLZG, HGYSZ and all sanples. Vn/Vn+ 1 value were used for deci-
sion of the optimal number of reference genes

are usually stable as the reference genes for analysis of
gene expression based on specific experimental conditions.
The stable reference genes have been identified in mamy
plants such as Jatropha curcas [29], Lilium regale [30],
acerola (Malpighia emarginata) [31], and birch (Betula
platyphylla)[32] etc.. However, there have been no reports
on systematic identification and selection of the most suit-
able internal reference genes for the different tissues and
organs of the passion fruityet.

The previous studies have shown that RT-qPCR is an
effective method widely applied to identify and select
the suitable internal reference genes using transcriptome
sequence screening [28, 33-35]. By applying the previ-
ously described research methods in combination with the
transcriptomes database resources, we selected 9 common
house-keeping genes and 7 highly and stably expressed
genes as the internal reference gene candidates, and analyzed
them based on their Ct values of RT-qPCR. By using three
specialized software, GeNorm, NormFinder and BestKeeper,
to conduct the comprehensive comparison of the expres-
sion stabilities of 16 candidate genes in different varieties
and different tissue organs. Finally, we selected C27209 and
EF-1a-2 as the best internal reference genes. We found that
among 16 genes that were stably expressed under two differ-
ent vegetative growth conditions, only C2/209 and EF-1a-2
genes were stably expressed after JLZG and HGYSZ were

infected with Fusarium oxysporum while UBQ was the least
stable reference gene.

The function of gene C21209 is annotated as eukaryotic
initiation factor 1 (NR), which participates in the initiation
process of eukaryotic translation. For instance, Wang et al.
[36] reported the expression stabilities of eight candidate
reference genes, including eukaryotic translation initiation
factor 4 (elF-4), in garlic under salt stress. Feng et al. [37]
also found the stable expression of e/F-4 in celery under
abiotic stress and hormone treatment. Cheng et al. [38] also
observed the stable expression of elF-4 in Miscanthus lutari-
oriparia. Zhang et al. [39] confirmed the expression stability
of elF-4 in Carex rigescens under abiotic stress. Phule et al.
[40] confirmed the stable expression of that e/F-5C in rice
under aerobic condition. Our findings, together with those
reported by the studies mentioned above, indicate that the
C21209 gene can be used as a suitable internal reference
gene in the passion fruit.

EF-1a is another commonly used reference gene that and
has been confirmed in many plant species [32, 36, 37]. In
this study, we analyzed the expression stabilities of two EF-
la genes (EF-1a-1 and EF-1a-2) and found that the expres-
sion of EF-1a-2 was more stable than EF-Ia-1. This indi-
cates that expression stabilities vary widely among different
members of the same gene family.

The GAPDH gene is expressed at a high level in almost
all tissues, and is widely used as a reference gene for gene
expression normalization. However, some studies have
shown that its expression levels in different tissues are not
stable [32, 41].UBQ is also a commonly used reference gene.
Li et al. [42] found that UBQ was the most stably expressed
gene in Paeonia ostii. Cheng et al. [38] also confirmed that
UBQ was stably expressed in Miscanthus lutarioriparia.
However, Hou et al. [43] showed that expression stability of
UBQ was poor in different developmental stages, organs and
accessions in long yellow daylily. In this study, our findings
also indicate that GAPDH is not suitable as a reference gene
in Passiflora edulis under stem rot condition.

To our knowledge, only a few genes related to
stem rot have been cloned [24, 44]. For instance,
ZmAuxRPI1(GRMZM2G063298) encoding a plastid stroma-
localized auxin-regulated protein in maize responded
quickly to pathogen challenge with a rapid yet transient
reduction in expression, leding to the arrested root growth
but the enhanced resistance to Gibberella stalk rot and
Fusarium ear rot [24]. Recently, by using ZmAuxRP1
homologous sequence, Shen et al. cloned ArAuxRP3 in
Arabidopsis and observed that it enhanced the expression
of the auxin-responsive reporter DR5:GUS near the vegeta-
tive shoot apex, leding to ectopic activation of auxin sign-
aling [45]. As we know, auxin plays an important role in
biotic and abiotic stress [46, 47]. From Swissprot and NCBI
database, we found five genes in Passiflora edulis using the
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Fig.6 Expression profile of PeUFC gene usingthe most two stable
C21209,b EF-1a-2, ¢ GAPDH, d UBQ

ZmAuxRP I homologous from maize,including C26623 (pro-
tein UPSTREAM OF FLC), which named PeUFC. Under
stem rot condition, we identified the function of PeUFC in
74 cultivated passion fruits using absolute quantification
PCR, and found that the expression level of it was signifi-
cantly negatively correlated with the incidence rate of Pas-
siflora edulis. Based on this result, we infered that PeUFC
may be associated with resistance to stem rot in Passiflora
edulis. In this study, we used C21209, EF-1a-2, GAPDH and
UBQ to normalize the expression level of PeUFC, and the
result showed that the normalization with C271209 and EF-
la-2 was consistent with the resistance of stem rot disease
in HGYSZ.

Conclusions

In this study, GAPDH, UBQ, ACTI, ACT2, EF-la-
1,EF-1a-2, TUA, NADP, GBP, C13615, C24590, C27182,
C10445, C21209, C22199, and C22526 genes were
selected as candidate reference genes based on Passiflora
edulis RNA-seq data and previous reports in other species.

@ Springer

uBQ

and least two stable reference genes for normalization in 24 samples. a

We systematically evaluated the expression stabilities of
16 candidate reference genes in different tissues of two
Passiflora edulis varieties under stem rot condition. We
found that C21209 and EF-1a-2 were the best reference
genes for normalizing RT-qPCR gene expression data. The
reliability was validated by PeUFC gene. It is worth not-
ing that this work is the first systematic study of the most
suitable reference genes that will facilitate further research
into the molecular biology of Passiflora edulis.
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