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As a small fruit rich in anthocyanins, blueberry (Vaccinium corymbosum 9

angustifolium) has become a focus of research in recent years for identifying genes
related to anthocyanin transport and stress resistance mechanisms based on tran-
scriptome sequencing. However, the lack of validated, stably expressed reference
genes greatly limits the functional study of blueberry genes. Therefore, in this
study, we selected 14 candidate reference genes from a blueberry transcriptome
database and used three algorithms (geNorm, NormFinder and BestKeeper) to
evaluate the expression stability of these genes in various organs at different fruit
developmental stages under five abiotic stress conditions. EF1a, EIF and TBP
were observed to be the most stable and were thus chosen as reference genes for
quantitative real-time PCR. Measurement of the relative expression of VcMATE1
(European Nucleotide Archive accession number KF875433) in blueberry further
verified the reliability of these reference genes, which may have great utility for
determining the accuracy of gene expression analyses in future research on blue-
berry.

Plants are continuously exposed to various ambient

conditions that can cause detrimental effects during all

developmental stages [1,2]. Abiotic stresses are nonbio-

logical factors that influence living organisms in a

specific environment that negatively affects the growth

and yields of crop [3]. High salinity [2,4], drought

[4,5], flooding [6,7], chilling [8–10], heat [4,10] and

heavy metal stresses [11–16] are adverse natural factors

that affect fruit tree growth and yield that are undesir-

able to be encountered during the whole process.

Shielding plants from high salinity, drought and other

abiotic stresses is difficult. Plants have evolved strate-

gies to cope with such stresses, and elucidation of the

underlying mechanisms is thus increasingly useful [2,5].

Researchers have found that abiotic stress-induced

gene expression is an efficient, valuable tool for per-

ceiving slight changes in the expression levels of worth-

while target genes [5].

In conjunction with advances in scientific research in

multiple disciplines, a variety of methods have been
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developed for use in gene expression analysis, such as

RNA sequencing, serial analysis of gene expression,

RNase protection assays, microarrays and northern blot-

ting. Three main techniques are currently used to detect

differential gene expression induced by various abiotic

stress conditions: northern blotting, microarrays and

quantitative real-time PCR (RT-qPCR) [17]. But the

uncontrollability of the quality of RNA and the low-

throughput nature of northern blotting limit the accuracy

of the determination of expression levels. Because north-

ern blotting is time-consuming and labor intensive, it has

been largely superseded by microarrays and RT-qPCR

[17]. Although the ability of microarray platforms to

handle thousands of gene probes is attractive, this

method does not have the sensitivity needed to detect

variation in gene expression or the specificity exhibited

by probe hybridization [18–20].
RT-qPCR, which has the highest sensitivity and

accuracy of different methods for detecting gene

expression changes, uses probes or fluorescent dyes to

determine the quantity of the initial template [21]. Sim-

ilar to DNA microarray hybridization, RT-qPCR can

be used to screen multiple target genes simultaneously.

Furthermore, the nature of the PCR leads to a high

detection sensitivity and high specificity, thereby allow-

ing gene expression levels to be measured. Such char-

acteristics make RT-qPCR an attractive tool for better

studying gene expression changes and regulatory mech-

anisms induced by abiotic stresses in plants [22].

Because of the earlier-mentioned benefits, we used

RT-qPCR based on the SYBR Green I method in this

study. Although RT-qPCR is powerful and sensitive,

another indispensable factor, reference genes, must

also be considered. Reference genes are internal con-

trols whose expressions in various species, organs, cells

and environments are relatively constant. During

detection of gene expression level changes, reference

genes can be used to correct for sample size and exper-

imental errors. Although both functional and nonfunc-

tional genes are feasible choices as reference genes,

housekeeping genes (HKGs) are the most frequently

used because their expression levels are less influenced

by ambient factors, and they are consistently and sta-

bly expressed in almost all organs and during all

growth phases. HKGs have minimal influence on

RNA quality and the efficiency of reverse transcrip-

tion, and normalization to HKGs increases the relia-

bility of RT-qPCR results. Recent studies have shown

that a suitable HKG should be carefully selected

because no HKG is applicable to all conditions. In this

study, we therefore aimed to select a suitable reference

gene for the standardization of gene expression in

blueberry [17].

Blueberry is a deciduous or evergreen, perennial

shrub in Vaccinium (Ericaceae), a genus that also

includes cranberry and lingonberry [23]. Blueberry is

of interest because of its valuable, succulent, attractive

fruits, which contain a high level of anthocyanins [24].

In addition, commercial blueberry cultivation is

becoming more popular among growers. To better

understand blueberry physiology and gene functions,

we chose a transcriptomic approach, which requires

precise quantification of expression abundance. RT-

qPCR is an accurate, stable and efficient method for

the detection of transcript abundance. Gene expression

data obtained by RT-qPCR must be normalized using

validated, stably expressed reference genes. The evalua-

tion and identification of suitable reference genes were

thus important for our study of blueberry. Various

abiotic stresses seriously affect fruit yield [4,10,15,25].

We therefore aimed to study gene expression in blue-

berry under abiotic stress, which required the identifi-

cation of a stable reference gene. On the basis of

literature reports, we chose the following 14 reference

genes as candidates for standardization of a target

gene and tested their expression stability: actin (ACT),

cyclophilin (CYP), elongation factor 1-alpha 3 (EF1a),
eukaryotic initiation factor 4A (EIF), F-box family pro-

tein (Fbox), flowering locus D (FLD), glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), histone (HIS), pro-

tein phosphatase 2A regulatory subunit (PP2A), RNA

polymerase subunit (RP), SAND family protein

(SAND), TATA-box binding protein (TBP), b-Tubulin
(TUB) and ubiquitin conjugating enzyme2 (UBCE) [17].

Our search for a stable internal reference gene was

aimed to lay a foundation for future studies of gene

expression in blueberry.

Materials and methods

Plant materials, growth conditions and abiotic

treatments

The half-high blueberry cultivar ‘Northland’ was used dur-

ing the 2018 season in this study. We collected roots, stems,

leaves, leaf buds and flower buds from fresh, tender parts.

Flowers were gathered at the full-bloom phase, and green,

pink and blue fruits were, respectively, collected 24, 42 and

54 days after flowering. Seeds, exocarps and sarcocarps

were separated from blue fruits after collection. Samples

collection location was Engineering Center of Genetic

Breeding and Innovative Utilization of Small Fruits of Jilin

Province, Changchun, China.

For abiotic stress treatments, samples were collected

from ~1000 two-year-old seedlings of ‘Northland’ grown at

the farm of Tonghua Heyun Modern Agricultural Co. in
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Tonghua, China, during the 2018 season. The plants were

then cultured in 4 L Hoagland’s nutrient solution (pH 4.5–
5.0) and grown in a controlled climate chamber (25 °C/
22 °C day/night temperature, 16-h/8-h photoperiod,

100 lmoL�m�2�s�1 photon flux density and 40–60% rela-

tive humidity). The roots of the blueberry were cleaned

before placing into Hoagland’s nutrient solution. All sam-

ples in nonstress and stress treatments were oxygenated for

2 h twice daily, with the Hoagland’s nutrient solution

replaced at regular intervals. After treatment, plant materi-

als were immediately collected in pre-prepared aluminum

foil parcels, quickly frozen in liquid nitrogen and then

stored in an ultracold storage freezer at �80 °C until

milling for total RNA isolation. The whole process was

performed rapidly to prevent sample thawing.

Prior to abiotic treatments, we precultured the plants in

the climate chamber for 10 days. The following stress treat-

ments were applied: salt treatment (110 mM NaCl), alkaline

treatment (110 mM NaHCO3), saline–alkaline treatment

(50 mM NaCl and 70 mM NaHCO3), drought treatment

[8% poly(ethylene glycol) (PEG) 8000] and AlCl3 treatment

(100 lM AlCl3). At various time points during the different

stress treatments (0, 2, 6, 12 and 24 h), root and leaf sam-

ples were separately collected, with at least three biological

repeats, and frozen in liquid nitrogen for expression analy-

ses (Fig. S1; Table S1).

RNA extraction, DNase treatment and cDNA

synthesis

Total RNA was extracted using a modified cetyl trimethyl

ammonium bromide method [26,27]. The quantity and

quality of extracted RNA were determined on an IMPLEN

P330 instrument. Only RNA samples meeting the following

criteria were used in this study: (a) absorbance (A) ratios

within a certain range, namely, 1.8 ≤ A260/A280 ≤ 2.0; (b)

A260/A230 approximately equal to 2.0; and (c) 28S/18S ribo-

somal RNA bands clear and distinct, with no smearing on

1.2% (w/v) agarose gels. To ensure the consistency of each

individual reaction, we synthesized cDNA in 20-µL vol-

umes containing 1000 ng template RNA using a Prime-

Script RT reagent kit with gDNA Eraser (Perfect Real

Time, Takara, Japan) according to the kit protocol. The

gDNA Eraser in the reagent kit was able to effectively

remove DNA in the total RNA. All cDNAs were stored at

�20 °C until use.

Selection of candidate reference genes

The 14 candidate reference genes were evaluated. These

genes were chosen based on their previous use in blueberry

and other popular species, including ACT, CYP, EF1a,
EIF, Fbox, FLD, GAPDH, HIS, PP2A, RP, SAND, TBP,

TUB and UBCE. Because blueberry genomic information is

lacking, we had previously generated a transcriptome from

blueberry exocarps and sarcocarps by Illumina sequencing

technology. After assembly and annotation using SOAPde-

novo, expression profile data of each organ were mapped

to the transcriptome. The Genome Analyzer IIX platform

was used to convert unigene reads per kilobase per million

mapped reads (FPKM values). The following statistics were

obtained for differentially expressed genes: gene ID, gene

expression level, gene description and the differential

expression relationship, log2 (TBRAAPE_RPKM/TARAA-

PE_RPKM). Values of false discovery rate ≤0.001 and |log2
(TBRAAPE_RPKM/TARAAPE_RPKM)| ≥ 1 were used

as the criteria for judging the significance of gene expres-

sion differences [28].

Using the earlier transcriptome, we also selected several

HKGs as candidate genes according to the results of previ-

ous studies. Genes meeting the following criteria were con-

sidered to be candidate reference genes: protein annotated

in the RefSeq non-redundant proteins database and |log2
(TBRAAPE_RPKM/TARAAPE_RPKM) | < 0.6.

Primer design and validation of candidate genes

Primers were designed with PRIMER PREMIER 5 software

(PREMIER, North York, ON, USA) and the Primer-

BLAST online tool according to the following criteria: pri-

mer length of ~18–30 bp, GC content 40–60%, melting

temperature 58–62 °C and amplicon length of 100–150 bp.

All RT-qPCR primers were synthesized by Suzhou Genewiz

Bio-Technology Services Co. (Suzhou, China).

High-quality amplification efficiency is a prerequisite for

reliable RT-qPCR results. After even mixing, cDNA was

diluted by 5-fold gradient dilution (50, 5�1, 5�2, 5�3 and

5�4). Calibration curves were automatically generated by

the StepOne Plus system software, and PCR amplification

efficiency was automatically calculated according to the for-

mula E = 10(�1/slope) � 1. To ensure high specificity and

efficiency of primers during RT-qPCR amplification, we

used only primers with an amplification efficiency near

100% and a correlation coefficient (R2) >0.99. The presence

of a single peak in the melting curve was required to fur-

ther confirm the amplification specificity of the mRNA of a

candidate reference gene.

RT-qPCR and data analyses

RT-qPCR was performed in 96-well plates on an Applied

Biosystems StepOne Plus Realtime PCR system (Thermo

Fisher, Waltham, MA, USA), with the ratio of components

in each 20-µL reaction mixture conforming to the specifica-

tions of a TB Green Premix Ex Taq II kit (Tli RNaseH

Plus; Takara). The following cycling protocol was used: 40

cycles of 95 °C for 30 s, 95 °C for 5 s and 60 °C for 30 s,

followed by 95 °C for 10 s, 60 °C for 60 s and 95 °C
for 15 s to generate the melting curve. After program
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completion, background-corrected fluorescence data and

cycle threshold (Ct) values were immediately calculated, as

well as output by the instrument software. To confirm pri-

mer specificity, we checked the RT-qPCR products by 1%

(w/v) agarose gel electrophoresis.

Analysis of candidate reference-gene expression

stability

Ct values of three replicates, output by the earlier-men-

tioned software, were averaged, and the relative expression

level (Q) of each analyzed gene was calculated using the

formulas Q ¼ 2�DCt and Q ¼ 2�DDCt .

To assess the feasibility of candidate reference genes, we

analyzed the generated data in geNorm [29], NormFinder

[30] and BestKeeper [31]. geNorm was used to obtain M-

values for each candidate gene, as well as the optimal num-

ber of reference genes, the latter based on the average pair-

wise variation (Vn/n+1). Using geNorm, we ranked

candidate genes according to their expression stability by

calculating their M-values, which are inversely proportional

to their stability. The default value of Vn/n+1, which was

slightly adjustable, was 0.15. If Vn/n+1 was no more than

0.15, the optimal number of reference genes was n. If the

value of Vn/n+1 was greater than 0.15, the optimal number

was expected to be n + 1. NormFinder was used to obtain

stability (S) values and the optimal intergroup gene combi-

nation. BestKeeper was also used to analyze the stability of

candidate reference genes and additionally used to directly

calculate average Ct values. Because BestKeeper can ana-

lyze only 10 genes at a time, we removed the four worst

genes as determined by NormFinder and geNorm. Finally,

geometric means of the results of the three algorithms were

combined to obtain a consensus ranking of candidate refer-

ence genes.

Validation of reference genes

VcMATE1 (European Nucleotide Archive accession num-

ber KF875433) was previously cloned in our laboratory

[32]. The forward and reverse primer sequences used for

RT-qPCR were 50-TGCTTCCATGGCTACCTCCTT-30

and 50-TTTTGCTCCATAGGACTGCCC-30, respectively.

Several abiotic stress conditions, mentioned earlier, were

chosen for validation of stable and unstable reference

genes. To normalize the expression level of VcMATE1, we

used the reference genes most and least stably expressed

under various conditions, namely, the most stable in organs

and colored fruits at different periods of maturity (EIF,

EF1a), leaves and roots under conditions of salinity (PP2A,

TBP), alkaline stress (EIF, UBCE), saline–alkaline condi-

tions (PP2A, HIS), simulated drought (TBP, GAPDH) and

exposed to AlCl3 (TBP, EF1a), and the least stable under

nonstress conditions (ACT, CYP) and exposure to salinity

(CYP, SAND), alkalinity (GAPDH, CYP), saline–alkaline

(CYP, SAND), AlCl3 (SAND, UBCE) and simulated

drought (SAND, ACT).

Results

Screening for universal candidate reference

genes

As shown in Table S2, we evaluated the expression

stabilities of all transcripts and removed those tran-

scripts lacking a credible function annotation. Using

combined information from the transcriptome data-

base and previous reports, we ultimately selected 14

candidate genes: ACT (unigene 2464), CYP (unigene

13197), EF1a (unigene 12271), EIF (unigene 19256),

Fbox (unigene 7226), FLD (unigene 28351), GAPDH

(unigene 17625), HIS (unigene 8208), PP2A (unigene

14576), RP (unigene 15023), SAND (unigene 12206),

TBP (unigene 11381), TUB (unigene 4780) and UBCE

(unigene 4251) (Table 1).

RNA was quantified, and we verified the integrity of

the RNA. The 28S RNA band on the agarose gel was

approximately two times brighter than that of 18S

RNA (Fig. S2; Table S3).

RT-qPCR using a 5-fold serially diluted template

yielded amplification products with high efficiency and

specificity. The locations of primer pairs on transcript

sequences were shown in Data S1. Primer specificity

was confirmed by the presence of a single peak in

melting curves (Table S4). Amplification efficiencies of

candidate reference gene primers varied between

94.312% and 103.908%, and standard curve correla-

tion coefficients ranged from 0.990 to 0.999 (Table 2).

RT-qPCR products were evaluated by 1.0% (w/v)

agarose gel electrophoresis and sequencing. Each lane

on the agarose gels contained only one band, and the

sequencing results confirmed that the expected prod-

ucts were generated (Fig. S3).

Expression profiles of candidate reference genes

Under a nonstress condition, Ct values of candidate

genes varied from 19.88 to 32.34 in all test samples,

with most values ranging between 22.54 and 29.41.

The average Ct values of CYP, Fbox and FLD were

31.68, 32.25 and 30.86, respectively, which indicates

that their expressions were weak and their transcript

abundances were low. Among the studied reference

genes, genes with high expression variation (>6 cycles)

were ACT and CYP (6.10 and 7.20 cycles, respec-

tively). The remaining candidate reference genes had

low expression variation (<4 cycles), which ranged

from 2.04 to 3.34 cycles (Fig. 1A; Data S2).
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Under the different abiotic stress conditions used in

this study, Ct values of the 14 genes ranged from 20.80

to 36.36. The majority of Ct values were between 22.23

and 29.55. Ct values of CYP, Fbox and FLD were 35.18,

36.36 and 34.89, respectively. Fbox, PP2A, TUB, ACT,

FLD, CYP and SAND exhibited high expression varia-

tion (>6 cycles, namely, 6.11, 6.22, 6.45, 7.46, 7.49, 8.15

and 9.99, respectively), whereas UBCE, EF1a, TBP,

EIF, GAPDH, HIS and RP had low expression varia-

tion (<6 cycles): 3.56, 5.04, 5.19, 5.27, 5.36, 5.52 and

5.66, respectively (Fig. 1B; Data S3).

The length of the box also provided information

about deviations: the shorter the box, the smaller the

deviations. Screening for reliable reference genes by

various scientific methods was thus necessary to

standardize gene expressions under specific conditions

in blueberry.

Analysis of candidate reference-gene expression

stability

geNorm analysis

According to the geNorm analysis, the genes with the

smallest M-value (0.485), and thus highest stability, in

all organ samples without treatment were EF1a and

EIF. Although V2/V3 and V3/V4 were both greater

than 0.15, V4/V5 was smaller than 0.15, which indi-

cated that four genes were needed for normalization of

gene expression. The third- and fourth-most stable

Table 1. Description of the candidate reference genes. KEGG, Kyoto Encyclopedia of Genes and Genomes.

Gene

symbol

Target

sequence Nr Description Nr ID

KEGG

Orthology

Gene

length

(bp)

TARAAPE_

RPKM

TBRAAPE_

RPKM Log2 ratio

ACT Unigene 2464 Actin (Populus trichocarpa) gi|224088196|ref|

XP_002308365.1|

K10355 585 59.346 41.9122 �0.50178

CYP Unigene 13197 Cyclophilin (Ziziphus jujuba) gi|196166898|gb|

ACG70968.1|

K01802 495 40.5789 40.4744 �0.00371

EF1a Unigene 12271 Elongation factor 1-alpha 3

(Lilium longiflorum)

gi|5917747|gb|

AAD56020.1|

AF181492_1

K03231 258 685.0639 830.3061 0.27740

EIF Unigene 19256 Eukaryotic initiation factor 4A-

14 (Nicotiana tabacum)

gi|2500520|sp|

Q40467.1|

IF414_TOBAC

K03257 123 250.9837 239.3225 �0.06918

Fbox Unigene 7226 F-box protein family

(Arabidopsis lyrata subsp.

lyrata)

gi|297806791|ref|

XP_002871279.1|

K10102 609 9.1991 8.8816 �0.05067

FLD Unigene 28351 Flowering locus D

(Arabidopsis thaliana)

gi|240255318|ref|

NP_187650.4|

K11450 453 3.4496 3.3721 �0.03278

GAPDH Unigene 17625 Glyceraldehyde-3-phosphate

dehydrogenase

(Magnolia quinquepeta)

gi|120669|sp|

P26518.1|

G3PC_MAGLI

K00134 582 596.6472 656.4584 0.13783

HIS Unigene 8208 Histone H3.2

(Arabidopsis thaliana)

gi|153799895|gb|

ABS50666.1|

K11253 468 153.1042 143.9564 0.28304

PP2A Unigene 14576 Protein phosphatase 2A

regulatory subunit B

(Arabidopsis thaliana)

gi|75274192|sp|

Q9LU89.1|

2A5N_ARATH

K11584 1518 30.1756 31.5648 0.06493

RP Unigene 15023 RNA polymerase subunit

(Medicago truncatula)

gi|124359979|gb|

ABN07995.1|

K03013 723 75.1492 51.1261 �0.55570

SAND Unigene 12206 SAND family protein

(Arabidopsis lyrata subsp.

lyrata)

gi|297822433|ref|

XP_002879099.1|

K20195 1890 29.2467 27.7054 �0.18620

TBP Unigene 11381 TATA-box binding protein

(Phaseolus vulgaris)

gi|4102725|gb|

AAD10238.1|

K03120 606 37.4796 41.8497 0.15911

TUB Unigene 4780 beta-Tubulin

(Eucalyptus grandis)

gi|153799895|gb|

ABS50666.1|

K07375 1125 15.5758 15.5318 �0.00408

UBCE Unigene 4251 Ubiquitin conjugating

enzyme2-like

(Solanum tuberosum)

gi|213494485|gb|

ACJ48964.1|

K06689 444 236.2412 245.37 0.05470
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Table 2. List of primer sequences and related information for 14 candidate reference genes.

Gene

symbol

Target

sequence Gene description

Primer sequence (50–30)
(forward/reverse) R2

Amplification

efficiency

(%)

Amplicon

Tm (°C)

Amplicon

length

(bp)

ACT Unigene

2464

Actin GAAATAACAGCGTTGGCCCC 0.997 96.014 83.92 112

GGAAGGTACTGAGGGATGCG
CYP Unigene

13197

Cyclophilin TATTTGCTGATACCACGCCCA 0.990 100.106 84.07 101

CCCTTTGTAGTGCAATGGCTTC
EF1a Unigene

12271

Elongation factor-1 alpha 3 TGGAAATGGGTATGCCCCAG 0.999 97.624 83.47 147

ACCATACCGGCATCTCCATTC
EIF Unigene

19256

Eukaryotic initiation factor

4A

GGAGGAAAGGTGTTGCCATCA 0.999 99.905 81.99 117

GGAGATCAGCAACGTTTGCTG
Fbox Unigene

7226

F-box family protein CGATTCAAGAGCGTGTCAAAGC 0.997 96.744 83.19 109

AATGCAAACCTGAGACGGTGG
FLD Unigene

28351

Flowering locus D GAGTGAAGCTGGTTGGGAGAA 0.997 94.312 83.77 100

GAAGTTGAAGCAGACTTGCGG
GAPDH Unigene

17625

Glyceraldehyde-3-phosphate

dehydrogenase

CCGGAGCTGAGTTTGTTGTT 0.998 95.161 82.58 105

GACCACCTTCTTTGCACCAC
HIS Unigene

8208

Histone AGGAGTCAAGAAGCCCCACA 0.999 96.045 81.70 127

AGCAATCTCACGAACAAGCC
PP2A Unigene

14576

Protein phosphatase 2A

regulatory subunit

TTCCTGAGATTCGTGGCATCA 0.992 98.785 81.25 103

CCTCGGAATCGAAAAGATCCA
RP Unigene

15023

RNA polymerase subunit GACGAAGGTAGCACCGAGAG 0.996 95.203 79.9 142

GTGTTTGGCCGTGAATGGAC
SAND Unigene

12206

SAND family protein CACCCGAATTCCACTTCAATTG 0.993 97.808 83.63 101

GGATTATCGGATGCAAGGTCG
TBP Unigene

11381

TATA-box binding protein GCCAACCGGTGGATCTTTCTA 0.991 103.908 80.79 108

GTGCAATGGCCTTAAGTTCCAA
TUB Unigene

4780

Beta-tubulin CCCCGATAACTTCGTGTTTGG 0.995 100.983 83.48 101

CGACATCGAGAACCGAATCAAT
UBCE Unigene

4251

Ubiquitin conjugating

enzyme2

CAAACCCCGATGATCCTCTTG 0.990 101.35 83.63 101

Fig. 1. RT-qPCR Ct values of the candidate reference genes. (A) Candidate reference genes were analyzed in all organ samples. (B)

Candidate reference genes were analyzed in leaf and root samples under five abiotic stresses. The box indicates the 25th and 75th

percentiles. A line in the box represents the median. Whiskers represent the maximum and minimum values.
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genes were RP (M = 0.583) and SAND (M = 0.667),

respectively, and the least stable gene was CYP

(M = 1.101) (Figs 2A and 3A; Table 3).

In both leaf and root samples under all abiotic stres-

ses, the most stable genes were EIF and UBCE

(M = 0.487), and the least stable gene was SAND

(M = 1.054). Because V2/V3 > 0.15 and V3/V4 < 0.15,

we needed to add a third gene, HIS (M = 0.530), to

the normalization. The candidate reference genes

assessed in our study did not exhibit consistent stabil-

ity across different sample sets and all situations

(Figs 2B and 3B; Table 4). Under high salinity,

PP2A + TBP (M = 0.292, V2/V3 = 0.129) were ranked

as the most stable, whereas SAND (M = 0.967) was

the least stable (Figs 2C and 3B; Table 5). Under high

alkalinity, EIF + SAND (M = 0.422, V2/V3 = 0.129)

and GAPDH (M = 0.881) were the best and worst ref-

erence genes, respectively (Figs 2D and 3B; Table 5).

In leaf and root samples subjected to combined salin-

ity and alkalinity stress, HIS + UBCE (M = 0.285, V2/

V3 = 0.102) and SAND (M = 1.022) had the highest

and lowest stabilities, respectively (Figs 2E and 3B;

Table 5). GAPDH + HIS (V2/V3 = 0.143), with an M-

value of 0.367, and ACT, with an M-value of 0.970,

were, respectively, the most and least suitable genes in

leaf and root samples under PEG-simulated drought

(Figs 2F and 3B; Table 5). EF1a + TBP (M = 0.359,

V2/V3 = 0.124) performed best in root samples

Fig. 2. Expression stability and ranking of the candidate reference genes as determined by geNorm. (A) All organ samples without abiotic

stresses. (B) All tissue samples under five abiotic stresses. (C) NaCl treatment. (D) NaHCO3 treatment. (E) NaCl + NaHCO3 treatment. (F)

Simulated drought. (G) AlCl3 treatment. Average expression stability values (M) of the reference genes measured by geNorm. The lower M-

value indicated more stable expression level.
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Fig. 3. Pairwise variation (Vn/Vn+1) values

calculated by geNorm. (A) All organ

samples without abiotic stresses. (B) All

tissue samples under different abiotic

stresses. Vn/Vn+1 > 0.15 means an

additional (n + 1) reference was required,

whereas Vn/Vn+1 ≤ 0.15 means only n

reference was required.

Table 3. Expression stability ranking of 14 candidate reference genes in all organ samples of blueberry without abiotic stresses.

Symbol

All organ samples in blueberry

GeNorm NormFinder BestKeeper

ComMa Rank Sb Rank rc SDd Rank

ACT 0.965 13 0.878 13 –e – (11) 12

CYP 1.101 14 1.256 14 – – (12) 14

EF1a 0.485 1 0.328 3 0.773 0.634 2 2

EIF 0.485 1 0.271 2 0.855 0.599 1 1

Fbox 0.856 11 0.634 12 – – (14) 12

FLD 0.875 12 0.617 11 – – (13) 11

GAPDH 0.739 7 0.408 6 0.768 0.707 4 5

HIS 0.699 5 0.427 7 0.558 0.555 (10) 7

PP2A 0.791 9 0.479 9 0.742 0.673 6 9

RP 0.583 3 0.377 5 0.773 0.743 2 3

SAND 0.667 4 0.245 1 0.765 0.376 5 3

TBP 0.830 10 0.604 10 0.647 0.843 9 10

TUB 0.766 8 0.435 8 0.715 0.748 7 8

UBCE 0.713 6 0.365 4 0.705 0.501 8 6

Best gene EF1a/EIF SAND EIF EIF

Worst gene CYP CYP Fbox CYP

Best combination EF1a/EIF/RP/SAND

Results without statistical significance were put in parentheses and not used at last.; aM: stability values were calculated by geNorm. The

lower the M-value is, the more stable is the gene.; bS: stability values were calculated by NormFinder. The lower the S-value is, the more

stable is the gene.; cr: Pearson’s correlation coefficient was calculated by BestKeeper. The higher the r-value is, the more stable is the

gene.; dSD: the SD was calculated by BestKeeper. The value of SD should be <1.; eThe dashes indicate that the Pearson’s correlation coeffi-

cient that was P > 0.05 or SD > 1 was deleted.

1425FEBS Open Bio 10 (2020) 1418–1435 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Y. Deng et al. Selection of reference genes in blueberry



subjected to the AlCl3 treatment, whereas UBCE

(M = 0.933) performed the worst (Figs 2G and 3B;

Table 5). SAND and CYP were the least stably

expressed candidate reference genes under the different

abiotic stresses in this study (Fig. 2; Tables 4 and 5).

These results underscore the importance of screening

for the reference genes that are most appropriate for a

given set of experimental conditions.

NormFinder analysis

The most suitable reference gene is the one with the

smallest S-value. Calculated S-values and rankings of

candidate reference genes are summarized in Tables 3

and 4.

According to NormFinder, the most stably

expressed reference gene in all organ samples under

nonstress conditions was SAND (S = 0.245). The most

unstable gene was CYP (S = 1.256; Table 3). CYP was

calculated to be the worst gene in both geNorm and

NormFinder.

In leaves and roots under the five abiotic stresses,

TBP (S = 0.082) and EIF + PP2A (S = 0.080) had the

best performance. The worst gene was FLD

(S = 0.409) (Table 4). In leaf and root samples sub-

jected to the NaCl treatment, the best reference genes

were PP2A (S = 0.111) and GAPDH + PP2A

(S = 0.072). The most unstable one was SAND (0.673)

(Table 5). Under NaHCO3 treatment conditions, EIF

(S = 0.150) and Fbox + UBCE (S = 0.111) were found

to be the most stable for analysis of leaf and root sam-

ples. GAPDH (0.759) performed the worst (Table 5).

In root and leaf samples subjected to combined NaCl–
NaHCO3 treatment, PP2A (S = 0.188) and

PP2A + RP (S = 0.130) were the best choices, and

SAND (0.984) was the worst (Table 5). In leaf and

root samples under PEG treatment conditions, TBP

and EIF + TUB exhibited the most stable expression,

with S-values of 0.141 and 0.106, respectively, and the

most unstable gene was ACT (0.551) (Table 5). In

AlCl3-stressed leaf and root samples, GAPDH

(S = 0.130) and EF1a + GAPDH (S = 0.082) displayed

the highest stability. The unstable gene was SAND

(0.661; Table 5). The stability rankings of leaves and

roots separately under different stresses analyzed by

NormFinder were shown in Table S5.

BestKeeper analysis

BestKeeper, designed by Pfaffl et al. [31], can be used

to analyze both reference and relevant target genes.

Expression levels can be analyzed for only 10 HKGs

Table 4. Expression stability ranking of 14 candidate reference genes in all samples of blueberry under abiotic stresses.

Symbol

All samples under five abiotic stresses

GeNorm NormFinder BestKeeper

ComMa Rank Sb Rank rc SDd Rank

ACT 0.903 12 0.205 5 –e – (14) 11

CYP 0.958 13 0.307 12 – – (11) 13

EF1a 0.779 8 0.159 3 0.919 0.997 2 3

EIF 0.487 1 0.194 4 0.883 0.909 4 1

Fbox 0.833 10 0.243 8 – – (8) 9

FLD 0.861 11 0.409 14 – – (12) 14

GAPDH 0.677 6 0.300 10 0.834 0.729 5 7

HIS 0.530 3 0.290 9 0.952 0.965 1 3

PP2A 0.722 7 0.207 6 – – (9) 8

RP 0.571 4 0.133 2 – – (10) 5

SAND 1.054 14 0.230 7 – – (13) 12

TBP 0.614 5 0.082 1 0.907 0.943 3 1

TUB 0.812 9 0.310 13 – – (7) 10

UBCE 0.487 1 0.304 11 0.746 0.488 6 6

Best gene EIF/UBCE TBP HIS TBP/EIF

Worst gene SAND FLD ACT FLD

Best combination EIF/UBCE/HIS EIF/PP2A (0.080)

aM: stability values were calculated by geNorm. The lower the M-value is, the more stable is the gene.; bS: stability values were calculated

by NormFinder. The lower the S-value is, the more stable is the gene.; cr: Pearson’s correlation coefficient was calculated by BestKeeper.

The higher the r-value is, the more stable is the gene.; dSD: the SD was calculated by BestKeeper. The SD should be <1.; eThe dashes indi-

cate that the Pearson’s correlation coefficient that was P > 0.05 or SD > 1 was deleted.
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and 10 target genes in 100 samples at a time. After

using BestKeeper to calculate the Pearson’s correlation

coefficient (r), standard deviation (SD) and coefficient

of variation between each pair of genes, the magnitudes

of these values can be compared to determine the most

stable reference genes. In particular, the larger the value

of r and the smaller the values of SD and the coefficient

of variation, the higher is the expression stability. If the

SD is >1, the expression of the candidate reference gene

is not considered to be stable.

We first excluded candidate genes with SD values

greater than 1. In plant organ samples not subjected

to any stress treatments, the most stable reference gene

was EIF (r = 0.855), followed by EF1a (r = 0.773) and

RP (r = 0.773), which were equally good choices, and

then GAPDH (r = 0.765) and SAND (r = 0.768;

Table 3). In leaves and roots under all abiotic stresses,

the five most stable genes in descending order were

HIS (r = 0.952), EF1a (r = 0.919), TBP (r = 0.907),

EIF (r = 0.883) and GAPDH (r = 0.834; Table 4). The

stability ranking of 14 candidate reference genes for

leaves and roots taken separately of blueberry under

all five abiotic stresses by BestKeeper were shown in

Table S6. The most stable gene in leaves under all

stresses was HIS (r = 0.880). In roots, TBP (r = 0.970)

performed the best under five treatments. When leaves

and roots were calculated separately under individual

stress conditions, the P-values of all candidate genes

were not <0.05, so the results were not included in it.

Comprehensive ranking

According to the results of three software programs,

we ranked all of the 14 candidate reference genes com-

prehensively. For all organs under common condi-

tions, EIF and EF1a was the most stable combination.

On the contrary, CYP and ACT were the least stable

genes. Under all five kinds of stresses, EIF and TBP

were the most stable genes, and CYP and FLD were

the worst ones in leaves and roots of blueberry. Under

NaCl stress, PP2A/TBP and CYP/SAND were the

best and worst reference genes, respectively. EIF/

UBCE was the most stable combination, and GAPDH

and CYP were the least stable genes under NaHCO3

stress. PP2A/HIS ranked the best order, and CYP and

SAND ranked the worst order under saline–alkaline
condition. The most stable reference genes under

drought stress were TBP/GAPDH, and the most

unstable genes were SAND and ACT. The best per-

formed reference genes under AlCl3 treatment were

TBP and EF1a. SAND and UBCE performed the

worst (Table 5). The comprehensive ranking for leaves

and root taken separately was shown in Table S7.

To validate the candidate reference genes, we chose

them from the comprehensive rankings to analyze the

relative expression of VcMATE1 (Table 5).

Validation of selected reference genes

To confirm the reliability of our results, we selected

the two most stable and two least stable reference

genes under different experimental conditions and used

them to analyze the relative expression of VcMATE1

under specific conditions (Fig. 4; Data S4). When the

combination of EIF + EF1a was used as reference

genes, the relative expression profiles of VcMATE1 in

different organs and fruit developmental stages were

extremely similar to those obtained using EIF or EF1a
as the reference (Fig. 4C). VcMATE1 expression

trends normalized using ACT and CYP, the two least

stable genes, differed from those based on EIF and

EF1a, and the levels of relative expression of

VcMATE1 were extremely high; this was especially

true when CYP was the reference gene (Fig. 4D,E).

Under conditions of salinity, the expression trend of

VcMATE1 in leaves calculated by stable reference

genes PP2A + TBP, PP2A and TBP was similar

(12 h > 24 h > 0 h � 2 h > 6 h). When CYP or

SAND was used as a reference gene, the expression

levels of VcMATE1 were quite different (Fig. 5A). The

relative expression levels of VcMATE1 in roots based

on PP2A + TBP followed the same trend as those

obtained using TBP or PP2A as the reference gene. A

trend similar to the one based on these two stable ref-

erence genes (0 h > 24 h > 2 h > 12 h > 6 h) was

observed when VcMATE1 was normalized relative to

SAND. As shown in Fig. 5B, in contrast, the trend

obtained using CYP as the reference gene was

24 h > 0 h > 12 h > 2 h > 6 h.

When the leaves of blueberry were treated by

NaHCO3, VcMATE1 expressed similarly based on

stable genes (EIF + UBCE, EIF, UBCE) and an unsta-

ble one (CYP), but the expression level of VcMATE1

treated for 24 h was extremely high, which was differ-

ent from the stable reference genes. The expression

trend of VcMATE1 based on an unstable gene,

GAPDH, was almost flat. Therefore, CYP and

GAPDH were testified not suitable as reference genes

under this condition (Fig. 5C). Roots under alkaline

conditions followed a decreasing trend when the least

stable genes, CYP and GAPDH, were used as internal

controls. In contrast, a fluctuating pattern of expres-

sion was observed for VcMATE1 based on the most

stable reference genes (EIF + UBCE, EIF and UBCE,

respectively; Fig. 5D).
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Under the treatment of 50 mM NaCl + 70 mM

NaHCO3, stable candidate genes (PP2A + HIS, PP2A

and HIS) were used as reference genes, and the expres-

sion of VcMATE1 in the leaves showed a trend of

decreasing first and then increasing. Taking unstable

candidate genes CYP and SAND as internal controls,

the expression of VcMATE1 in leaves generally

showed an upward trend. Also, the relative expression

was extremely low (SAND as reference gene, treated

for 12 h) or high (CYP as reference gene, treated for

24 h), which was not conducive to studying the expres-

sion pattern of the target gene (Fig. 5E). We observed

that normalization of the relative expression of

VcMATE1 in blueberry roots under saline–alkaline
conditions yielded similar results when the best genes

(PP2A + HIS, PP2A and HIS) were used as calibra-

tors, with major discrepancies obtained upon normal-

ization using the worst reference genes, CYP and

SAND. The relative expression level of VcMATE1

normalized using SAND was nearly 0 at 12 h after

stress treatment; compared with this value, 37.22-,

2.09- and 2.32-fold higher VcMATE1 expression levels

were observed at the same time point based on CYP,

PP2A and HIS, respectively (Fig. 5F).

Fig. 4. Relative quantification of VcMATE1 expression using validated reference genes for normalization in different organs. (A) VcMATE1

normalized by stable reference gene EF1a + EIF. (B) VcMATE1 normalized by stable reference gene EIF. (C) VcMATE1 normalized by stable

reference gene EF1a. (D) VcMATE1 normalized by unstable reference gene ACT. (E) VcMATE1 normalized by unstable reference gene CYP.

The error bars represent the SD of three biological replicates. Asterisks indicate that the difference is significant at *P < 0.05 and extremely

significant at **P < 0.01, t-test.

1429FEBS Open Bio 10 (2020) 1418–1435 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Y. Deng et al. Selection of reference genes in blueberry



1430 FEBS Open Bio 10 (2020) 1418–1435 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Selection of reference genes in blueberry Y. Deng et al.



Under drought conditions, the relative expression of

VcMATE1 in blueberry leaves showed a similar

expression trend based on the selected stable

(TBP + GAPDH, TBP and GAPDH) and unstable

(ACT and SAND) reference genes. However, treated

for 24 h, the expression level of the target gene with

ACT as reference gene significantly increased, which

would lead to the unreliable expression pattern

(Fig. 5G). VcMATE1 expression levels in roots under

simulated drought conditions decreased regularly

(0 h > 6 h > 2 h > 12 h > 24 h) based on

TBP + GAPDH, TBP and GAPDH as internal refer-

ence genes. Obviously different expression trends were

obtained when the least stable reference genes were

used as internal controls (SAND: 6 h > 12 h > 0 h >
6 h > 24 h; ACT: 0 h > 24 h > 12 h > 6 h > 2 h; Fig. 5H).

Expression levels of VcMATE1 in leaves under AlCl3
treatment conditions followed the trend of

24 h > 12 h > 0 h > 2 h > 6 h when TBP + EF1a, TBP
and EF1a were used as internal controls. In contrast, the

patterns of VcMATE1 expression normalized according

to the least stable genes, UBCE and SAND, were

24 h > 12 h > 2 h > 6 h > 0 h and 24 h > 6 h >
12 h > 2 h > 0 h, respectively (Fig. 5I). In roots, when the
most stable genes (TBP + EF1a, TBP and EF1a) were
selected as reference genes, the relative expression trends of
VcMATE1 were 0 h > 24 h > 12 h > 6 h > 2 h. When the
unstable gene, UBCE, was used as reference gene, the
expression trend of the target gene decreased first and then
increased, but after 2 h of treatment, the relative expression
was almost zero. A different expression trend was observed
when the least stable reference gene was used as internal
control (SAND: 0 h > 12 h > 24 h > 2 h > 6 h; Fig. 5J).
All of this indicated that unstable candidate genes were not
reliable as reference genes.

These results confirm the feasibility and reliability of

the selected reference genes.

Discussion

With the development of biotechnology, RT-qPCR

has been applied widely for analysis of gene expres-

sion, and the selection of appropriate internal refer-

ence genes is recognized as the primary prerequisite

for reliable and accurate real-time results.

Nevertheless, previous studies on reference gene stan-

dardization have demonstrated that reference gene sta-

bility is not absolutely constant in diverse species and

organs, and under different abiotic/biotic conditions

and developmental stages. Even reference genes that

work well in model plants may barely be applicable to

other species. For instance, ACT is invariably consid-

ered to be the best choice in a variety of model species,

including Arabidopsis thaliana under abiotic stresses

(salt, drought and cold) [33–37], Nicotiana tabacum

under stress treatment (heat, cold, drought, salt and

UV) [38] and Oryza sativa subjected to NaCl and

abscisic acid (ABA) treatments [39]. Moreover, the

same reference gene is often not applicable across clo-

sely related species. ACT has been found to be the

most stable reference gene for Vitis vinifera under salt

and osmotic stresses [40,41]. In blueberry under salt

stress, ACT ranked eighth out of 14 candidate genes in

our study, thus demonstrating that it was not stably

expressed under our experimental conditions. UBC,

another reference gene used in the genus Vaccinium,

has been found to be suitable as an internal control in

different organs of both rabbiteye and southern high-

bush blueberry [42], but did not perform well in the

half-high blueberry cultivar ‘Northland’ in our study.

Several factors may be responsible for the earlier-

mentioned variation and observed differences in the

expression stability of candidate reference genes. First,

RNA expression levels are not constant under all con-

ditions, with those of internal reference genes varying

because of differences in factors such as cell-cycle

stage, species, materials and sequencing libraries. Sec-

ond, we used three main algorithms, NormFinder,

geNorm and BestKeeper, to analyze the data obtained

in this study [17,43,44]. These three methods are the

ones currently used by researchers to assess the stabil-

ity of candidate genes for use as reference genes in

RT-qPCR analyses. NormFinder can generate the best

reference gene or best combination, whereas geNorm

can select a combination of reference genes and rank

them by suitability. Unlike NormFinder and geNorm,

BestKeeper does not require preprocessing of data and

can directly make use of Ct values obtained by RT-

qPCR for calculations [44]. It is not an exaggeration

to say that a comprehensive analysis using multiple

Fig. 5. Relative quantification of VcMATE1 expression using validated reference genes for normalization under different stress conditions.

(A) Leaves treated with 110 mM NaCl. (B) Roots treated with 110 mM NaCl. (C) Leaves treated with 110 mM NaHCO3. (D) Roots treated

with 110 mM NaHCO3. (E) Leaves treated with 50 mM NaCl + 70 mM NaHCO3. (F) Roots treated with 50 mM NaCl + 70 mM NaHCO3. (G)

Leaves treated with 8% PEG 8000. (H) Roots treated with 8% PEG 8000. (I) Leaves treated with 100 lM AlCl3. (J) Roots treated with

100 lM AlCl3. The error bars represent the SD of three biological replicates. Asterisks indicate that the difference is significant at the level

of *P < 0.05 and extremely significant at the level of **P < 0.01, t-test.
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methods is the best way to obtain the optimal refer-

ence gene.

To date, no reference gene has been found to be

suitable in all types of cells or organs [17,43,45].

Researchers should therefore conduct preliminary

experiments to identify stably expressed reference

genes based on the type of cells and organs to be stud-

ied and their experimental requirements. At the same

time, the expressions of two or more internal reference

genes, chosen using an algorithm that selects multiple

reference genes, can be averaged and used to normal-

ize the specific target gene expression data to obtain

more reliable results.

In this study, we evaluated genes that have been fre-

quently used as internal controls in a large number of

species. The most stably expressed genes in various

organs and the five abiotic stress conditions were EIF/

EF1a and EIF/TBP, respectively. In a previous investi-

gation, EF1a was found to be the most suitable refer-

ence gene in O. sativa [46] and Solanum tuberosum [44]

during different development stages and under hor-

mone, salt and drought treatments. EF1a and EIF4A

were determined to be the most stable genes for use in

different organ and abiotic stress subsets (ABA,

drought, salt and high/low temperature) in Pennise-

tum glaucum [47]. Some, although not all, findings in

other species are consistent with those of our study,

thus indicating that our results are also credible.

Regardless of whether our results are consistent with

the conclusions of other studies, however, our observa-

tions demonstrate that the reference gene most suitable

for a set of experimental conditions and a specific

analysis should be selected and further evaluated prior

to measurements of gene expression levels.

Finally, to further confirm the accuracy of the

results of this study, we selected the VcMATE1 gene, a

member of the MATE (multidrug and toxic compound

extrusion transporter) family, which phylogenetic anal-

ysis has clustered with genes involved in the detoxifica-

tion of xenobiotics or export of toxic cations [32 ]. On

the basis of its predicted function, we expected

VcMATE1 to respond to diverse abiotic stress condi-

tions and thus be of interest in future studies of blue-

berry stress resistance. We therefore normalized

expression levels of VcMATE1 using the two most

stable and two least stable reference genes in each

treatment subgroup. Relative expression levels of the

VcMATE1 gene normalized using the most stable ref-

erence gene were the most consistent. Moreover, the

selected genes were stable under normal conditions

over time, which indicates that our study results are

significant and valuable.

Conclusions

To ensure the accuracy of gene expression analyses, we

selected 14 candidate reference genes from a blueberry

fruit transcriptome and analyzed them by RT-qPCR

to identify the most appropriate ones for the normal-

ization of potential functional gene expression data. In

this study, we determined the optimal set of reference

genes for different organs of blueberry under normal

and abiotic stress conditions. In all organs under non-

stress conditions, EIF + EF1a was the best choice,

whereas EIF + TBP was the best combination under

all five abiotic stresses. We provided more specific ref-

erence gene recommendations for analyses of expres-

sion under individual stresses: PP2A/TBP (salinity),

EIF/UBCE (alkalinity), PP2A/HIS (salinity–alkalinity)
and TBP/GAPDH (drought) and TBP/EF1a (AlCl3).

The use of these reference genes should aid future

studies of molecular mechanisms of stress resistance

and molecular breeding in blueberry.

Acknowledgements

We thank my supervisor of master’s degree, Prof. Hai-

yan Li (Engineering Research Center of Chinese Min-

istry of Education for Bioreactor and Pharmaceutical

Development, Jilin Agricultural University), and the

manager of Tonghua Heyun Modern Agricultural Co.,

Ltd (Tonghua, China), Xiuyan Yin, for providing help

in the experiments. We also thank my sincere friend

Yong Chen for excellent writing assistance. This work

was supported by the Project of Science and Technol-

ogy Development of Jilin Province, China (Grants

20170414023GH and 20180201076NY).

Conflict of interest

The authors declare no conflict of interest.

Data accessibility

Model data are available in the European Nucleotide

Archive under accession number KF875433.

Author contributions

HS conceived and designed the project. YD performed

the experiments, analyzed the data and wrote the

manuscript. YL provided the blueberry samples. HS

and YL contributed to the manuscript writing review

and editing.

1432 FEBS Open Bio 10 (2020) 1418–1435 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Selection of reference genes in blueberry Y. Deng et al.



References

1 Banerjee A and Roychoudhury A (2015) WRKY

proteins: signaling and regulation of expression during

abiotic stress responses. Sci World J 2015, 807560.

2 Zhu T, Deng X, Zhou X, Zhu L, Zou L, Li P, Zhang

D and Lin H (2016) Ethylene and hydrogen peroxide

are involved in brassinosteroid-induced salt tolerance in

tomato. Sci Rep 6, 35392.

3 Ahmad P, Bhardwaj R and Tuteja N (2012) Plant

signaling under abiotic stress environment. In

Environmental Adaptations and Stress Tolerance of

Plants in the Era of Climate Change (Ahmad P and

Prasad MNV, eds), pp. 297-323, Springer New York,

New York, NY.

4 Chen W, Shao J, Ye M, Yu K, Bednarek SY, Duan X

and Guo W (2017) Blueberry VcLON 2, a peroxisomal

LON protease, is involved in abiotic stress tolerance.

Environ Exp Bot 134, 1–11.
5 Wang P, Yang C, Chen H, Song C, Zhang X and

Wang D (2017) Transcriptomic basis for drought-

resistance in Brassica napus L. Sci Rep 7, 40532.

6 Loreti E, van Veen H and Perata P (2016) Plant

responses to flooding stress. Curr Opin Plant Biol 33,

64–71.
7 Zhang Q, Huber H, Beljaars SJM, Birnbaum D, de Best

S, de Kroon H and Visser EJW (2017) Benefits of

flooding-induced aquatic adventitious roots depend on

the duration of submergence: linking plant performance

to root functioning. Ann Bot 120, 171–180.
8 Chen L, Hou Y, Hu W, Qiu X, Lu H, Wei J, Yu S, He

N, Zhang H and Shen G (2018) The molecular

chaperon AKR2A increases the mulberry chilling-

tolerant capacity by maintaining SOD activity and

unsaturated fatty acids composition. Sci Rep 8, 12120.

9 Lafuente MT, Estables-Ortiz B and Gonzalez-Candelas

L (2017) Insights into the molecular events that regulate

heat-induced chilling tolerance in citrus fruits. Front

Plant Sci 8, 1113.

10 Ye Y-J, Xiao Y-Y, Han Y-C, Shan W, Fan Z-Q, Xu

Q-G, Kuang J-F, Lu W-J, Lakshmanan P and Chen J-

Y (2016) Banana fruit VQ motif-containing protein5

represses cold-responsive transcription factor

MaWRKY26 involved in the regulation of JA

biosynthetic genes. Sci Rep 6, 23632.

11 Meri~no-Gergichevich C, Alberdi M and Reyes-D�ıaz M

(2010) Al/Ca relation effects on physiological responses

in highbush blueberry.

12 Riaz M, Yan L, Wu X, Hussain S, Aziz O and Jiang C

(2018) Mechanisms of organic acids and boron induced

tolerance of aluminum toxicity: a review. Ecotoxicol

Environ Saf 165, 25–35.
13 Reyesdiaz M, Alberdi M and Mora MDLL (2009)

Short-term aluminum stress differentially affects the

photochemical efficiency of photosystem II in highbush

blueberry genotypes. J Am Soc Hort Sci 134, 14–21.
14 Inostroza-Blancheteau C, Reyes-Diaz M, Aquea F,

Nunes-Nesi A, Alberdi M and Arce-Johnson P (2011)

Biochemical and molecular changes in response to

aluminium-stress in highbush blueberry (Vaccinium

corymbosum L.). Plant Physiol Biochem 49, 1005–1012.
15 Inostroza-Blancheteau C, Aquea F, Loyola R, Slovin J,

Josway S, Rengel Z, Reyes-Diaz M, Alberdi M and

Arce-Johnson P (2013) Molecular characterisation of a

calmodulin gene, VcCaM1, that is differentially

expressed under aluminium stress in highbush

blueberry. Plant Biol 15, 1013–1018.
16 Chen H, Li Y, Ma X, Guo L, He Y, Ren Z, Kuang Z,

Zhang X and Zhang Z (2019) Analysis of potential

strategies for cadmium stress tolerance revealed by

transcriptome analysis of upland cotton. Sci Rep 9, 86.

17 Joseph JT, Poolakkalody NJ and Shah JM (2018) Plant

reference genes for development and stress response

studies. J Biosci 43, 173–187.
18 Czechowski T, Bari RP, Stitt M, Scheible WR and

Udvardi MK (2004) Real-time RT-PCR profiling of

over 1400 Arabidopsis transcription factors:

unprecedented sensitivity reveals novel root- and shoot-

specific genes. Plant J 38, 366–379.
19 Alwine JC, Kemp DJ and Stark GR (1977) Method for

detection of specific RNAs in agarose gels by transfer

to diazobenzyloxymethyl-paper and hybridization with

DNA probes. Proc Natl Acad Sci USA 74, 5350–5354.
20 Wilson AS, Hobbs BG, Speed TP and Rakoczy PE

(2002) The microarray: potential applications for

ophthalmic research. Mol Vis 8, 259–270.
21 Die JV and Rowland LJ (2013) Superior cross-species

reference genes: a blueberry case study. PLoS One 8,

e73354.

22 Tajadini M, Panjehpour M and Javanmard SH (2014)

Comparison of SYBR Green and TaqMan methods in

quantitative real-time polymerase chain reaction

analysis of four adenosine receptor subtypes. Adv

Biomed Res 3, 85.

23 Zhu Y, Sun J, Lu W, Wang X, Wang X, Han Z and Qiu

C (2017) Effects of blueberry supplementation on blood

pressure: a systematic review and meta-analysis of

randomized clinical trials. J Hum Hypertens 31, 165–171.
24 Karppinen K, Zoratti L, Nguyenquynh N, Haggman H

and Jaakola L (2016) On the developmental and

environmental regulation of secondary metabolism in

Vaccinium spp. Berries. Front Plant Sci 7, 655.

25 Yu K, Zhu K, Ye M, Zhao Y, Chen W and Guo W

(2016) Heat tolerance of highbush blueberry is related

to the antioxidative enzymes and oxidative protein-

repairing enzymes. Sci Horticult 198, 36–43.
26 Jaakola L, Pirttila AM, Halonen M and Hohtola A

(2001) Isolation of high quality RNA from bilberry

1433FEBS Open Bio 10 (2020) 1418–1435 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Y. Deng et al. Selection of reference genes in blueberry



(Vaccinium myrtillus L.) fruit. Mol Biotechnol 19,

201–204.
27 Honaas L and Kahn E (2017) A practical examination

of RNA isolation methods for European pear (Pyrus

communis). BMC Res Notes 10, 237.

28 Li X, Sun H, Pei J, Dong Y, Wang F, Chen H, Sun Y,

Wang N, Li H and Li Y (2012) De novo sequencing

and comparative analysis of the blueberry

transcriptome to discover putative genes related to

antioxidants. Gene 511, 54–61.
29 Vandesompele J, De Preter K, Pattyn F, Poppe B, Van

Roy N, De Paepe A and Speleman F (2002) Accurate

normalization of real-time quantitative RT-PCR data

by geometric averaging of multiple internal control

genes. Genome Biol 3, 0034.1–0034.11. Research0034.

30 Andersen CL, Jensen JL and Orntoft TF (2004)

Normalization of real-time quantitative reverse

transcription-PCR data: a model-based variance

estimation approach to identify genes suited for

normalization, applied to bladder and colon cancer

data sets. Cancer Res 64, 5245–5250.
31 Pfaffl MW, Tichopad A, Prgomet C and Neuvians TP

(2004) Determination of stable housekeeping genes,

differentially regulated target genes and sample

integrity: BestKeeper–Excel-based tool using pair-wise

correlations. Biotechnol Lett 26, 509–515.
32 Chen L, Liu Y, Liu H, Kang L, Geng J, Gai Y, Ding

Y, Sun H and Li Y (2015) Identification and expression

analysis of MATE genes involved in flavonoid

transport in blueberry plants. PLoS ONE 10, e0118578.

33 Msanne J, Lin J, Stone JM and Awada T (2011)

Characterization of abiotic stress-responsive Arabidopsis

thaliana RD29A and RD29B genes and evaluation of

transgenes. Planta 234, 97–107.
34 Egert A, Keller F and Peters S (2013) Abiotic stress-

induced accumulation of raffinose in Arabidopsis leaves

is mediated by a single raffinose synthase (RS5,

At5g40390). BMC Plant Biol 13, 218.

35 Atkinson NJ, Lilley CJ and Urwin PE (2013)

Identification of genes involved in the response of

Arabidopsis to simultaneous biotic and abiotic stresses.

Plant Physiol 162, 2028–2041.
36 Liu Y, Ji X, Nie X, Qu M, Zheng L, Tan Z, Zhao H,

Huo L, Liu S, Zhang B and et al. (2015) Arabidopsis

AtbHLH112 regulates the expression of genes involved

in abiotic stress tolerance by binding to their E-box and

GCG-box motifs. New Phytol 207, 692–709.
37 Gong X, Liu M, Zhang L, Ruan Y, Ding R, Ji Y,

Zhang N, Zhang S, Farmer J and Wang C (2015)

Arabidopsis AtSUC2 and AtSUC4, encoding sucrose

transporters, are required for abiotic stress tolerance in

an ABA-dependent pathway. Physiol Plant 153,

119–136.
38 Schmidt GW and Delaney SK (2010) Stable internal

reference genes for normalization of real-time RT-PCR

in tobacco (Nicotiana tabacum) during development and

abiotic stress. Mol Genet Genomics 283, 233–241.
39 Hashimoto M, Kisseleva L, Sawa S, Furukawa T,

Komatsu S and Koshiba T (2004) A novel rice PR10

protein, RSOsPR10, specifically induced in roots by

biotic and abiotic stresses, possibly via the jasmonic

acid signaling pathway. Plant Cell Physiol 45,

550–559.
40 Selim M, Legay S, Berkelmann-Lohnertz B, Langen G,

Kogel KH and Evers D (2012) Identification of suitable

reference genes for real-time RT-PCR normalization in

the grapevine-downy mildew pathosystem. Plant Cell

Rep 31, 205–216.
41 Ma Y, Wang J, Zhong Y, Geng F, Cramer GR and

Cheng ZM (2015) Subfunctionalization of cation/

proton antiporter 1 genes in grapevine in response to

salt stress in different organs. Hortic Res 2, 15031.

42 Vashisth T, Johnson LK and Malladi A (2011) An

efficient RNA isolation procedure and identification of

reference genes for normalization of gene expression in

blueberry. Plant Cell Rep 30, 2167–2176.
43 Ashrafi M, Azimi Moqadam MR, Moradi P,

Mohsenifard E and Shekari F (2018) Evaluation and

validation of housekeeping genes in two contrast species

of thyme plant to drought stress using real-time PCR.

Plant Physiol Biochem 132, 54–60.
44 Tang X, Zhang N, Si H and Calderon-Urrea A (2017)

Selection and validation of reference genes for

RT-qPCR analysis in potato under abiotic stress.

Plant Methods 13, 85.

45 Kozera B and Rapacz M (2013) Reference genes in

real-time PCR. J Appl Genet 54, 391–406.
46 Jain M, Nijhawan A, Tyagi AK and Khurana JP

(2006) Validation of housekeeping genes as internal

control for studying gene expression in rice by

quantitative real-time PCR. Biochem Biophys Res

Commun 345, 646–651.
47 Reddy PS, Reddy DS, Sharma KK, Bhatnagar-Mathur

P and Vadez V (2015) Cloning and validation of

reference genes for normalization of gene expression

studies in pearl millet [Pennisetum glaucum (L.)

R. Br.] by quantitative real-time PCR. Plant Gene 1,

35–42.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Abiotic treatments of 2-year-old cutting plants

of blueberry. (A) 110 mM NaCl treatment. (B) 110 mM

NaHCO3 treatment. (C) 50 mM NaCl + 70 mM

NaHCO3 treatment. (D) 8% PEG8000 treatment. (E)

100 lM AlCl3 treatment.
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Fig. S2. Agarose gel electrophoresis for total RNA of

blueberry.

Fig. S3. Products of RT-qPCR of 14 candidate refer-

ence genes.

Table S1. Description of the samples under abiotic

stresses used for RT-qPCR.

Table S2. Selection of candidate reference genes based

on blueberry fruit transcriptome.

Table S3. RNA quantification of blueberry under dif-

ferent experimental conditions. (A) RNA quantifica-

tion of different tissues of blueberry under common

condition. (B) RNA quantification of tissues of blue-

berry in different abiotic conditions.

Table S4. The amplification specificity of 14 candidate

reference mRNA genes.

Table S5. (A) Expression stability ranking of 14 candi-

date reference genes in leaves of blueberry under abi-

otic stresses by NormFinder. (B) Expression stability

ranking of 14 candidate reference genes in leaves of

blueberry under abiotic stresses by NormFinder.

Table S6. Expression stability ranking of 14 candidate

reference genes in leaves and roots of blueberry under

abiotic stresses by BestKeeper.

Table S7. Expression stability comprehensive ranking

of 14 candidate reference genes in leaves and roots

under abiotic stresses. (A) Expression stability compre-

hensive ranking of 14 candidate reference genes in

leaves under abiotic stresses. (B) Expression stability

comprehensive ranking of 14 candidate reference genes

in roots under abiotic stresses.

Data S1. Primer pair annealing locations on their

respective transcripts.

Data S2. The Ct values of 14 candidate genes in differ-

ent tissues of blueberry.

Data S3. The Ct values of 14 candidate genes in leafs

and roots of blueberry under different abiotic stresses.

Data S4. (A) The Ct values of VcMATE1 in different

tissues of blueberry (three replicates). (B) The Ct val-

ues of VcMATE1 of blueberry under different abiotic

stresses (three replicates).
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