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Abstract Valsa mali var. mali (Vmm), is the predominant

species of apple valsa canker in China. Modern analysis of

genes involved in virulence or pathogenicity usually

implicate gene expression analysis most often performed

using real-time quantitative polymerase chain reaction

(RT-qPCR). However, for relative gene expression analysis

pertinent reference genes have to be validated before using

them as internal reference. This has not been reported for

Vmm, so far. Therefore, eight commonly used housekeep-

ing genes (ACT, CYP, EF1-a, G6PDH, GAPDH, L13, TUB,

and UBQ) were cloned and evaluated for their expression

stability by geNorm and NormFinder. Overall, all of the

candidate reference genes were found to be suitable for

gene expression analysis. After analysis of 10 samples

from different strains and abiotic stress treatments, G6PDH

appeared to be the most suitable reference gene, whereas

GAPDH was the least suitable. Moreover, taking G6PDH

combined with L13 or CYP as reference genes, improved

the reliability of RT-qPCR significantly. The influence of

the reference system on expression data was demonstrated

by analyzing Vmmpg-1 encoding an endo-polygalacturo-

nase gene. Pectinases are considered key pathogenicity

factors for this fungus. In order to better understand the role

of pectinases in pathogenicity of Vmm, RT-qPCR was used

for expression analysis. Our results may provide a guide-

line for future studies on gene expression of V. mali var.

mali by using RT-qPCR.
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Introduction

Valsa mali var. mali (Vmm), is the predominant variety of

the causal agent of apple valsa canker in China (Wang et al.

2011). Apple valsa canker is a destructive disease that

causes serious economic losses in eastern Asia (Sakuma

1990). The disease cannot be controlled effectively by

chemical treatments (Abe et al. 2007) since the pathogen

penetrates extensively into the host phloem and xylem

where it is not accessible to conventional fungicide treat-

ments (Tamura and Saito 1982). Up to now, effective

disease management strategies could not be established

mainly because of the limited information about the path-

ogenesis of Vmm. Cell wall degrading enzymes (CWDEs)

secreted by the fungus, such as pectinases (Ke et al. 2013),

might play an important role during the infection process.

For instance, the pectinases secreted by Leucostoma cincta

and L. persoonii, the causal agents of peach canker, are

thought to be pathogenic factors (Traquair 1987; Svircev

et al. 1991). In order to clarify the role of pectinases in the

infection of Vmm, it is necessary to establish an effective

gene expression analysis method.
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Real-time quantitative polymerase chain reaction

(RT-qPCR) is widely used for analyzing gene expression,

since it is efficient, sensitive and reliable to quantify tran-

script levels (Bustin 2002). Quantitative examination of

gene expression in Vmm during infection may help to

identify genes involved in virulence, or even pathogenesis.

In order to minimize experimental errors produced by the

quantity and the integrity of the RNA templates, and the

efficiency of cDNA synthesis (Expósito-Rodrı́guez et al.

2008), a suitable normalization is crucial (Huggett et al.

2005). The most widely accepted normalization is to

include one, or a small number of so-called housekeeping

genes as internal references. A reference gene is a stably-

expressed gene that is experimentally verified in a given

species and tissue under specific experimental conditions.

However, evidence showed that transcript levels of com-

monly used reference genes (e.g. GAPDH, ACTIN) may

also vary considerably in response to changes in experi-

mental conditions and/or tissue types (Ruan and Lai 2007;

Thellin et al. 1999). Therefore, for every analysis a suitable

reference gene(s) for the specific set of chosen experi-

mental conditions needs to be selected. Validations of

internal reference gene stability have been performed in

some fungi, including Hypocrea jecorina (Steiger et al.

2010), Saccharomyces cerevisiae (Teste et al. 2009),

Aspergillus niger (Bohle et al. 2007) and Candida albicans

(Nailis et al. 2006). However, no systematic screen for

stably-expressed reference genes for RT-qPCR in Vmm

has been performed. For the present studies, we selected

eight typically used housekeeping genes as candidate ref-

erence genes, including actin (ACT), cyclophilin (CYP),

elongation factor 1-alpha (EF1-a), tubulin (TUB), glucose-

6-phosphate-dehydrogenase (G6PDH), glyceraldehyde-3-

phosphate-dehydrogenase (GADPH), ribosomal protein L13

(L13), and ubiquitin (UBQ), to validate and develop a

RT-qPCR method in Vmm under different experimental

conditions.

Materials and methods

Strains and abiotic stress treatments

The following strains of V. mali var. mali (Vmm) were

included in our analyses: 03-8, SXYL20, SXWG36,

NXLW92 and SDQX120 (Wang et al. 2011). All cultures

were transferred on PDA plates and incubated at 25 �C for

4 days in the dark. For abiotic stress treatment only isolate

03-8 was used. For pH stress, a pure culture of 03-8 was

incubated on PDA plate with the pH adjusted to 8.0 for

4 days in the dark. Temperature stress was applied by

incubating the culture at 15 or 32 �C, respectively. For

starvation treatment, the culture was incubated on PDA for

10 days. For fungicide treatment, the culture was incubated

on PDA supplemented with 0.01 lg/mL difenoconazole for

4 days. Mycelium from each experiment was collected,

quickly frozen in liquid nitrogen and stored at -80 �C

prior to RNA extraction.

RNA extraction and cDNA synthesis

Harvested mycelia were ground to fine powder in liquid

nitrogen using pre-cooled mortar and pestle. Total RNA

from the samples was extracted using TrizolTM Reagent

(Invitrogen, Carlsbad, CA) according to the manufacturer’s

instructions and then treated with RNase-free DNaseI at

37 �C for 30 min. Purification with TrizolTM Reagent was

repeated to remove DNaseI. Only RNA samples exhibiting

an A260/A280 ratio of 1.8–2.0 and an A260/A230 ratio

[2.0 were used for subsequent analyses. The integrity of

RNA samples was further evaluated by electrophoresis on

ethidium bromide-stained 1.0 % agarose gels. First strand

cDNA synthesis was performed using the RevertAidTM

First Strand cDNA Synthesis Kit (Fermentas, Shenzhen,

PRC) and oligo-dT primers, following the manufacturer’s

instructions in a final volume of 20 lL. All cDNA samples

Table 1 Selected candidate reference genes, degenerate primers and amplicons

Gene

symbol

Description Degenerate primers (forward) [50–30] Amplicon length

(bp)

Accession

number

ACT Actin AAGCGTGGTATCCTGACTCTGC 1,200 KC248177

CYP Cyclophilin GTTACGAGGGCTCTTCTTTCCAC 545 KC248178

EF1-a Elongation factor 1-alpha TGAGTTCGAGGCTGGTATCTCCAA 987 KC248179

G6PDH Glyceraldehyde-3-phosphate dehydrogenase TCATCATTGACGGTGGAAACTC 1,299 KC248180

GADPH 6-phosphogluconate dehydrogenase,

decarboxylating

CATCATTCCTTCCTCCACCG 686 KC248181

L13 60S ribosomal protein L13 AGAGCAACCACTTCCGCA 930 KC248182

TUB Tubulin GTGCTGGAAACAACTGGGC 1,242 KC248183

UBQ Ubiquitin GCACCCTTTCCGATTACA 518 KC248184
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were stored at -20 �C and diluted 10-fold prior to use in

RT-qPCR analysis. Genomic DNA contamination in cDNA

was checked by RT-qPCR (Paolacci et al. 2009) using the

following primer pair (50-TACACTGCCACCCAGAA-

GACC-30 and 50-GCGTCGAAGATGGAGGAGTT-30),
which spans a 75 bp intron within the GAPDH gene. The

75 bp intron was identified based on the cDNA sequence of

GAPDH obtained in this work (KC248181).

Cloning the candidate genes

At the onset of this study no sequence information for the

potential candidate genes from Vmm was available in the

publicly accessible databases. After aligning nucleotide

sequences from numerous ascomycetes, degenerate prim-

ers were designed to perform 30-RACE as gene specific

forward primers (Table 1). For 30-RACE, the adaptor pri-

mer 50-GAGTCAGCAGGAATTCCATCGATTTTTTTTT

TTTTTTTTT-30 was used to perform reverse transcription.

The 30-universal reverse primer 50-GAGTCAGCAGGAAT

TCCATCG-30 was used for subsequent PCR amplification

(Frohman et al. 1988). Primer sequences and the sizes of

the amplified fragments of the eight genes analyzed are

listed in Table 1. After PCR, the fragments were cloned,

sequenced, and analyzed by tBLASTx (Altschul et al.

1990).

Primer design and RT-qPCR analysis

Real-time quantitative polymerase chain reaction primer pairs

were designed to amplify 80–250 bp amplicons covering the

sequenced region of the Vmm genes using Primer Premier

V5.0 (Premier Biosoft International, Palo Alto, CA). Melting

temperatures were adjusted to lie between 58 and 60 �C with

primer length ranging from 18 to 24 bp. Specificity of the

primers was tested by performing PCR with cDNA as tem-

plate. PCR products were analyzed on a 2 % agarose gel. For

each primer pair, PCR efficiency estimates were derived from

a standard curve generated from a dilution series of pooled

cDNA. Based on the crossing point cycle number (Cp values)

for all dilution points in a series, a standard curve was gen-

erated using linear regression. PCR efficiency (E) is given by

the equation: Efficiency % = (10(-1/slope) - 1) 9 100 %.

Real-time quantitative polymerase chain reaction ampli-

fication was performed on an ABI 7500 Real-Time PCR

System (Applied Biosystems, Carlsbad, CA) using a SYBR

Green based PCR assay. Every sample was analyzed in

triplicate. The reaction was performed in a total reaction mix

including cDNA (1 lL), PCR primers (10 lM, 0.4 lL), and

SYBR Premix ExTaq (29, 5 lL; Takara Biomedical

Technology [Beijing] Co., Ltd.) in a total volume of 25 lL.

PCR conditions were as follows: 95 �C for 1 min, 40 cycles

of 95 �C for 10 s, 60 �C for 10 s, 72 �C for 40 s. Finally,

dissociation curves were generated by increasing the tem-

perature from 65 to 95 �C. Primer sequences and amplicon

characteristics are given in Table 2.

Determination of candidate reference gene expression

stability

Cp values of all samples were transformed to relative

quantities, and then exported to geNorm version 3.5

Table 2 Reference gene primer sequences and parameters derived from RT-qPCR analysis

Gene symbol Primer sequences (forward/reverse) [50–30] Amplicon

length (bp)

Tm (�C) Amplification

efficiency (%)

Regression

coefficient (R2)

ACT AAGCGTGGTATCCTGACTCTGC

CGGTTGGACTTGGGGTTGA

167 89.24 96.89 0.9982

CYP GTGAGAAGTTCGCCGATGAGA

ACTGGGAGCCGTTGGTGTT

96 89.05 104.25 0.9953

EF1-a TGAGTTCGAGGCTGGTATCTCCAA

TGTCCATCTTGTTGATGGCGACGA

107 88.86 95.11 0.9991

G6PDH TCAGAACAAGTTCGAGGGCGACAA

TGAGGGCAATAGAGGGCTTGTTCA

158 89.55 93.28 0.9869

GADPH GTGATGGGTGTCAACGAGGA

ACGGTCTTCTGGGTGGCA

170 89.81 89.66 0.9968

L13 AGGCCGAGGCTGAGAAGAAGAAAT

ACCCTAAAGCAGAAGCCAGACCAT

148 87.11 95.28 0.9861

TUB TGTTCCGTCGCAAGGCTTTCTT

TCGTTCATGTTGGACTCAGCCT

88 86.35 98.18 0.9890

UBQ AATTGATTGACGGACGGACGGA

TTCCATGATACATCCCGGAAGCCA

122 88.30 98.72 0.9926
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(Vandesompele et al. 2002) and NormFinder (Andersen

et al. 2004) for gene expression stability analysis. The

geNorm statistical algorithm calculates gene stability

(M value) with the average of pairwise variations, relying

on the principle that the expression ratio of two ideal ref-

erence genes should be identical in all samples. Vande-

sompele et al. (2002) recommended using 1.5 as cut-off.

Genes with lowest M value are most stable and geNorm was

also used to estimate the normalization factor (NFn) through

the geometric mean of expression levels of n best reference

genes. NormFinder, another algorithm for identifying the

optimal normalization gene(s) among a set of candidates,

ranked the candidate reference gene expression stability for

all samples with no sub-group determination. According to

the analysis, the lowest stability value would be top ranked.

Normalization of the target gene

Endo-polygalacturonase is a member of the pectinase family.

The enzyme specifically degrades pectin substrate by cleaving

a-1,4-glycosydic bonds between two non-methylated galact-

uronic acid residues (Hoondal et al. 2002). The corresponding

gene, Vmmpg-1, was cloned from Vmm (data not shown) and

used as target to demonstrate the efficiency of the validated

candidate reference genes in RT-qPCR. The amplicon of

Vmmpg-1 generated by the primer pair Vmmpg-1-forward:

Fig. 1 Specificity of RT-qPCR and amplicon size. a Agarose gel electrophoresis showing specific RT-qPCR products of the expected size for

each gene. M represents the DNA marker. b Melting curves for all genes analyzed
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50-AAATGTGACGCCCGAAACTG-30 and Vmmpg-1-

reverse: 50-TGCTTCCGATGGTGACTCTG-30 was also

verified by sequencing and melting curve analysis as descri-

bed for the reference genes. For normalization experiments,

Vmm strain 03-8 was cultured in 0.5 L Erlenmeyer flasks in

stationary culture with 200 mL Murashige-Skoog (Murashige

and Skoog 1962) medium. Mycelium was harvested at 5, 10

and 15 days after inoculation, respectively. RNA extraction

and cDNA synthesis were performed as described above.

Vmmpg-1 expression was normalized using three different

strategies: (1) the most stably expressed reference gene, (2) the

two most stably expressed reference genes, and (3) the least

stably expressed gene (Lee et al. 2010).

Results

Cloning of the candidate reference genes

and amplification specificity and efficiency

Based on homology cloning and 30-RACE, partial sequen-

ces of the eight candidate reference cDNAs were obtained.

The amplicon length for these eight cDNAs ranged from

518 bp for UBQ to 1,299 bp for G6PDH (Table 1). Con-

taminations with genomic DNA were excluded by trying to

amplify an intron sequence of GAPDH. Absence of a signal

in these analyses was taken as evidence that the cDNA

templates were free from contamination with genomic

DNA. Agarose gel electrophoresis (Fig. 1a) and melting

curve analysis (Fig. 1b) revealed that all primer pairs

amplified a single PCR product of the expected size. Fur-

thermore, sequence analyses of cloned amplicons revealed

that all fragments were identical or nearly identical to the

sequences used for primer design (data not shown). The

amplification efficiencies for the eight candidate reference

genes ranged from 89.66 % (GAPDH) to 104.25 % (CYP),

and regression coefficients varied from 0.9861 (L13) to

0.9991 (EF1-a), respectively (Table 2).

Expression stability of candidate reference genes

To reveal transcriptional differences among various can-

didate genes, the average Cp value was calculated across

all samples. The Cp values for eight genes ranged from

21.73 to 24.27 (Fig. 2). Cp values were transformed to

relative quantities using the delta-Cp method (Livak and

Schmittgen 2001). geNorm (Vandesompele et al. 2002) and

NormFinder (Andersen et al. 2004) were applied to cal-

culate the expression stability of candidate reference genes.

Average expression stability (M value) of all genes was

calculated by geNorm (Table 3). In our analyses, all genes

showed an M value below the geNorm threshold of 1.5.

Among the eight candidate genes, the ranking orders were

similar in different sample series—G6PDH was the most

stably expressed, while GAPDH was the least stably

expressed. By ranking gene stability via stepwise exclusion

of the least stable gene, geNorm identified the genes pro-

viding the lowest M value (Fig. 3). Among abiotic stress

treatments (Fig. 3a), the best combination was G6PDH and

L13. G6PDH and CYP were the most stable reference

genes when different Vmm strains were analyzed (Fig. 3b).

Fig. 2 RT-qPCR Cp values for reference genes. Expression data

displayed as Cp values for each reference gene in all samples.

Depicted is the median. Boxes indicate the 25 and 75 percentiles.

Error-bars represent maximum and minimum values

Table 3 Ranking of the candidate reference genes according to their stability value using geNorm and NormFinder

Rank GeNorm NormFinder

All samples Different strains Different stress All samples Different strains Different stress

1 G6PDH (0.698) G6PDH (0.596) G6PDH (0.663) G6PDH (0.037) L13 (0.113) G6PDH (0.027)

2 L13 (0.777) CYP (0.600) L13 (0.686) EF1-a (0.054) G6PDH (0.140) EF1-a (0.058)

3 ACT (0.831) L13 (0.629) UBQ (0.767) CYP (0.064) CYP (0.158) TUB (0.071)

4 CYP (0.850) EF1-a (0.680) ACT (0.793) L13 (0.070) EF1-a (0.182) ACT (0.082)

5 TUB (0.867) ACT (0.764) TUB (0.876) ACT (0.071) ACT (0.237) CYP (0.130)

6 UBQ (0.944) UBQ (0.782) EF1-a (0.959) TUB (0.082) UBQ (0.290) UBQ (0.148)

7 EF1-a (0.979) TUB (0.810) CYP (0.999) UBQ (0.098) TUB (0.297) L13 (0.200)

8 GAPDH (1.270) GAPDH (1.018) GAPDH (1.387) GAPDH (0.144) GAPDH (0.395) GAPDH (0.250)
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Taking both different strains and abiotic stress treatments

into account (Fig. 3c), TUB and CYP were the most stable

reference genes. To determine the optimal number of ref-

erence genes, geNorm was used to calculate the pairwise

variation Vn/Vn?1 of two sequential normalization factors

NFn and NFn?1. As reported by Vandesompele et al.

(2002), a cut-off value of 0.15 was adopted. Among the

different abiotic stress treatments, the combination of

G6PDH and CYP produced a V2/3 value of 0.108 (Fig. 4a).

In the strain comparison, two genes were sufficient for

normalization, since the V2/3 value was \0.15 (Fig. 4b).

Considering all samples, the V2/3 value was 0.165 and the

V3/4 was 0.151, implicating that the involvement of the

fourth gene was not necessary (Fig. 4c). Overall, G6PDH

was demonstrated to be the ideal reference gene for all sets

of samples.

NormFinder can also analyze the stability of expression.

The ranking generated by NormFinder was slightly dif-

ferent from that determined by geNorm (Table 3). Never-

theless, when applying NormFinder, G6PDH was still

ranked the highest for all samples and different stresses,

while L13 was the most stable for different strains. Similar

to the results indicated by geNorm, NormFinder revealed

that the least stable gene was GAPDH.

Evaluation of the expression of Vmmpg-1 by RT-qPCR

To demonstrate the efficiency of the validated reference

genes in RT-qPCR, we analyzed the expression of Vmmpg-1

after different days of cultivation (Fig. 5). The relative

expression level of Vmmpg-1 was normalized by one or two

most stable reference gene(s), and the least stable gene. For

strain 03-8, the relative expression level of Vmmpg-1

showed no significant differences when using either G6PDH

alone or the combination of G6PDH and L13 as reference

genes. However, GAPDH (the least stable reference gene)

led to an underestimation of the Vmmpg-1 transcript level.

These results further confirmed the significance of the val-

idation of reference gene stability, which could effectively

avoid the occurrence of low precision or unreliable results.

Discussion

In this study, we performed a series of experiments on the

stability of eight commonly used housekeeping genes as

internal controls for analyzing differential gene expressions

in V. mali var. mali by RT-qPCR. As a fast, accurate and

sensitive method for gene expression analysis, RT-qPCR

has been widely applied in clinical diagnostics (Bustin and

Dorudi 1998), gene expression studies in plants (Gachon

et al. 2004) and fungi (Steiger et al. 2010; Teste et al. 2009;

Bohle et al. 2007; Nailis et al. 2006). In order to get

accurate data, one or more reference genes whose tran-

scription levels are invariable under different experimental

conditions are required as internal control. Normally,

so-called housekeeping genes, such as ACT, or GAPDH are

selected for normalization. However, recent evidence

showed that the traditional housekeeping genes are not

always stably expressed when tested under different

experimental conditions and/or tissue types (Ruan and Lai

2007; Thellin et al. 1999). Obviously, the most suitable

reference gene(s) should be verified for specific species

with particular experimental conditions. We thus selected a

Fig. 3 Average expression stability values of reference genes by

geNorm analysis. Gene expression values of eight genes across ten

different treatments were obtained and analyzed using the geNorm

software package. Genes were ranked by stepwise exclusion of the

least stable gene. Genes with a high M value are less stably expressed

compared with genes with a low M value. a different abiotic stress

treatments, b different strains, c all samples
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series of candidate reference genes, including ACT, CYP,

EF1-a, G6PDH, GAPDH, L13, TUB and UBQ. Since

sequence information in databases online were lacking,

partial cDNA sequences of each candidate reference gene

were generate.

Besides the appropriate selection of reference genes,

systematic errors (e.g. RNA extraction, cDNA synthesis,

primer design) should be given attention when performing

RT-qPCR analysis, since they might compromise the

interpretation of results (Udvardi et al. 2008). To decrease

systematic errors, a genomic DNA-finder primer pair span-

ning a 75 bp intron was designed to amplify GAPDH in all

cDNA templates confirming the absence of genomic DNA.

For gene-specific PCR primer design, the 30-untranslated

region is a good target, because it is generally more unique

than coding sequences and closer to the start site of reverse

transcription. Moreover, reverse transcription does not

always extend to the 50-end of the template. In our study,

these modifications were taken into account.

In most cases, no single reference gene has a consistent

expression level under different experimental conditions.

Therefore, it is not suggested to find a universal reference

gene. Basically, the application of two stable reference

genes for normalization could produce more accurate and

reliable data when compared to the application of a single

reference gene. In the current study, taking the gene

G6PDH combined with L13 or CYP as reference genes

improved the reliability of RT-qPCR results.

Fig. 4 Determination of the

optimal number of reference

genes by geNorm analysis.

Determination of the optimal

number of reference genes for

accurate normalization of gene

expression. Average pairwise

variations Vn/Vn?1 are

calculated between the

normalization factors NFn and

NFn?1 to indicate whether

inclusion of extra reference

gene adds to the stability of the

normalization factor. Every bar

represents the change in

normalization accuracy when

stepwise adding more internal

reference genes according to the

ranking in Fig. 4. a different

abiotic stress treatments,

b different strains, c all samples
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Similar to the pertinent study, GPADH performed

poorly among the most popular reference genes (Tong

et al. 2009; Glare et al. 2002; Huggett et al. 2005). In the

present study, GAPDH was demonstrated to be the worst

gene in all sample pools by both geNorm and NormFinder

analysis (Table 3). This means that traditional housekeep-

ing genes may not be the best candidate reference genes for

internal controls. However, due to the unavailability of

gene sequences, only some highly conserved genes such as

ACT, EF1-a can be easily sequenced, while the sequences

of novel reference genes are variable among species which

complicates the design of primers (Mariño-Ramı́rez et al.

2011). Mariño-Ramı́rez et al. (2011) demonstrated that

transcriptome sequencing data is indeed a useful source of

potential reference genes. Moreover, evidence showed that

microRNAs had better expression stability than protein-

coding genes (Feng et al. 2012). Therefore, commonly used

housekeeping genes may not be the best choice if tran-

scriptome sequencing data, microRNA sequencing data or

other data are available.

Valsa mali var. mali, the causal pathogen of valsa canker

on apple, causes serious economic losses in eastern Asia.

Therefore, it is necessary to validate reference genes of

RT-qPCR for this species. The RT-qPCR method described

in this paper plays an important role in quantifying gene

expression levels in Vmm, such as Vmmpg-1 expression.

Therefore, we speculate that the evaluation of expression

stability of Vmm reference genes might be useful in further

molecular research on this species.
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