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ABSTRACT Quantitative real-time polymerase chain reaction (qRT-PCR) is a common and robust
tool for accurate quantification of mRNA transcripts. To normalize results, a housekeeping gene
(|HKG], reference gene or endogenous control gene) is mandatory. Soybean aphid, Aphis glycines
Matsumura (Hemiptera: Aphididae), is a significant soybean, Glycine max (L..) Merr., pest, yet gene
expression and functional genomics studies are hindered by a lack of stable HKGs. We evaluated seven
potential HKGs (SDEFS, succinate dehydrogenase flavoprotein subunit; EFla, elongation factor-la;
HEL, helicase; GAPDH, glyceraldehyde-3 phosphate dehydrogenase; RPS9, ribosomal protein S9; TBP,
TATA-box binding protein; and UBQ, ubiquitin-conjugating protein) to determine the most efficient
HKGs that have stable expression among tissues, developmental stages, and aphids fed on susceptible
and host plant-resistant soybean. HKG stability was determined using GeNorm and NormFinder.
Results from three different experimental conditions revealed high stability of TBP compared with the
other HKGs profiled across the samples assayed. RPS9 showed stable expression among aphids on
susceptible and resistant plants, whereas EFla showed stable expression in tissues and developmental
stages. Therefore, we recommend the TBP as a suitable HKG for efficient normalization among
treatments, tissues, and developmental stages of A. glycines. In addition, RPS9 may be used for
host-plant resistance experiments and EFla could be considered for testing differential expression
across tissues or developmental stages. These results will enable a more accurate and reliable
normalization of gRT-PCR data in A. glycines.
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Quantitative real-time PCR (qRT-PCR) has trans-
formed genetic research (gene expression analysis
and molecular diagnostics) because of its rapidity,
sensitivity, and reproducibility in quantifying mRNA
transcripts (Wong and Medrano 2005, Espy et al. 2006,
Bustin 2010). The ability of detecting transcripts ex-
pressed at low levels by qRT-PCR has made it a stan-
dard protocol for gene expression analysis, thus re-
placing the conventional mRNA quantification
methods (e.g., Northern blot analysis, competitive RT-
PCR, RNase protection assay, and microarrays)
(Vandesompele et al. 2002, Klie and Debener 2011).

Given the sensitivity and reproducibility of qRT-
PCR technique, a suitable housekeeping gene (HKG)
is a prerequisite for accurate quantification of mRNA
transcripts at a given condition (Vandesompele et al.
2002). Also referred as reference genes or internal
control genes, HKGs are thought to be expressed con-
stitutively across different physiological conditions
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because they are involved in basic functions of a cell
(Butte et al. 2001). Because of their inherent property
of stable expression across different treatments, vari-
ous tissues, and developmental stages, HKGs are
widely accepted as internal controls in mRNA quan-
tification studies (Bustin 2010). However, several nor-
malization studies using qRT-PCR have demonstrated
the variability of HKG expression (Vandesompele et
al. 2002, Klie and Debener 2011), supporting the hy-
pothesis that there is no universal reference gene for
all biological systems (Gutierrez et al. 2008). Although
a few HKGs have been reported in insects, a species-
specific HKG is recommended for precise mRNA
quantification (Scharlaken et al. 2008, de Boer et al.
2009, Hiel et al. 2009, Hornakova et al. 2010, Jiang et
al. 2010, Lord et al. 2010, Mamidala et al. 2011, Raja-
rapu et al. 2011).

The soybean aphid, Aphis glycines Matsumura
(Hemiptera: Aphididae), a native of Asia, has emerged
as a serious invasive pest in North America and has
caused huge losses to soybean, Glycine max (L..) Merr.,
production (Heimpel et al. 2010, Ragsdale et al. 2011,
Tilmon et al. 2011). The traditional measures to con-
trol A. glycines such as the use of chemicals and re-
sistant plants have been hindered because of the high
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Table 1. Description of candidate reference genes for qRT-PCR studies in A. glycines
Gene Accession  Acyrthosiphon pisum Identity A. pisum locus description Function
no. homolog locus (%)
SDFS JQ654783 XP_001950339 86 Succinate dehydrogenase (ubiquinone) Oxidation of succinate
flavoprotein subunit, mitochondrial-like
EFla JQ654778 XP_003244047 97 Elongation factor la like Binding of aminoacyl-transfer
RNAs to the ribosome
HEL JQ654779 XP_003246514 76 Putative DNA helicase Ino80-like isoform 2 ~ Unzippping of DNA double
helix
GAPDH  JQ654777 XP_001943049 99 Glyceraldehydes-3 phosphate Catalysis during glycolysis
dehydrogenase-like
RPS9 JQ654782 XP_001945527 100 40S ribosomal protein S9-like Component of the 40S
subunit of ribosome
TBP JQ654781 XP_001949590 97 TATA-box-binding protein-like Transcription factor
UBQ JQ654780 NP_001119677 98 Ubiquitin-conjugating enzyme E2G 1 Binds ubiquitin during

protein recycling

“All A. glycines cDNAs showed closest match to A. pisum proteins as determined via Blastx.

cost and evolution of virulent biotypes, respectively
(Kim et al. 2008, Song and Swinton 2009, Hill et al.
2010, Tilmon et al. 2011). Development of novel man-
agement strategies necessitates the exploration of the
physiology of A. glycines; studies have been severely
lacking because of the recent North American inva-
sion (first found in year 2000). Our long-term research
goal is focused on understanding the genetic basis of
biotype evolution and to explore novel targets based
on molecular physiology. However, validation of any
gene expression data requires identification and val-
idation of stable HKGs. Here, we have evaluated the
stability of seven commonly used reference genes
(SDFS, succinate dehydrogenase flavoprotein subunit;
EFla, elongation factor-le; HEL, helicase; GAPDH,
glyceraldehyde-3 phosphate dehydrogenase; RPS9, ri-
bosomal protein S9; TBP, TATA-box binding protein;
and UBQ, ubiquitin-conjugating protein). These
HKGs were tested across various A. glycines samples,
including aphids fed on resistant and susceptible
plants; adult tissues; and developmental stages. Rec-
ommendations were suggested as to their utility for A.
glycines gene expression studies.

Materials and Methods

¢DNA Library Construction and Sequencing. The
c¢DNA library from A. glycines adults was constructed
using cDNA Synthesis System kit (Roche Applied
Science, Indianapolis, IN) and was sequenced on 454
GS Titanium platform. More details on library con-
struction, sequencing, and data analysis are provided
previously (Bai et al. 2010). The ¢cDNA library of A.
glycines contained 19,293 high-quality transcripts in
total. Homology searches for transcript sequences
were performed using Blast2GO software |[E-value
cut-off 1073] (Conesa et al. 2005, Conesa and Gotz
2008; Gotz et al. 2008, 2011). Based on information
available on commonly used reference genes in the
literature, we selected cDNA contigs of various can-
didate reference genes for A. glycines (Table 1). The
identity of putative cDNAs was further confirmed by
Blastx search in GenBank (National Center for Bio-
technology Information, Bethesda, MD). The cDNA

sequences of candidate reference genes were depos-
ited in GenBank (for accession numbers, see Table 1).

Insect Culture. For all qRT-PCR experiments, A.
glycines insects were obtained from a laboratory col-
ony, referred as biotype 1 (B1) that originated from
insects collected from Urbana, IL. (40° 06’ N, 88° 12’
W) in 2000 (Hill et al. 2004). At Ohio Agricultural
Research and Development Center (Wooster, OH), a
laboratory population of these insects is maintained on
susceptible soybean seedlings [SDOI-76R (2)] in a
rearing room at 23-25°C and a photoperiod of 15:9
(L:D) h.

qRT-PCR Analysis in A. glycines Fed With Resistant
and Susceptible Plants. Freshly hatched first-instar
nymphs of A. glycines (60-70 individuals) were al-
lowed to feed on resistant [LD-05 16060, contains
Ragl ] and susceptible soybean [SDO01-76R (2) | plants
(Tinsley et al. 2012). After 12 h of feeding, insects were
collected and placed in —80°C. There were three bi-
ological replications for each treatment. The collected
insect samples were processed for total RNA extrac-
tion by using TRI reagent (Molecular Research Cen-
ter Inc, Cincinnati, OH), following the protocol pro-
vided by the manufacturer. RNA samples were treated
with TURBO DNase (Applied Biosystems/Ambion,
Austin, TX) to remove any DNA contamination. Using
iScript ¢cDNA synthesis kit (Bio-Rad Laboratories,
Hercules, CA), first strand cDNA was prepared with
500 ng of RNA. qRT-PCR reactions were performed
with iQ SYBR Green super mix on a CFX-96 thermo-
cycler system (Bio-Rad Laboratories) (Bansal et al.
2011). Specific primers for each candidate reference
gene were designed using Beacon Designer version 7.0
(Premier Biosoft, Palo Alto, CA) (Table 2). Each re-
action was performed with 1 ul of cDNA, 0.5 uM of
each primer, and 12.5 ul of iQ SYBR Green super mix
in a 25-ul total volume. Each reaction was done in
duplicate in a 96-well optical-grade PCR plates, sealed
with optical sealing tape (Bio-Rad Laboratories). The
PCR amplifications were done with the following cy-
cling conditions: one cycle at 95°C (3 min), followed
by 35 cycles of denaturation at 95°C (30 s), annealing
and extension at 55°C for 45 s. Finally, melt curve
analyses were done by slowly heating the PCR mix-
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Table 2. Primer sequences and amplicon characteristics of candidate reference genes for qRT-PCR studies in A. glycines

Gene Primer sequence Amplicon length (bp) Product temp (°C) E (%) R?

SDFS CTGCTGTAGGTATCGTTC 148 76.0 108.816 0.9924
GTGGTATTTGGACGTTCAT

EFla CCTAACTGAAGAACGTGTG 106 80.5 94.331 0.9963
AAACTTCAAAGATCCATCTG

HEL AGGAATGAATTGGCTTGC 168 78.5 97.157 0.9936
AATTGTGGAGTGTAGATGAC

GAPDH TTTACGGTACACACCCTAT 94 79.5 107.909 0.9459
TGTTGGACATATTTGGTTT

RPS9 ACAGATTAAGAGGAACGATTA 95 78.0 90.444 0.9957
GGAAGAACTTGAGGAAGG

TBP GGGTTTTGAATAGTTTGTA 116 78.0 96.596 0.9841
GCTACTCCACATAGTATG

UBQ TTGGCGTGACAATTATCC 97 78.5 95.733 0.9925
GTAGAGCAACTGGCAAAT

tures from 55 to 95°C (1°C per cycle of 10 s) with
simultaneous measurements of the SYBR Green signal
intensities. PCR amplification efficiencies and corre-
lation coefficients (R®) for each primer pair were
calculated as described in Real-Time PCR Applica-
tions Guide (catalog no. 170-9799, Bio-Rad Laborato-
ries).

qRT-PCR Analysis in A. glycines Tissues and De-
velopmental Stages. To obtain selected tissue samples
(gut, fat body, integument, and embryo developing
inside adults), A. glycines adults (5 d old) were dis-
sected out in phosphate-buffered saline, pH 8.0, under
a dissecting microscope. During dissection, other tis-
sues of A. glycines such as salivary glands and bacte-
riocytes were discarded. To determine the expression
of candidate reference genes in different develop-
mental stages, all the four nymphal and adult samples
were collected from insects feeding on susceptible
soybean [SD01-76R (2) ] plants. Both tissue and de-
velopmental stages’ samples were processed for total
RNA extraction, DNase treatment, first strand cDNA
synthesis, and qRT-PCR as described in the previous
section. There were two biological and two technical
replications for each. The first strand cDNA was pre-
pared with 150 and 500 ng of RNA (DNA free) from
tissue and developmental stages samples, respectively.

Stability Analysis of Candidate Reference Genes.
Two software algorithms, i.e., GeNorm (Vandesom-
pele et al. 2002) and Normfinder (Andersen et al.
2004) were used to determine the stability of candi-
date reference genes. The raw expression values of
each gene, calculated by equation 274" were used
as input data for both GeNorm and Normfinder.
GeNorm calculated the M-score, and the lower the
value for M is indicative of a more stable expression or
low variation (Vandesompele et al. 2002). This value
is calculated by a geometric averaging of all the ref-
erence genes used in the study and mean pairwise
variation of a reference gene from other reference
genes. It is important to note that the HKGs showing
higher M value (M > 1.5) are not considered for
normalization studies. NormFinder also determines
the expression stability but by taking account of intra-
and intergroup variations for candidate reference
genes (Andersen et al. 2004). NormFinder provides

the stability value for each gene, a direct measure for
the estimated expression variation enabling evaluation
of the systematic error introduced when using the
gene for normalization (Andersen et al. 2004).

Results and Discussion

We profiled seven commonly used HKGs (SDEFS,
EFla, HEL, GAPDH, RPS9, TBP and UBQ) from a
transcriptomic database of A. glycines. The prelimi-
nary screening of these HKGs presented a range of Ct
values across the treatments (16.87-26.11, A. glycines
fed with resistant and susceptible host plants), tissues
(21.52-31.33, epidermis, gut, fat body, and embryo),
and developmental stages (17.08-29.15, first—fourth-
instar nymphs and adults) of A. glycines (Fig. 1). Our
qRT-PCR analysis was highly optimized as amplifica-
tion efficiencies (E) for various primer pairs ranged
from 90.44 to 108.16 and R* were >0.94 (Table 2)
(Schmittgen and Livak 2008). We included the melt-
ing curve analysis (65-95°C in increments of 0.5°C
every 5 s) in qRT-PCR reaction that revealed the lack
of any nonspecific product amplification (Supp. Fig. 1
[online only]). To determine a suitable reference
gene for gene expression studies in A. glycines, we used
GeNorm (version 3.5) and NormFinder that are freely
available software (Vandesompele et al. 2002, Ander-
sen et al. 2004).

GeNorm Analysis. Among the seven reference
genes (SDFS, EFla, HEL, GAPDH, RPS9, TBP, and
UBQ), GeNorm revealed TBP to be stably expressed
across the treatments, tissues, and developmental
stages (Fig. 2A-C, respectively). Although EFla
showed stable expression in both tissues and devel-
opmental stages, it had the least stability in insects fed
on resistant and susceptible host plants. GeNorm de-
termined the gene stability measure (M) among all the
reference genes tested. Except for the EFla in treat-
ments, all the HKGs assayed in the current study
displayed M < 1.5. This trend of dissimilar ranking of
reference genes across treatments, tissues, and devel-
opmental stages is quite a common phenomenon ob-
served in several gene expression studies in insects
(Hiel et al. 2009, Hornakova et al. 2010, Jiang et al.
2010, Lord et al. 2010, Mamidala et al. 2011, Rajarapu
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Fig. 1. C, values (*=SE) obtained for different HKGs under different experimental conditions. (A) Insects fed with

susceptible and resistant plants (B) Various tissues. (C) Different developmental stages of A. glycines.

et al. 2011). Hence, it is highly recommended to de-
termine the stably expressed reference gene for a
given sample as normalization is critical and a signif-
icant component of final data interpretation.
Although a single reference gene which is stable and
highly expressed suffices the requirement of quanti-
fying mRNA transcript levels for a gene of interest, it
also is recommended to use at least two to three
reference genes for effective normalization of gene
expression data (Vandesompele et al. 2002). The re-
quirement of optimal number of HKGs can be ob-
tained from the pairwise variation (V), wherein Van-
dosomplele et al. (2002) proposed a cut-off value
(0.15), below which the inclusion of other reference
genes are not required. Results in the current study
showed that the application of at least two stable
reference genes maintains proper normalization irre-
spective of treatment, tissue, and development stages’
samples (Fig. 3A-C, respectively). Because the pair-
wise variation was calculated by adding candidate
genes stepwise according to rankings shown in Fig. 2,
two of the most stable genes identified for a particular
experimental condition (Fig. 2) should be able to be
combined for normalization. The candidate genes

having lower stability in a given treatment (Fig. 2)
should be avoided for normalization even if it is to be
used in combination with other reference gene given
the suitability and availability of other reference
genes. For example, GeNorm analysis suggests that for
qRT-PCR normalization in A. glycines fed with resis-
tant and susceptible soybean, both TBP and RPS9
could be used together. Similarly, for normalization
among different developmental stages and among tis-
sues of A. glycines, TBP and EFla could be combined.
It is interesting to note that various HKGs (RPS9,
GAPDH, HEL, and UBQ) were not consistently ranked
in terms of their stability under different experimental
conditions, that is also the case observed in other
insect studies (Hiel et al. 2009, Hornakova et al. 2010,
Jiang et al. 2010, Lord et al. 2010, Mamidala et al. 2011).
Therefore, care should be taken in determining which
HKG to use depending on experimental conditions.
NormFinder Analysis. NormFinder showed similar
results to GeNorm, wherein TBP was shown to have
low stability value (lower variation of gene expres-
sion) across all the samples (Fig. 4), further indicating
the potential for this gene as a HKG for gene expres-
sion studies in A. glycines. Although there are discrep-
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Fig. 4. Stability values of HKGs as calculated by Normfinder. Stability values are indicated for insects fed with susceptible and resistant plants (A), various tissues (B), and different

developmental stages of A. glycines (C).

BANSAL ET AL.: A. glycines QRT-PCR REFERENCE GENES 1437

ancies between the GeNorm and Normfinder output,
TBP was shown to be the best ranking reference gene
with both methods among treatments, tissues, and de-
velopmental stages (Fig. 2 and 4). Also, both of these
analyses displayed RPS9 as an appropriate HKG across
the treatments (Figs. 2A and 4A). The different ranking
of other HKGs (EFla, GAPDH, HEL, and UBQ) by both
GeNorm and NormFinder clearly demonstrates the ex-
pression stability of HKGs is influenced spatially, tem-
porally, and also on experimental treatment.

In conclusion, the HKG gene TBP showed stable
expression across all the samples and did not seem to
be influenced by treatments (A. glycines fed with re-
sistant and susceptible host plants), among the various
tissues and developmental stages included. Therefore,
it could be used to normalize the mRNA transcript
levels of candidate genes in A. glycines. The TBP is a
transcription factor that binds specifically to a DNA
sequence called the TATA box and is well docu-
mented for its use as reference gene in several studies
(Radonic et al. 2005, Jung et al. 2007, Nygard et al.
2007). In addition, for experiments with A. glycines fed
with resistant and susceptible host plants, RPS9 may be
considered. Similarly, for normalization among tissues
and developmental stages, EFla also can be used along
with TBP. The identified reference genes in the cur-
rent study may potentially serve as ideal internal con-
trols in other closely related aphid species. However,
the order of the gene stability should be revised for
using a species specific study.
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