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Abstract

Key message This study proposed the combination of PR26S and PP1 as a good choice for RT-qPCR normalization
in pecan under abiotic stress, developing kernels, grafting, and various tissues.

Abstract Reference gene selection is an essential pre-requisite to generate reliable results in real-time quantitative polymerase
chain reaction (RT-qPCR) analysis. However, studies regarding systematic validation of suitable reference genes in pecan
are still lacking. In this study, 17 candidate reference genes were selected and evaluated for their expression stabilities in
pecan under various experimental conditions, including various tissues, developing kernels, grafting, and two plant tissues
(leaves and roots) subjected to three abiotic stresses (salt, drought, and Zn deficiency). The stability of the candidate genes
was assessed by geNorm, NormFinder, and BestKeeper, and their outputs were integrated to obtain a final comprehensive
rank of stability based on the geometric mean. The results indicated that samples under different experimental conditions
possessed their own best reference genes, and using two reference genes for RT-qPCR normalization was recommended for
the tested experiments. Overall, the combination of 26S protease regulatory subunit 7A (PR26S) and serine/threonine-protein
phosphatase-1 (PP1) was recognized as a good choice for RT-qPCR normalization in pecan across all the treatments. More
importantly, the widely used alpha-tubulin (a-TUB), ubiquitin (UBQ), and actin (ACT) genes were not the best suitable
reference genes in most of our experiments. Our results will be helpful for future gene-expression studies in pecan.
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Introduction

Real-time quantitative polymerase chain reaction (RT-
gPCR) has been widely used in molecular biological
studies as a sensitive and accurate technique for exploring
gene-expression levels (Bustin 2002; Gachon et al. 2004;
Valasek and Repa 2005). Gene expression detected by RT-
gPCR could be influenced by several variations, such as
initial sample amount, RNA integrity, cDNA quality, and
amplification efficiency (Bustin 2002). It is necessary to
select appropriate data normalization strategies to correct
such biases. Several strategies have been introduced, such
as normalization to sample size, RNA quantification, and
internal reference genes (Huggett et al. 2005). Currently,
the application of internal reference genes is the preferred
method (Pfaffl 2001). Ideal reference genes should be
expressed at constant levels regardless of the experimental
contexts, and the expression levels of these genes could
thus reflect the concentration of cDNA in each sample.

Over the past decades, a frequently used reference
gene was a housekeeping gene, ubiquitously expressed
in all cells, and its product was generally responsible for
maintaining of cell structure or basic biochemical metabo-
lism, such as actin (ACT), a-tubulin (a-TUB), p-tubulin
(B-TUB), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), ubiquitin (UBQ), ribosomal protein, and trans-
lation initiation factor (Kim et al. 2003; Nicot et al. 2005;
Paolacci et al. 2009; Sun et al. 2009). Housekeeping genes
were assumed to be stably expressed among different
samples. However, extensive studies suggested that their
expression could vary in certain conditions, no universally
applicable reference genes existed (Bustin et al. 2005; Niu
et al. 2017; Zhu et al. 2012). An inappropriate reference
gene for RT-qPCR data normalization can lead to biased
estimation of gene-expression patterns. Thus, the selection
of suitable reference genes with relatively invariant expres-
sion is necessary for specific experimental condition. With
the aim of suitable reference gene selection, a number of
researches have been conducted in various species, such as
Juglans regia (Zhou et al. 2018), Artemisia sphaeroceph-
ala (Hu et al. 2018), Taxodium ‘Zhongshanshan’ (Wang
et al. 2017), Coffea arabica (Barsalobres-Cavallari et al.
2009), and Prunus persica (Tong et al. 2009).

Pecan (Carya illinoinensis), which belongs to the fam-
ily Juglandaceae, is native to the United States and Mexico
(Sparks 2002). Due to increasing interest in consumption
of pecan nuts, this species has been cultivated in several
countries, including China, South America, Australia,
Argentina, Peru, and so on (Bilharva et al. 2018). Pecan
has been introduced to China for more than 100 years. For
a long time, a poor graft success was one of the factors
that hampered the cultivation of pecan in China (Zhang
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et al. 2015). After years of efforts, researchers have made
a technical breakthrough in improving the survival rate
of grafting (Mo et al. 2017), which greatly facilitates the
development of pecan planting in China. To date, however,
the graft survival rates for some pecan cultivars are still
seldom satisfied, and a relatively high rate of successful
grafting is only observed with the ‘Pawnee’ cultivar (Mo
et al. 2018a). Because pecan nuts have a large amount of
oil (accounting for about 70% of the dry weight), it can
be cultivated as a woody oil plant. This is also one of the
reasons for the rapid development of pecan planting in
China. Understanding the functional genes involved in the
de novo biosynthesis of fatty acid in pecan will be help-
ful for future molecular breeding. Plants grown in non-
native areas often encounter various adversities. Pecan was
found to be sensitive to multiple stresses, such as drought,
zinc deficiency, and salinity. These abiotic stresses could
adversely affect the tree vigor and fruit yields of pecan
(Miyamoto and Nesbitt 2011; Othman et al. 2014). For the
healthy development of pecan cultivation, it is necessary
to understand the molecular mechanisms underlying suc-
cessful grafting, fatty acid biosynthesis, and abiotic stress
response. Quantification assays by RT-qPCR are an impor-
tant tool to study the molecular mechanisms of pecan in
response to various experimental conditions. To the best
of our knowledge, no systematic surveys have been con-
ducted to identify suitable reference genes in pecan.

To identify suitable reference genes for normalization of
RT-qPCR data in pecan, 17 candidate reference genes were
selected and evaluated for their expression stabilities under a
series of experimental conditions. To validate the reliability
of identified reference genes, the expression trends of a cin-
namyl alcohol dehydrogenase (CAD) gene and a stearoyl-
ACP desaturase (SAD) gene were separately examined under
salt stress and during kernel development.

Materials and methods
Plant materials and treatments

The experiment was performed at the Institute of Botany,
Jiangsu province and Chinese Academy of Sciences. For
abiotic treatments, seedlings of pecan were first grown under
natural temperature and light conditions. At four-true-leaf
stage, seedlings with uniform growth pattern were trans-
ferred to greenhouse and cultured in 1/4 Hoagland’s solu-
tion (air was continually supplied with an aquarium pump)
for 3 days, followed by 1/2 Hoagland’s solution for 4 days.
Then, the plants cultured in 1/2 Hoagland’s solution were
subjected to multiple abiotic stresses. For drought or salt
treatment, 10% polyethylene glycol (PEG) 6000 (drought)
or 3%o (w/v) NaCl (salt) were added to the solution. For
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zinc deficiency tolerance, no zinc was included in the nutri-
ent solution. At 0, 6, 12, and 24 h of those treatments, roots
and leaves were harvested. All samples with three biological
replicates were immediately frozen in liquid nitrogen and
stored at — 80 °C until RNA extraction.

Pecan cultivar ‘Mahan’ was chosen for the sampling of
various tissues (leaves, stems, staminate flowers, pistillate
flowers, and kernels) and kernels at different development
stage. The developing kernels were collected 120, 140, and
170 days after full blossoming (DAF). For grafting, ‘Paw-
nee’ cultivar was used as scion and 2-year-old seedling was
used as rootstock. Grafting was conducted in August using
patch budding under field condition, and the scions and root-
stocks were detached and collected 0, 3, 7, and 14 days after
grafting.

RNA isolation and cDNA synthesis

Total RNA was extracted using the Universal Plant RNA Kit
(BioTeke, Beijing, China), and the containing DNase I was
used to remove genomic DNA following the manufacturer’s
instructions. RNA purity and concentration were measured
with a Nanodrop 1000 spectrophotometer (NanoVue™
plus, Wilmington, USA). The integrity of RNA was fur-
ther assessed by 1% agarose gel electrophoresis. Only RNA
samples with A260/A280 ratios ranging from 1.8 to 2.2 and
A260/A230 ratios larger than 2.0, as well as 28S:18S rRNA
band intensity ratios of around 2:1 were retained. 0.9 pg of
total RNA was reverse-transcribed using the PrimeScript™
RT Reagent Kit with gDNA Eraser (TaKaRa, Kyoto, Japan).
cDNA was diluted to the final concentration of 200 ng/pl for
the subsequent analysis.

Selection of candidate reference genes

For reference selection, previously published transcriptome
data sets (Jia et al. 2018; Mattison et al. 2017; Mo et al.
2018b) were downloaded, and then, the read counts of each
gene were converted to fragments per kilobase of transcript
per million mapped reads (FPKM) values. To evaluate the
expression stability of each gene, maximum fold change
(MFC, the ratio between the highest and lowest FPKM
values) was calculated. Based on the previous literatures
(Czechowski et al. 2005; Zhu et al. 2012), reference genes
that have been validated were searched for their correspond-
ing pecan orthologs. We selected those orthologs that have
appropriate expression levels (FPKM > 20) and low MFC
(MFC < 1.5) as candidate reference genes. Totally, 17 can-
didate reference genes in pecan were selected, comprising
alpha-tubulin (a-TUB), beta-tubulin (f-TUB), Actin (ACT),
ADP-ribosylation factor (ADP-RF), clathrin adaptor com-
plex (CAC), cyclophilin (CYP), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), RNA helicase family (HEL),

serinelthreonine-protein phosphatase-1 (PP1), serine/thre-
onine-protein phosphatase 2A (PP2A), 26S protease regu-
latory subunit 7A (PR26S), polypyrimidine tract-binding
protein 1 (PTBP1), 26S proteasome non-ATPase (RPN6),
translation factor (TLF), TIP41-like family protein (TIP41),
ubiquitin (UBQ), and 60S ribosomal protein L22 (60S).

Primer design and validation

Since the release of pecan genome (Huang et al. 2019),
intron-spanning primers could be designed to eliminate any
possible amplification of contaminating genomic DNA. The
criteria for primer design with Beacon Designer software
(version 8) was the following: primer length of 18-24 bp,
GC content of 40-60%, melting temperature (Tm) of
50-60 °C, and amplicon length of 75-200 bp. Generally,
two or more primer pairs were designed for each gene. All
primer pairs were checked by routine PCR with cDNA and
DNA as templates. Only the primer pairs amplified a single
band of expected size with cDNA but not with DNA tem-
plates were used for subsequent analysis.

RT-qPCR analysis

RT-gPCR was carried out in 96-well plates, and performed
on an ABI 7500 Real-Time PCR System (Thermo Fisher
Scientific, Inc., Waltham, USA). The volume of each reac-
tion mix was 20 pl, containing 2 pl (400 ng) cDNA, 10 pl
SYBR Premix Ex Taq™ (Takara), 0.6 pl each primer
(10 pM), 0.4 pl ROX Reference Dye II, and 6.4 pl ddH,O.
PCR amplification of each sample was performed in three
experimental triplicates and three biological duplicates. A
non-template control was also included in each plate for each
primer pair. The reaction condition was as follows: 95 °C
for 3 min, then 40 cycles of 95 °C for 10 s, and 60 °C for
30 s. A melting-curve analysis was also included to confirm
the amplicon specificity of each gene. Standard curves with
dilution series of mixed cDNA (107!, 1072, 1073, 107*, and
107) as templates were developed to calculate the amplifi-
cation efficiency (E) of each primer pair by the LinRegPCR
program (Ruijter et al. 2009).

Data analysis

Three computer programs were used to evaluate the expres-
sion stabilities of candidate reference genes under diverse
experimental conditions: geNorm (Vandesompele et al.
2002), NormFinder (Andersen et al. 2004), and BestKeeper
(Pfaffl et al. 2004). The final comprehensive ranking was
determined by calculating the geometric means of the rank
values obtained from each program, as suggested by Ref-
Finder (Ma et al. 2016). For geNorm and NormFinder analy-
sis, the raw cycle threshold (C,) values were transformed into
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relative quantities (Q value) with the formula Q = 272,
in which AC, was each corresponding C, value subtract-
ing minimum C, value. Then, the relative expression levels
were imported into geNorm and NormFinder to calculate
gene-expression stability. geNorm computes the expression
stability of all the reference genes using M value. The M
value has a negative relation with expression stability; the
cut-off for estimating a gene as stable is proposed as M < 1.5
(Vandesompele et al. 2002). geNorm could also be applied
to estimate the suitable number of reference genes for accu-
rate normalization based on pairwise variation (V). This
algorithm proposes 0.15 as the threshold of V. When
Vims1 <0.15, it means that the number of n genes is suf-
ficient for normalization without applying an additional
gene (Vandesompele et al. 2002). The NormFinder program
calculates a stability value (SV) for assessing expression
variation. A lower SV indicates a less variable expression.
For BestKeeper analysis, raw C, values were imported to
calculate the coefficient of variance (CV) and the standard
deviation (SD) of the C, values. The smaller the SD value is,
the greater the stability of reference gene expression. Genes
with SD> 1 are considered to be unacceptable (Zhu et al.
2013). The final comprehensive ranking was based on the
geometric mean of each gene. A smaller geometric mean
value means a higher ranking of the expression stability.

Validation of reference genes

CAD and SAD from pecan were cloned based on transcrip-
tome data and were used as targets to examine the reliabil-
ity of RT-gPCR data with 272A% method. According to the
cloned sequences, primer pairs of CAD (forward: 5-GAG
GATGAGGCAATCAACAG-3', reverse: 5'-GGCTTATCA
GGCAAACCGA-3") and SAD (forward: 5'-AAGGATTAG
GAAGTTACAG-3', reverse: 5'-ATTTGACCTCCCTAT
TGA-3") were designed. The relative expression levels of
CAD under salt stress and SAD in different development-
stage kernels were quantified and normalized to the most
stable and the least stable reference genes.

Result
Primer specificity and amplification efficiency

Primers for the 17 reference genes were designed and tested
by regular PCR (Online Resource 1, Supplementary Table 1
and Fig. 1). Agarose gel electrophoresis revealed that single
products with the correct size were obtained with cDNA as
templates, while either no bands or bands longer than the
expected size were observed when tested on genomic DNA
(Online Resource 1, Supplementary Fig. 1), indicating that
the designed primers were intron spanning. Melting curve
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Fig. 1 Expression levels of 17 candidate reference genes in all sam-
ple. Mean C, values for each treatment are used for drawing the box-
plot. The lower and upper ends of boxplot indicate the first and the
third quartiles. The lower and upper fences indicate the minimum and
maximum C, values, respectively. The line across the box depicts the
median. Points outside the fences are considered to be outliers

analysis by RT-qPCR further confirmed the specificity of
amplifications (Online Resource 1, Supplementary Fig. 2).
No signals were detected in no-template controls, suggest-
ing the absences of primer dimmers and non-specific PCR
products for each primer pairs. Amplification efficiencies
(E) of the reference genes varied from 108.0 to 113.7%,
which were within the acceptable range of 80-120% (Online
Resource 1, Supplementary Table 1 and Fig. 3).

Expression profiles of reference genes

The raw cycle threshold (C,) values extracted following RT-
qPCR provide an overview of the variation in gene expres-
sion across all experimental samples. The lower C, values
reflect higher levels of mRNA abundance and vice versa. For
the 17 reference genes, C, values were generally ranged from
21.10 and 28.97 (Fig. 1), which were within the proposed
range of 15-30 (Xu et al. 2015). GAPDH displayed the high-
est level of expression, with the C, values in the range of
18.68-24.41, while HEL was the least expressed, with the
C, values larger than 23 across all samples. C, values were
most concentrated for 60S in the boxplot, suggesting the
least variation in gene expression. Nevertheless, a relatively
wide expression range (C, values ranging from 20.12 to
25.33 cycles) of 60S indicated that no candidate reference
genes had constant expression under varying conditions.

Evaluation of gene-expression stability

Generally, the stability rankings obtained by three different
programs were different in pecan under three abiotic stresses.
For example, GAPDH and ADP-RF were ranked as the most
stable reference genes in salt-treated leaves, as assessed by
geNorm analysis. However, in NormFinder analysis, p-TUB
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and PP1 were ranked at the top two positions. According
to BestKeeper, CYP and TIP41 were identified as the two
best references. To obtain a final comprehensive ranking,
the geometric mean of each gene was calculated. Compre-
hensive ranking analysis indicated that f-TUB and ADP-
RF were the two most stable reference genes in salt-treated
leaves; 60S and PR26S in salt-treated roots; PR26S and
GAPDH in PEG-treated leaves; PR26S and PP2A in PEG-
treated roots; PR26S and PTBPI in Zn deficiency-treated
leaves; PP2A and PP1 in Zn deficiency-treated roots. Rela-
tively, RPN6 was the least stable gene in salt-treated leaves,
PEG-treated leaves, and Zn deficiency-treated leaves; ACT
in salt-treated roots; GAPDH in PEG-treated roots and Zn
deficiency-treated roots (Online Resource 1, Supplementary
Table 2).

To find the overall applicable reference genes that might
be used for multiple stresses, the expression data generated
from salt, PEG, and Zn deficiency treatments were pooled
together. Integrated analysis ranked 60S and PR26S as the
top two reference genes, and RPN6 as the most unstable
one under total abiotic stresses (Online Resource 1, Sup-
plementary Table 3). For the kernels at different develop-
mental stages, PTBPI and 60S were identified as the two
best reference genes, with RPN6 being the least stable one
(Online Resource 1, Supplementary Table 4). For grafting,
PR26S and PP were determined to be the most appropriate
reference genes, while 77P41 was the least reliable reference
gene (Online Resource 1, Supplementary Table 5). For the
different tissues, RPN6 and PR26S were proposed as the
two most appropriate reference genes, with a-TUB being the

worst performance one (Online Resource 1, Supplementary
Table 6).

As an intention to identify the generally applicable ref-
erence genes that would be used extensively for multiple
experiments in pecan, all the expression data sets were
pooled together. Comprehensive analysis showed that
PR26S and PP1 were the two most stable reference genes in
total samples, and a-TUB was the gene with the most vari-
able expression (Table 1). The M values and SD values of
PR26S and PP1 were separately below the proposed values
of 1.5 and 1 under all the experimental conditions (Online
Resource 1, Supplementary Tables 2, 3, 4, 5, and 6). Addi-
tionally, these two genes were always the top five ranked
genes, expect for PPI, which ranked eleventh across dif-
ferent tissues (Online Resource 1, Supplementary Table 6).

To improve the accuracy of gene-expression analysis, we
used geNorm to determine the optimal number of reference
genes, with a proposed value of V. ; <0.15. As shown in
Fig. 2, four genes (V,;5<0.15) would be optimal for nor-
malizing in total samples, three genes (V5,,<0.15) were
essential for normalization under total abiotic stresses, and
two genes (V3 <0.15) were sufficient for individual treat-
ments, including different tissues, grafting, developmental
stages, leaves, and roots subjected to salt, drought, and Zn
deficiency.

Reference gene validation

To illustrate the reliability of the selected genes, the
expression patterns of CAD and SAD genes were used to

Table 1 Analysis of the gene

. o Rank geNorm NormFinder BestKeeper Comprehensive rank-
expression stability in total ing
samples of pecan
Gene M value Gene Stability  Gene CV+SD Gene Geomean
1 PR26S/60S  0.47 PR26S 0.36 PP1 3.05+0.73 PR26S 1.44
2 - - PP1 0.39 TIP41 2.87+0.74 PP1 1.82
3 PP1 0.66 TLF 0.46 PR26S 3.36+0.78 60S 2.71
4 TLF 0.72 PP2A 0.49 60S 3.77+0.83 TLF 4.16
5 PP2A 0.78 60S 0.50 PP2A 3.56+0.87 PP2A 4.64
6 TIP41 0.81 PTBP1 0.52 TLF 4.09+0.89 TIP41 5.38
7 CYP 0.87 ADP-RF  0.56 B-TUB 3.85+098 ADP-RF  7.96
8 ADP 0.91 B-TUB 0.60 CYP 449+1.01 CYP 7.96
9 B-TUB 0.94 CYP 0.61 ADP-RF  4.77+1.11 B-TUB 7.96
10 PTBP1 0.97 GAPDH 0.62 PTBP1 441+1.14 PTBP1 8.43
11 GAPDH 1.02 CAC 0.63 ACT 520+1.21 GAPDH 10.97
12 CAC 1.06 UBQ 0.64 GAPDH 5.76+1.21 CAC 11.97
13 UBQ 1.09 TIP41 0.65 CAC 457+1.24 UBQ 13.56
14 RPN6 1.14 RPN6 0.84 HEL 482+1.35 ACT 14.70
15 HEL 1.19 a-TUB 0.91 o-TUB 6.16+1.44 RPN6 14.94
16 a-TUB 1.24 HEL 0.93 UBQ 6.80+1.53 HEL 14.98
17 ACT 1.29 ACT 0.93 RPN6 6.40+1.63 oTUB 15.33
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Fig.2 Pairwise variation calculated by geNorm to determine opti-
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normalize the results obtained under salt stress and during
kernel development, respectively. According to the com-
prehensive ranking analysis, two of the most stable refer-
ence gene (f-TUB and ADP-RF for salt-treated leaves, 60S
and PR26S for salt-treated roots, 60S and PTBP1 for devel-
oping kernels) and the least stable one (PRN6 for salt-
treated leaves and developing kernels, ACT for salt-treated
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roots) were used for normalization. Results indicated that
when using stable reference genes and their combination
for normalization, similar expression profiles could be
detected (Fig. 3). Contrastingly, when the most variable
genes were used as reference genes, the relative expression
values of CAD and SAD were both underestimated (Fig. 3).

Salt-treated leaves

(8]
y

OB-TUB O ADP-RF

—_
o
L
| —

ETUB + ADP-RF BRPN6

Oh 6h 12h

o —_
o 8]
1 1

N
i
L

Relative expression of CAD

(=}

Fig.3 Relative expression of CAD and SAD using validated reference genes for normalization. DAF days after full blossoming. Error bars show

the standard error calculated from three biological replicates

@ Springer



Trees (2020) 34:1233-1241

1239

Discussion

RT-gPCR has been considered to be the most commonly
used technique for gene-expression analysis, due to its
high specificity, accuracy, and sensitivity (Derveaux et al.
2010). To accurately normalize RT-qPCR data, optimal
reference gene selection is critical. However, using previ-
ously published reference genes without verification may
lead to inappropriate results (Ma et al. 2016). Thus, it is
necessary to establish the expression stability of candi-
date reference genes in pecan under diverse experimental
condition.

Primer design is of critical importance for RT-qPCR,
and a perfect primer design should be intron spanning to
effectively remove the contaminated DNA in cDNA sam-
ples (Dong et al. 2019). In the present study, at least one
intron-spanning primer of a pair was designed based on
the newly published pecan genome (Huang et al. 2019).
Several primer pairs amplified longer fragments than the
expected bands when DNA was used as a template, which
might be due to the inclusion of intronic regions in the
PCR products. However, for most of the primer pairs, no
amplification products were obtained in DNA samples.
The reason for this may be that intron-spanning primers
extended from the upstream exon into the following down-
stream exon with long enough nucleotides (at least four),
resulting in nucleotide mismatch when binding to DNA
sequences. The developed primer pairs in this research
could specifically amplify their corresponding reference
genes on cDNA templates, and would be employed for
future RT-qPCR analysis.

It is recommended to use various programs to mini-
mize bias in the determination of gene-expression stabil-
ity (Tong et al. 2009). Several programs have been devel-
oped to evaluate the expression stability of reference genes
(Andersen et al. 2004; Garcia-Vallejo et al. 2004; Haller
et al. 2004; Pfaffl et al. 2004; Vandesompele et al. 2002).
In our study, three widely used programs were adopted to
estimate the expression stability of candidate reference
genes, including geNorm, NormFinder, and BestKeeper.
The previous reports have observed that different programs
would generate different results (Li et al. 2015; Ma et al.
2016; Wang et al. 2013). In our research, differences in
determining the stability rankings of reference genes were
found, as well. This divergence may be attributed to the
inconsistencies in mathematical approaches and analytical
procedures for these programs.

Comprehensive ranking analysis revealed that samples
under different experimental contexts in pecan possessed
their own best reference genes. PR26S and PP1 were the
top two most stable reference genes when all total samples
were tested. Considering the low expression variations (M

values < 1.5 and SD values < 1) and nearly all the top five
ranked positions for these two reference genes under the
tested experiments, PR26S and PP had the potential to be
widely applicable in various RT-qPCR analysis of pecan.
There is a strong consensus that increasing the number
of reference genes could improve the accuracy of gene-
expression analysis. It was reported that using two of the
most stable reference genes was a valid normalization
strategy for most case (Chen et al. 2011), and our study
also indicated that using two reference genes would be
sufficient for reliable normalization under all the examined
treatments, except for the synthetic treatments (including
total abiotic stresses and total samples). Therefore, a com-
bination of PR26S and PPI would be a good choice for
accurate normalization in pecan.

PR26S encodes a 26S proteasome that plays a funda-
mental role in intracellular protein degradation (Jin et al.
2006). PPI encodes a serine/threonine (Ser/Thr) protein
phosphatase catalytic subunit, and the Ser/Thr protein
phosphatase is implicated in cell growth and cellular stress
responses (Farkas et al. 2007). The stable expressions of
PR26S and PPI in most of our analysis may be due to their
essential roles in the normal and stressed cells. PR26S was
also identified as one of the most stable genes in Populus
bejingensis under biotic stress (Zhao et al. 2017) and in
Solanum tuberosum under abiotic stress (Castro-Quezada
et al. 2013).

Interestingly, the commonly used a-TUB, UBQ, and ACT
genes were not the best choice in pecan under all the tested
conditions. For those popular references, they performed dif-
ferently in different plant species. a-TUB emerged as unsta-
ble reference gene in Poa pratensis under abiotic stress (Niu
et al. 2017), which was different from the report made in
Lentinula edodes (Luo et al. 2019). UBQ has been reported
to perform unsatisfactorily in Litchi chinensis (Zhong et al.
2011); however, it was determined to be stably expressed in
Paeonia ostia (Li et al. 2019). ACT exhibited poor expres-
sion stability in Arabidopsis thaliana (Czechowski et al.
2005), G. max (Hu et al. 2009), and Caragana intermedia
(Zhu et al. 2013). In contrast, it has been evaluated as the
most stable gene in Lilium davidii (Li et al. 2015) and Apium
graveolens (Feng et al. 2019). Our results emphasized the
necessity of systematic evaluation of reference genes based
on the experimental conditions examined.

The reliability of reference genes was further validated by
determining the expression levels of CAD and SAD. CAD
protein is a key enzyme that catalyzes the last step of lignin
precursor synthesis, and the produced lignin has important
functions in response to abiotic stresses (Cheng et al. 2013; Liu
et al. 2018). In Cucumis melo, CAD4 exhibited a fast induction
and then declined in roots under 50 mM NaCl treatment, while
it was decreased slightly and then induced significantly in
leaves (Liu et al. 2018). The expressions of CAD in our study
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exhibited similar patterns to that in Cucumis melo when using
the most stable reference genes for normalization. When the
least stable reference gene was used, CAD was down-regulated
throughout the entire treatment period in leaves, which might
be unreliable. SAD protein is involved in the synthesis of poly-
unsaturated fatty acids (Huang et al. 2017). Pecan kernel is rich
in fatty acid, of which above 90% is unsaturated fatty acids,
suggesting that SAD might be involved in kernel development.
In our study, the expression levels of SAD were similar to the
results detected by transcriptome analysis (Huang et al. 2017;
Jia et al. 2018) only when normalizations were made by the
most stable reference genes. These results clearly indicated
that inappropriate selection of reference gene would reduce
precision.

Conclusion

In the present study, 17 candidate reference genes were evalu-
ated for the normalization of RT-qPCR in pecan subjected to
a series of experimental conditions. The stability of the genes
was assessed by geNorm, NormFinder, and BestKeeper, and
their results were further merged into a comprehensive rank-
ing based on the geometric mean. The best reference genes for
normalization should be chosen according to the experimen-
tal conditions. Using two reference genes would be a suitable
normalization strategy for the tested experiments. Overall, the
combination of PR26S and PPI was a good choice for RT-
gPCR normalization in pecan. More importantly, the com-
monly used a-TUB, UBQ, and ACT genes were not the best
suitable reference genes in most of our analysis.
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