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Reference gene selection for gene 
expression study in shell gland and 
spleen of laying hens challenged 
with infectious bronchitis virus
Samiullah Khan1,2, Juliet Roberts1 & Shu-Biao Wu   1

Ten reference genes were investigated for normalisation of candidate target gene expression data 
in the shell gland and spleen of laying hens challenged with two strains of infectious bronchitis virus 
(IBV). Data were analysed with geNorm, NormFinder and BestKeeper, and a comprehensive ranking 
(geomean) was calculated. In the combined data set of IBV challenged shell gland samples, the 
comprehensive ranking showed TATA-box binding protein (TBP) and tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein zeta (YWHAZ) as the two most stable, and succinate 
dehydrogenase complex flavoprotein subunit A (SDHA) and albumin (ALB) as the two least stable 
reference genes. In the spleen, and in the combined data set of the shell gland and spleen, the two 
most stable and the two least stable reference genes were TBP and YWHAZ, and ribosomal protein L4 
(RPL4) and ALB, respectively. Different ranking has been due to different algorithms. Validation studies 
showed that the use of the two most stable reference genes produced accurate and more robust gene 
expression data. The two most and least stable reference genes obtained in the study, were further 
used for candidate target gene expression data normalisation of the shell gland and spleen under an IBV 
infection model.

The five main segments of hen oviduct are ovary, infundibulum, magnum, isthmus and shell gland (uterus). 
The isthmus is involved mainly in shell membrane formation. The shell gland is involved in the synthesis and 
secretion of substances for the formation of distinct layers of the eggshell. During the egg formation cycle, an 
egg remains for approximately 18–20 hours in the shell gland during which shell formation takes place1. Calcium 
ions for shell formation are secreted from the shell gland cells and the calbindin gene plays a primary role in Ca2+ 
transportation2. Approximately 437 peptides and ion transporters have been identified as being involved in the 
formation of the eggshell3,4. Based on the role of the shell gland in synthesis of various components the eggshell, 
it is, metabolically, a very active organ in the reproductive tract of laying hens.

Infectious bronchitis virus (IBV) is a highly contagious mucosal pathogen of both broiler and layer chickens 
worldwide5,6. IBV replicates in cell cytoplasm and contains an un-segmented single stranded positive sense RNA 
of 27.6 kbp7–9. IBV has a short incubation period6, and viral spread occurs rapidly among chickens by aerosol 
and mechanical means10,11. IBV has the capability to multiply in various epithelial tissues, such as trachea12,13, 
kidney14, intestine15,16, spleen17 and oviduct16,18–20. The virus is well known for its effects in laying hens, including 
egg production and quality drops10,16,21,22. In Australia, there are two common forms of this virus, respiratory and 
nephropathogenic. Both types can induce various degrees of pathological changes in the oviduct of adult laying 
hens20. Genes involved in eggshell formation have been shown to be affected by IBV infection23. IBV infection 
induces a wide range of immune responses in chickens. An innate immune response is activated during the initial 
stages of infection in the mucosal lining of the trachea following binding of IBV virions to receptors on epithelial 
cells24. Activation of the innate immune response may be initiated by Toll-like receptors (TLRs) signalling upon 
IBV recognition25. Cellular and local immunity play a critical role in the protection of chicks from IBV infection26. 
Studies have shown that systemic immunisation generally fails to elicit strong mucosal immunity27,28. However, all 
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ages are susceptible, with very young chicks exhibiting more severe respiratory signs and much higher mortality 
than older birds29,30. The spleen is a lymphoid organ that plays an important role in the initiation of the immune 
response against systemically induced antigens31 and is among the major organs where T and B cells are localized. 
In birds, the spleen serves as an important secondary immune organ as lymph nodes are not present31,32.

Quantifying gene expression in various patho-physiological conditions is a common technique in molecular 
biology. The two most commonly used methods of performing quantitative gene expression include relative and 
absolute quantification33. In relative quantification, qPCR data of candidate target genes of interest are achieved by 
including two or more most stably expressed internal control genes as an internal calibrator (reference genes)34. 
Selection of a reliable reference gene under the specific conditions is key to quantitative accuracy. The ideal refer-
ence gene should be expressed at a constant level in the tissue regardless of tissue nature, cell type, developmental 
stage and experimental conditions34,35. Traditionally, most commonly used housekeeping genes, such as ACTB, 
TUBB and GAPDH have been used widely as generic reference genes. However, ample evidence has shown that 
the expression of these genes may not be constant across a range of experimental conditions and tissues under 
investigation36–38. Thus, it is now recommended to use housekeeping genes as reference genes for normalisation 
only when prior analysis of their expression stability has been carried out. It is also recommended that more than 
one reference gene be used to achieve more robust, accurate and reliable normalisation of gene expression data34.

The programmes geNorm34,39, NormFinder40,41 and BestKeeper42 have been used to analyse the stability of 
housekeeping gene expression in samples from various sources. The underlying principle in each software is 
slightly different from the others and thus the resulting ranking of genes is not always the same. geNorm in 
qbase + module version 3.0 (Biogazelle, Belgium) calculates the gene expression stability (geNorm M) as the 
arithmetic mean of the pairwise variation (geNorm V) between all tested genes34,39. The geNorm V for any given 
two genes is the standard deviation calculated from the log2 transformed relative quantities between those two 
genes34 geNorm V shows level of variation in the average values of reference gene stability with the sequential 
inclusion of the next stable reference gene to the equation Vn/n+1

34,39. The analysis starts with the two most stably 
expressed genes being compared to the pair including the third (V2/3), and the process continues until the least 
stable gene is added (i.e. V9/10)39. To select the most stable single gene, geNorm re-calculates geNorm M after 
removing the least stable gene and repeats the process until the one most stable gene remains39. NormFinder cal-
culates both inter- and intra-group variations and then combines the two to produce a stability value (SD), which 
thus represents a practical measure of the systemic error introduced when investigating the gene40,41. Hence, a low 
stability value reflects low inter- and intra-group variation40,41. An Excel based BestKeeper (Version 1.0) software 
determines the most stable reference genes based on Pearson correlation coefficient (r), coefficient of variance 
(CV) and standard deviation42. The current study investigated the expression stability of ten commonly used 
reference genes in laying hens infected with IBV T and Vic S strains. This study was performed in conjunction 
with a broader study in which the effect of IBV on the genes involved in eggshell formation in the shell gland and 
immune response in the spleen was investigated. The reference genes selected were then used for gene expression 
data normalisation of candidate target genes in the shell gland and spleen in an IBV model. Furthermore, differ-
ent candidate target genes involved in calcium transportation (CALB1) across cell membrane43 and protopor-
phyrin synthesis (ABCB6)44 in the shell gland and genes (IFNγ and IL7) involved in immune system in spleen of 
laying hens were used for the validation of the reference genes. The outcome of the study confirmed that TBP and 
YWHAZ were the two most stable reference genes in the shell gland and spleen tissues of chickens challenged 
with IBV.

Results
Efficiency and specificity of reference gene.  All primers amplified a single PCR product of the expected 
size confirmed by Agilent 2100 Bioanalyzer gel (Fig. 1). The melting curve analysis of all primer pairs further 
confirmed primer specificity and minimal primer dimers as shown by single peak melting curves for individual 
genes (Fig. 2). The amplification efficiencies of all ten candidate reference genes were between 93% and 105%. 
The amplification efficiencies were 93% for RPL4, 94% for SDHA, 97% for each of ACTB, HMBS and TBP, 100% 
for HPRT1, 101% for 18 S rRNA, 104% for YWHAZ and 105% for each of ALB and GAPDH. The correlation coef-
ficient (R2) of all the standard curves performed in 6-point dilutions of RNA, ranged from 0.99253 to 0.99980. 
The overall expression patterns (Cq values) for these ten reference genes in the shell gland and spleen are shown 
in Fig. 3a,b, respectively. In the shell gland, most of the reference genes were highly expressed, with average Cq 
values between 15 and 21 cycles, except 18 S rRNA and ALB, which showed average Cq values around 6 and 26 
cycles, respectively (Fig. 3a). In the spleen, the average Cq values of the genes ranged from 12 to 21 cycles except 
for 18 S rRNA that showed average Cq values around 4 (Fig. 3b). Both in the shell gland and in the spleen, the 
expression pattern of the ten reference genes was calculated in the combined data set of control, IBV T and Vic S 
strains challenged groups.

Reference gene expression stability in shell gland and spleen.  In the shell gland, in the combined 
data set of control, IBV T and Vic S strain challenged groups, the two most stable reference genes in geNorm and 
NormFinder were TBP and YWHAZ (Table 1). In the same data set, BestKeeper ranked HMBS and RPL4 as the 
two most stable genes. The comprehensive ranking (geomean) showed TBP and YWHAZ as the two most stable 
genes. Despite slight variations in gene ranking in different software, the average expression stabilities (geNorm 
M) of the ten reference genes in the combined data set were within the acceptable range (<0.50) and varied from 
0.159 (YWHAZ) to 0.373 (ALB) (Table 1). The two least stable genes in geNorm and NormFinder were ACTB 
and ALB, while BestKeeper showed SDHA as the least stable gene instead of ACTB (Table 1). The two least stable 
genes obtained in the comprehensive ranking were SDHA and ALB. The pairwise variation (geNorm V) recom-
mended TBP and YWHAZ as the best set of genes with geNorm V (V2/3) value as 0.048 (Fig. 3c). A geNorm V 
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value < 0.15 for the combination of first two genes showed that there was no need to combine the third gene to be 
used as set of reference genes for expression data analysis.

In the spleen, with the combined data set of control, IBV T and Vic S strain challenge groups, the two most 
stable reference genes were TBP and YWHAZ with slight variations in the ranking obtained in NormFinder 
(Table 1). The two least stable reference genes across all the statistical software were RPL4 and ALB (Table 1). The 
pairwise variation recommended TBP and YWHAZ as the two most stable reference genes with geNorm V value 
as 0.089 (Fig. 3c). Based on the data combined from the shell gland and spleen, TBP and YWHAZ were ranked as 
the two most stable reference genes in geNorm and BestKeeper. In the same data set, NormFinder ranked ACTB 
and HPRT1 as the two most stable reference genes. The two least stable reference genes varied in different software 
(Table 1). The pairwise variation recommended TBP and YWHAZ as the two most stable reference genes with 
geNorm V value as 0.05 (Fig. 3c).

Reference gene validation in shell gland and spleen.  The relative expression levels of candidate target 
genes CALB1 and ABCB6 in the shell gland of laying hens challenged with IBV T strain were analysed with the 
two most stable (TBP, YWHAZ) and the two least stable reference genes (SDHA, ALB), according to the compre-
hensive ranking (geomean) applied in the study. The relative expression levels of CALB1, normalized with each of 
the two most stable and the least stable genes, were comparable with one another (Fig. 4a,b). However, the level 
of significance (p value) changed when the expression level of CALB1 was normalised with the two most and two 
least stable reference genes. The expression levels of ABCB6 were significantly affected when the comparison was 
made for the gene expression data normalized with the two most and least stable reference genes (Fig. 4c,d). The 
normalisation of the gene expression data with the two least stable reference genes led to erroneous interpreta-
tion of the data and the level of significance changed from P = 0.0152 to P = 0.0713. In the spleen, the relative 
expression levels of IFNγ and IL7 were analysed with the two most stable (TBP, YWHAZ) and the two least stable 
reference genes (RPL4, ALB). The relative expression levels of IFNγ between the control and challenge groups, 
obtained from data normalisation with the two most stable reference genes, was comparable with the data nor-
malised with the two least stable genes; however, the level of significance changed considerably (Fig. 4e,f). The 
relative expression levels of IL7 normalised with the two most stable reference genes were significantly different 
between the IBV T and control groups, while the expression level of IL7 became non-significant when the two 
least stable reference genes were used for normalisation (Fig. 4g,h).

Discussion
We investigated the stability of ten reference genes in the shell gland region of the oviduct in laying hens when the 
egg was in the isthmus (5 hr post-oviposition time-point) region of oviduct in IBV T and Vic S strains challenged 
groups. The same set of genes was also investigated in spleen under the same IBV model. The current study pro-
vides information on the expression stability of these candidate reference genes and most stably expressed refer-
ence genes are suggested for the normalisation of gene expression data in the chicken shell gland and spleen in 
infectious bronchitis study models. In our previous study, HPRT1 and HMBS were chosen as the two most stable 
reference genes in relation to three or four time-points of eggshell formation and nicarbazin treatment45. In the 
current study, the HMBS and HPRT1 fell in the middle of the ranking order among the 10 reference genes ranked 

Figure 1.  Amplification of the genes fragments from the shell gland tissue of chicken to assess the specificities of 
the primers used in the current study. (L) DNA ladder (bp); (1) 18 S rRNA (63 bp); (2) ALB (197 bp); (3) ACTB 
(139 bp); (4) GAPDH (66 bp); (5) HMBS (131 bp); (6) HPRT1 (245 bp); (7) RPL4 (235 bp); (8) SDHA (126 bp); (9) 
TBP (147 bp); (10) YWHAZ (61 bp); (11) ND4-positive control (137 bp); (12) TLR7-positive control (200 bp). 
The upper (purple) and lower (green) markers act as internal standards and are used to align the ladder analysis 
with the individual DNA sample analysis. The standard curve (plotting migration time against DNA amplicon 
size), in conjunction with the markers, is then used to calculate DNA fragment sizes for each well from the 
migration times measured (see Agilent 2100 Bioanalyzer Users Guide for Molecular Assays). The DNA gel in 
Agilent 2100 Bioanalyzer was performed as per manufacturer’s instructions of Agilent DNA 1000 Kit.
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with the combination of data from both the shell gland and spleen. This study suggests that YWHAZ and TBP 
express more stably in the shell gland and spleen of laying hens compared with HPRT1 and HMBS. As a general 
guideline, with geNorm ranking, it is stated that the benefit of using an extra (n + 1)th reference gene is limited 
as soon as the Vn/n+1 value drops below the 0.15 threshold. In the current study, the geNorm V for the two most 
stably expressed reference genes was < 0.15 and adding the third most stable gene for expression data normali-
sation was not necessary. In gene expression studies performed on different tissues of chicken, TBP, HPRT1 and 
HMBS have been reported to be among the most stable reference genes46–48. RPL13 and TBP were ranked to be 

Figure 2.  Melting curves of 10 reference genes in the shell gland samples. All melting curves showing a single 
peak indicated that all primers were specific in amplifying fragments of the genes and chances for primer 
dimers were minimum in the qPCR products. A melting phase at a ramp from 50 °C to 99 °C at 1 °C increments 
in Rotor-Gene Q was performed to assess the specificity of PCR amplification.
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the most stable reference genes in chickens and turkeys infected with Histomonas meleagridis and fowl aviadeno-
virus49. However, in many other avian studies, differences in the stability of reference genes between the control 
and infected, among multiple avian species and between different tissues of the same species, were observed46,49,50. 
Similarly, in non-avian species, differences in the stability of reference genes raking in different tissues of the same 
species or organ developmental stages have been established51–54. Nevertheless, in the current study, the overall 
higher stability of YWHAZ and TBP across most of the software in the combination of different data sets indi-
cated that these two genes can be used as reference genes for the normalisation of expression data in laying hens 
in IBV infection models. In the current study, in the combined data set of the shell gland samples, all ten reference 
genes were in the acceptable range as stable reference genes with geNorm M value < 0.5 and SD < 1.0. In the 
spleen samples, all genes but SDHA, RPL4 and ALB showed SD < 1.0 in BestKeeper. This demonstrated that most 
of the genes analysed had relatively high stability both in the shell gland and spleen tissues in response to IBV 
challenge. A better stability value of ACTB in the spleen might indicate that this gene is more stable in spleen than 
in shell gland tissue. Recently, ALB and ACTB have been shown to be the least stable reference gene in various 
tissues of wild duck challenged with low pathogenic avian influenza A virus55. Similarly, ACTB has been reported 
as an unsuitable reference gene in in vitro studies of primary mouse fibroblasts treated with tumour extract56. In 
different vertebrate species, different reference genes under different treatments have been validated in the repro-
ductive system. GAPDH and HPRT1 were ranked as the two most stable reference genes in the ovary of geese57. In 
bovines, the two most stable reference genes in the uterus were GAPDH and YWHAZ58. In the ovary of a mouse, 
under various toxicological treatments, the two most stable reference genes were GAPDH and RPL13a59. GAPDH 
is involved in the glycolytic pathway and its expression depends on tissue type60,61 and certain conditions, such 
as deprivation of glucose and stress induction62. Recently, GAPDH was found to be the least stable reference gene 
in the inguinal white adipose tissue and skeletal muscle of caloric restricted mice54. In the current study, both 
in the shell gland and spleen, the GAPDH ranking was in the middle order across most of the statistical tools. 
Therefore, it is recommended not to use GAPDH as a reference gene for expression data normalisation until it has 
been tested under the prevailing experimental conditions, as MIQE guidelines recommend that the validation of 
reference genes should be performed before their use in expression data normalisation63.

Available literature on reference gene stability in human and various other animal species show variable results 
for TBP and YWHAZ. TBP was shown to be among the most stable reference genes in human glioblastoma sam-
ples64–66. In rat endogenous cardiac stem cell culture, TBP was among the least stable reference genes67. YWHAZ 
was among the least stable reference genes in various tissues of goat68. TBP was the least stable gene in different 
tissues of mouse54 and rat59. From the available literature, it seems that TBP and YWHAZ may not be the most 

Figure 3.  Effect of IBV challenge on the expression stability of 10 reference genes in the shell gland and spleen. 
Mean Cq values of the control, IBV T and Vic S strains challenged groups in the shell gland (a) and in the spleen 
(b). A square across the box is depicted as the median. The box indicates the 25th and 75th percentiles and the 
whiskers caps represent the maximum and minimum values (c) Pairwise variation (geNorm V) of genes in the 
shell gland (control, IBV T and Vic S strains challenge groups together), in the spleen (control, IBV T andVic S 
strains challenge groups together) and in the combined data set of the shell gland and spleen. In qbase + software, 
geNorm V was calculated as standard deviation of the log2 transformed relative quantities between those two 
genes. The geNorm V analysis started with the two most stably expressed genes being compared to the pair 
including the third (V2/3), and the process continued until the least stable gene was added (i.e. V9/10).
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stable reference genes in certain tissues of various species. Nevertheless, the current study confirms that TBP and 
YWHAZ are stably expressed genes in chicken tissues undergoing viral multiplication.

The present study has demonstrated that the rankings of the expression stability of 10 candidate refer-
ence genes had similar trends but discrepancies were observed among different statistical programmes used. 
Differences in gene ranking were also observed between shell gland and spleen. Similar discrepancies have been 
observed in our previous study45 and elsewhere with different species and treatments48,57,69. With different algo-
rithms in different programmes, slight change of gene stability orders can be expected by the analyses using these 
programmes. Furthermore, the reference gene validation with the two most stable and two least stable reference 
genes showed that the least stable genes significantly affect the outcome of expression data normalisation and may 
lead to erroneous interpretation of such data.

In summary, we have performed optimisation of reference genes in samples collected from the shell gland and 
spleen tissues in IBV challenged laying hens. Two most stably expressed reference genes, YWHAZ and TBP have 
been chosen for the normalisation of gene expression data in the shell gland and spleen of chickens under IBV 
infection models in poultry and other avian species. The validation study has confirmed that the use of these two 
genes as reference genes led to discrimination between the expression levels of four candidate target genes upon 
different treatments, while the use of two least stable reference genes may lead to incorrect interpretation of data.

Methods
Animal Ethics.  The experimental setup was approved by the University of New England, Animal Ethics 
Approval Committee under Authority No. AEC15-118. The protocol was carried out in accordance with the 
guidelines specified in Australian Code for the Care and Use of Animals for Scientific Purposes 8th edition 2013.

Group Rank

geNorm NormFinder BestKeeper Geomean

Gene M value Gene SD Gene SD Gene Value

Shell gland

1 YWHAZ 0.159 TBP 0.071 HMBS 0.156 TBP 1.817

2 TBP 0.161 YWHAZ 0.111 RPL4 0.176 YWHAZ 2.410

3 18 S 0.162 RPL4 0.115 TBP 0.179 RPL4 3.107

4 HPRT1 0.180 HMBS 0.118 ACTB 0.207 HMBS 3.175

5 RPL4 0.216 18 S 0.133 GAPDH 0.211 18 S 4.932

6 GAPDH 0.235 GAPDH 0.154 HPRT1 0.216 HPRT1 5.518

7 SDHA 0.250 HPRT1 0.166 YWHAZ 0.224 GAPDH 5.646

8 HMBS 0.262 SDHA 0.166 18 S 0.242 ACTB 6.868

9 ACTB 0.274 ACTB 0.186 SDHA 0.246 SDHA 7.958

10 ALB 0.373 ALB 0.787 ALB 0.537 ALB 10.000

Spleen

1 TBP 0.233 HMBS 0.088 YWHAZ 0.227 TBP 2.000

2 YWHAZ 0.248 ACTB 0.088 TBP 0.256 YWHAZ 2.289

3 ACTB 0.260 GAPDH 0.190 ACTB 0.279 ACTB 2.621

4 HMBS 0.312 TBP 0.246 18 S 0.304 HMBS 2.714

5 GAPDH 0.331 HPRT1 0.252 HMBS 0.406 GAPDH 4.481

6 HPRT1 0.352 YWHAZ 0.364 GAPDH 0.417 18 S 5.809

7 18 S 0.390 18 S 0.441 HPRT1 0.517 HPRT1 5.944

8 SDHA 0.516 SDHA 0.457 SDHA 1.049 SDHA 8.000

9 RPL4 0.673 RPL4 0.694 ALB 1.218 RPL4 9.322

10 ALB 0.900 ALB 7.130 RPL4 1.442 ALB 9.655

All together (shell 
gland and spleen)

1 TBP 0.154 ACTB 0.450 YWHAZ 0.557 YWHAZ 1.817

2 YWHAZ 0.159 HPRT1 0.944 TBP 0.623 TBP 2.289

3 GAPDH 0.161 YWHAZ 1.017 GAPDH 0.630 ACTB 3.302

4 ACTB 0.191 SDHA 1.027 HPRT1 0.720 GAPDH 3.557

5 HMBS 0.203 GAPDH 1.076 18 S 0.746 HPRT1 3.826

6 18 S 0.217 TBP 1.105 HMBS 0.757 SDHA 6.073

7 HPRT1 0.231 RPL4 1.725 SDHA 0.856 HMBS 6.214

8 SDHA 0.261 HMBS 2.300 RPL4 1.286 18 S 6.463

9 RPL4 0.317 18 S 3.020 ACTB 1.483 RPL4 7.958

10 ALB 0.439 ALB 9.984 ALB 1.742 ALB 10.000

Table 1.  Overall stability values of reference genes in the combined data set of shell gland and spleen affected 
by IBV T and Vic S strain challenge. The Cq values were analysed in geNorm, NormFinder and BestKeeper and 
a comprehensive ranking (geomean) was calculated by assigning an appropriate weightage to individual gene 
ranking obtained in individual software. A total of 10 samples for each of the groups (IBV T, Vic S and control) 
in each tissue (shell gland or spleen) were processed for qPCR assay.
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Figure 4.  Relative expression levels of the candidate target genes affected by IBV T challenge in the shell gland 
and spleen of laying hens. (a) CALB1 expression level in the shell gland normalized with the most stable genes 
YWHAZ and TBP (P = 0.6783). (b) CALB1 expression level in the shell gland normalized with the least stable 
genes SDHA and ALB (P = 0.7788). (c) ABCB6 expression level in the shell gland normalized with the most 
stable genes YWHAZ and TBP (P = 0.0152). (d) ABCB6 expression level in the shell gland normalized with the 
least stable genes SDHA and ALB (P = 0.0713). (e) IFNγ expression level in the spleen normalized with the most 
stable genes YWHAZ and TBP (P = 0.0021). (f) IFNγ expression level in the spleen normalized with the least 
stable genes RPL4 and ALB (P = 0.0050). (g) IL7 expression level in the spleen normalized with the most stable 
genes YWHAZ and TBP (P = 0.0333). (h) IL7 expression level in the spleen normalized with the least stable 
genes RPL4 and ALB (P = 0.1130). Values are relative expression quantities and error bars show standard error. 
Across the treatment, a,bshow significant difference (p < 0.05). For the candidate target genes, normalised 
relative quantities (NRQ) were calculated in qbase + based on ( −ΔΔ2 Cq) approach with a genes specific 
amplification efficiencies to show the relative expression of Cq levels in folds to the mean Cq of all samples of 
the genes. NRQ values were further analysed in Statview software (SAS) and Tukey-Kramer test was used to 
differentiate level of significance (p < 0.05) between means. A total of 20 samples for each of the groups (IBV T 
and control) in each tissue (shell gland or spleen) were processed for qPCR assay.
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Rearing of IBV free laying hens and virus challenge.  Day old Isa-Brown laying chickens were obtained 
from the Baiada Hatchery at Tamworth, NSW, Australia. At day-old, all the chickens received vaccine (Rispens) 
against Marek’s disease at the hatchery but were not vaccinated against infectious bronchitis (IB). The chickens 
were raised in isolation sheds at the University of New England under a strict biosecurity system. All chickens 
were fed commercial starter mash up to 4 weeks of age, pullet grower to 18 weeks of age and layer mash until 
the termination of the experiment. Pullets were moved from the isolation sheds at 18 weeks of age to individual 
cages in an isolated poultry house. There was no morbidity or mortality from the rearing period until challenge 
by IBV T and Vic S strains. Before challenge, an ELISA was performed to confirm that all birds were negative for 
IBV antibody titre in the blood. At 35 weeks of age, eggs were collected and processed for traditional egg quality 
measurements. Hens were divided into 2 × 3 factorial design (Table 2) in such a way that the egg weight and egg-
shell colour (L*) were not significantly different among the groups. The hens selected for IBV T and Vic S strain 
challenge were moved to a separate poultry house one week prior to challenge to settle down and recover from 
the trans-location stress. From the control hens, eggs were analysed until the hens were euthanised for shell gland 
and spleen tissues collection. At the time of euthanasia, the egg in individual hens was in the distal magnum/
isthmus (5 hr post-oviposition time). At this oviposition time, the egg is getting ready to enter to shell gland tissue 
and thus it is assumed that the secretory activities in the shell gland will be commencing. From the challenged 
hens, eggs were analysed for 2 days prior to challenge and daily collection of eggs for analysis continued until 
individual hens were euthanised. In the challenged groups, 5 hens from each group at a time were intra-occularly 
inoculated with 107 embryo infective dose (E.I.D50) and closely monitored for the development of clinical signs 
of IB and loss in eggshell colour until days 9–10 post-infection (p.i.). The E.I.D50 dose was determined in embry-
onated SPF eggs infected at 9 days of incubation with 10-times serial dilutions (10−3 to 10−8 dilutions) of IBV T 
strain. Eggs were opened at 16 days of incubation and the number of live, dead or virus affected (dwarfed, curled) 
embryos recorded. The 107 E.I.D50 dose for IBV Vic S strain was calculated from the dose on the vial of commer-
cial freeze-dried vaccine (Poulvac Bron Vic S, Zoetis Australia). The infection in challenged birds was confirmed 
through RT-qPCR (shell gland and spleen tissues) and ELISA (ELISA kit, IDEXX Laboratories, Inc., Westbrook, 
MA, USA).

Selection of primers sequence and validation.  In the current study, all ten reference genes were 
selected from the literature published for chickens (Table 3). Specific amplifications of the primers were assessed 
by generation of a single peak of melting curve using uMelt web based tool for predicting DNA melting curves 
and denaturation profiles of PCR products70. Furthermore, primer specificity was confirmed by obtaining a single 
band of appropriate size in Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) using Agilent 
DNA 1000 Kit per the manufacturer’s instructions. PCR amplification efficiencies and correlation coefficients 
(R2) were determined with the amplifications of a series of six 10-fold dilutions of RNA based on the following 
equation71–74;

=





−






×

−


−



E 10 1 100slope

1

The qPCR was performed on the reference genes when the PCR amplification efficiency was in a range of 93 
to 105%, and linear correlation coefficient R2 > 0.980 were considered of high standard63,73.

Tissue collection for RNA extraction.  Hens were humanely euthanised with CO2 gas and the shell gland 
was aseptically retracted through the abdominal incision. The shell gland was opened from the anterior-ventral 
side and an approximately 500 mg sample tissue was cut from the centre of the shell gland and directly transferred 
to RNALater (Sigma Aldrich, Australia) in 2 mL Eppendorf tubes. The samples were stored at −20 °C and were 
processed for total RNA extraction within one day of collection. At the same time of shell gland tissue collection, 
an approximately 500 mg sample of spleen was cut in such a way that it contained both red and white pulp and 
was directly transferred into RNALater and processed as described earlier.

Total RNA extraction and purification.  Total RNA was extracted using TRIsure (Bioline, Australia), 
according to the manufacturer’s instructions. Briefly, an approximately 100 mg of tissue (wet weight) was homog-
enized in 1 mL of TRIsure using an IKA T10 basic Homogenizer (Wilmington, NC, USA). After the RNA pellets 
were washed with 1 mL ethanol (75%), 50 µL of UltraPure™ DEPC-treated water (Ambion, USA) was used to dis-
solve RNA pellets. The total RNA was further purified using RNeasy Mini Kit (Qiagen, GmbH, Hilden, Germany) 
as per the manufacturer’s instructions. A DNase-I step was included to get rid of the genomic DNA. The elution of 
RNA from the spin column with 50 μL of RNase-free water was repeated twice and the eluted RNA solutions were 
mixed thoroughly. The purified RNA was analysed in a NANODROP-8000 spectrophotometer (ThermoFisher 

Variable No. of hens (n = 10) Shell gland Spleen

Control + + +

IBV T challenge + + +

IBV Vic S challenge + + +

Table 2.  Grouping of laying hens for tissues collection for reference genes study. The control group was the 
same for both the IBV T and Vic S strains challenge groups.
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Scientific, Wilmington, DE, USA) to measure its quantity and purity. RNA integrity and purity were also exam-
ined in Agilent 2100 Bioanalyzer using Agilent RNA 6000 Nano Kit as per the manufacturer’s instructions. All the 
RNA showed distinct 18 S and 28 S bands with an average RNA integrity number (RIN) > 9.1.

Quantitative PCR.  qPCR was performed with the SensiFAST SYBR® Lo-ROX One-Step RT-PCR Kit 
(Bioline, Australia). Master mix was prepared as per the manufacturer’s protocol and RNA template from 1:100 
dilutions was added to the reaction wells using QIAgility robotic (Qiagen, Australia). The reaction in a volume 
of 20 µL contained 10 µL of 2 × SensiFAST SYBR low Rox one-step mix, 400 nMoles primers, 0.2 µL of reverse 
transcriptase, 0.4 µL of RiboSafe RNase inhibitor, 3.8 µL RNase-free water and 4 µL of RNA template. The reac-
tion was run in triplicates in a Rotor-Gene Disc 100 (Qiagen, Australia) with a Rotor-Gene Q thermocycler 
(Qiagen, Australia). No template control (NTC) and no reverse transcriptase (-RT) control were also included to 
detect possible contamination. Thermocycling conditions for a 2-step PCR were: reverse transcription at 45 °C for 
10 minutes, first denaturation at 95 °C for 2 minutes, then 40 cycles of denaturation at 95 °C for 5 s and annealing 
at 60 °C, 61 °C or 63 °C for 20 s.The fluorescent data were acquired at the end of each annealing step during PCR 
cycles. A melting step was conducted to assess the specificity of PCR amplification. The qPCR products were 
examined in the Bioanalyzer using Agilent DNA 1000 Kit to determine the amplification specificity by the size of 
the amplicons estimated.

Statistical Analysis.  The geNorm module in qbase + software (version 3.0) was used to calculate the gene 
expression stability measure (geNorm M)34,39. The input data for qbase + were generated using the relative quanti-
ties based on comparative quantification cycle (Cq). In addition, the raw Cq values were analysed in NormFinder 
(GenEx version 6.0.1)40,41 for reference gene expression stabilities. NormFinder calculates the standard deviation 
(SD) of the genes relative to the mean expression of all the genes in the panel. Before data analysis in qbase + and 

Gene name
Gene 
symbol Primer sequence (5ʹ-3ʹ)

Amplicon 
size (bp)

Ta 
°C

PCR 
efficiency (%)

Correlation 
coefficient (R2) Slope Accession No. Reference

Nuclear ribosomal RNA 
small subunit

18 S 
rRNA

F: TGTGCCGCTAGAGGTGAAATT
63 60 101 0.99873 −3.288 AF173612.1 Kuchipudi et al.77

R: TGGCAAATGCTTTCGCTTT

β-actin ACTB
F: CTGTGCCCATCTATGAAGGCTA

139 60 97 0.99980 −3.387 NM_205518.1 Yang et al.78

R: ATTTCTCTCTCGGCTGTGGTG

Albumin ALB
F: CCTGGACACCAAGGAAAT

197 60 105 0.99253 −3.009 NM_205261.2 Yang et al.78

R: TGTGGACGCCGATAGAAT

Glyceraldehyde 3-phosphate 
dehydrogenase GAPDH

F: GAAGCTTACTGGAATGGCTTTCC
66 60 105 0.99874 −3.217 NM_204305.1 Kuchipudi et al.79

R: CGGCAGGTCAGGTCAACAA

Hydroxymethylbilane 
synthase HMBS

F: GGCTGGGAGAATCGCATAGG
131 60 97 0.99953 −3.397 XM_417846.2 Yin et al.80

R: TCCTGCAGGGCAGATACCAT

Hypoxanthine 
Phosphoribosyltransferase HPRT1

F: ACTGGCTGCTTCTTGTG
245 63 100 0.99870 −3.322 NM_204848.1 Yang et al.78

R: GGTTGGGTTGTGCTGTT

Ribosomal protein L4 RPL4
F: TTATGCCATCTGTTCTGCC

235 60 93 0.99785 −3.502 NM_001007479.1 Yang et al.78

R: GCGATTCCTCATCTTACCCT

Succinate dehydrogenase 
complex flavoprotein 
subunit A

SDHA
F: TCTGTCCATGGTGCTAATCG

126 60 94 0.99790 −3.484 NM_001277398.1 Bages et al.46

R: TGGTTTAATGGAGGGGACTG

TATA-Box Binding Protein TBP
F: TAGCCCGATGATGCCGTAT

147 61 97 0.99676 −3.407 NM_205103 Li et al.81

R: GTTCCCTGTGTCGCTTGC

Tyrosine 3-monooxygenase/
tryptophan 
5-monooxygenase activation 
protein, zeta polypeptide

YWHAZ
F- TTGCTGCTGGAGATGACAAG

61 60 104 0.99912 −3.222 NM_001031343.1 Bages et al.46

R- CTTCTTGATACGCCTGTTG

Calbindin 1 CALB1
F: TTGGCACTGAAATCCCACTGA

116 60 100 0.99873 −3.322 NM_205513.1 Qi et al.82

R: CATGCCAAGACCAAGGCTGA

ATP binding cassette 
subfamily C member 6 ABCB6

F: CTCAACTGGTTCGGCACCTA
107 60 105 0.99761 −3.150 XM_015290086.1 this study

R: TTCACTGCATCCTTCACCTCC

Interferon gamma IFNγ
F- 
GTGAAGAAGGTGAAAGATATCATGGA 71 60 99 0.99878 −3.180 NM_205149.1 this study
R- GCTTTGCGCTGGATTCTCA

Interleukin 7 IL7
F- GGTTCTGCCACTTCTCCTTG

160 60 103 0.99554 −3.255 NM_001037833.1 this study
R- CTTGCAGCATCTGTCACGATA

Table 3.  Candidate reference and target genes in expression studies by qPCR in the shell gland and spleen 
of laying hens challenged with infectious bronchitis virus T and Vic S strains. For calculating amplification 
efficiency, a standard curve was generated using a 10-fold dilution of RNA amplified on the Rotor-Gene Q 
thermocycler real-time system. Standard curve was obtained by plotting the Cq values against the log of the 
starting quantity of template for each dilution.
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NormFinder, the data are pre-processed for quality control, such as inter-run calibration, amplification efficiency 
correction, missing data handling, failing replicates (>0.5 Cq difference) removal and conversion to mean relative 
quantities. An Excel based BestKeeper (Version 1.0) software was used to determine the most stable reference 
genes based on Pearson correlation coefficient (r), coefficient of variance (CV) and standard deviation42. The 
overall ranking of the 10 reference genes was calculated by assigning an appropriate weightage value to individual 
gene ranking obtained in the three different statistical applets75. The principles of individual software (algorithms) 
have been detailed in the introduction section.

For reference gene validation, relative expression levels of candidate target genes CALB1, ABCB6, IFNγ and 
IL7 genes were calculated by the comparative 2−ΔΔCq approach71,76 in qbase + software (version 3.0)39, using the 
two most stable (YWHAZ and TBP) and the two least stable reference genes (ALB and SDHA/RPL4). From the 
qbase + , normalized relative quantities (NRQ) values were further analysed with One-way ANOVA in Statview 
Version 5.0.1.0 (SAS Institute Inc., 1998) and Tukey-Kramer test was used to differentiate level of significance 
(p < 0.05) between means.

References
	 1.	 Nys, Y. Relationships between age, shell quality and individual rate and duration of shell formation in domestic hens. Br. Poult. Sci. 

27, 253–259 (1986).
	 2.	 Bar, A. Calcium transport in strongly calcifying laying birds: mechanisms and regulation. Comp. Biochem. Physiol. A Mol. Integr. 

Physiol. 152, 447–469 (2009).
	 3.	 Liu, Z., Zheng, Q., Zhang, X. & Lu, L. Microarray analysis of genes involved with shell strength in layer shell gland at the early stage 

of active calcification. Asian-Australas. J. Anim. Sci. 26, 609–624 (2013).
	 4.	 Jonchère, V. et al. Gene expression profiling to identify eggshell proteins involved in physical defense of the chicken egg. BMC 

Genomics 11, 57 (2010).
	 5.	 Cavanagh, D., Mawditt, K., Britton, P. & Naylor, C. J. Longitudinal field studies of infectious bronchitis virus and avian pneumovirus 

in broilers using type-specific polymerase chain reactions. Avian Pathol. 28, 593–605 (1999).
	 6.	 Jackwood, M. W. & de Wit, S. Infectious bronchitis in Diseases of Poultry (ed. David, E. Swayne) 139–160 (2013).
	 7.	 Boursnell, M. E. G. et al. Completion of the sequence of the genome of the coronavirus avian infectious bronchitis virus. J. Gen. 

Virol. 68, 57–77 (1987).
	 8.	 Boursnell, M. E. G., Binns, M. M., Brown, T. D. K., Cavanagh, D. & Tomley, F. M. Molecular biology of avian infectious bronchitis 

virus. Prog. Vet. Microbiol. Immunol. 5, 65–82 (1989).
	 9.	 Cavanagh, D. Coronavirus avian infectious bronchitis virus. Vet. Res. 38, 281–297 (2007).
	10.	 Sevoian, M. & Levine, P. P. Effects of infectious bronchitis on the reproductive tracts, egg production, and egg quality of laying 

chickens. Avian Dis. 1, 136–164 (1957).
	11.	 Chhabra, R., Chantrey, J. & Ganapathy, K. Immune responses to virulent and vaccine strains of infectious bronchitis viruses in 

chickens. Viral Immunol. 28, 478–488 (2015).
	12.	 Liu, S. et al. Identification of a newly isolated avian infectious bronchitis coronavirus variant in China exhibiting affinity for the 

respiratory tract. Avian Dis. 52, 306–314 (2008).
	13.	 Cook, J. K. A., Darbyshire, J. H. & Peters, R. W. The use of chicken tracheal organ cultures for the isolation and assay of avian 

infectious bronchitis virus. Arch. Virol. 50, 109–118 (1976).
	14.	 Ghetas, A. M., Thaxton, G. E., Breedlove, C., van Santen, V. L. & Toro, H. Effects of adaptation of infectious bronchitis virus Arkansas 

attenuated vaccine to embryonic kidney cells. Avian Dis. 59, 106–113 (2014).
	15.	 Bhattacharjee, P. S. & Jones, R. C. Susceptibility of organ cultures from chicken tissues for strains of infectious bronchitis virus 

isolated from the intestine. Avian Pathol. 26, 553–563 (1997).
	16.	 Maiti, N. K., Sharma, S. N. & Sambyal, D. S. Isolation of infectious bronchitis virus from intestine and reproductive organs of laying 

hens with dropped egg production. Avian Dis. 29, 509–513 (1985).
	17.	 Hamzić, E. et al. RNA sequencing-based analysis of the spleen transcriptome following infectious bronchitis virus infection of 

chickens selected for different mannose-binding lectin serum concentrations. BMC Genomics 17, 82 (2016).
	18.	 Raj, G. D. & Jones, R. C. An in vitro comparison of the virulence of seven strains of infectious bronchitis virus using tracheal and 

oviduct organ cultures. Avian Pathol. 25, 649–662 (1996).
	19.	 Chousalkar, K. K. & Roberts, J. R. Ultrastructural study of infectious bronchitis virus infection in infundibulum and magnum of 

commercial laying hens. Vet. Microbiol. 122, 223–236 (2007).
	20.	 Chousalkar, K. K. & Roberts, J. R. Ultrastructural observations on effects of infectious bronchitis virus in eggshell-forming regions 

of the oviduct of the commercial laying hen. Poult. Sci. 86, 1915–1919 (2007).
	21.	 Cook, J. K. A. The classification of new serotypes of infectious bronchitis virus isolated from poultry flocks in Britain between 1981 

and 1983. Avian Pathol. 13, 733–741 (1984).
	22.	 Crinion, R. A. P., Ball, R. A. & Hofstad, M. S. Abnormalities in laying chickens following exposure to infectious bronchitis virus at 

one day old. Avian Dis. 15, 42–48 (1971).
	23.	 Nii, T., Isobe, N. & Yoshimura, Y. Effects of avian infectious bronchitis virus antigen on eggshell formation and immunoreaction in 

hen oviduct. Theriogenology 81, 1129–1138 (2014).
	24.	 Rahman, S. A. E., El-Kenawy, A., Neumann, U., Herrler, G. & Winter, C. Comparative analysis of the sialic acid binding activity and 

the tropism for the respiratory epithelium of four different strains of avian infectious bronchitis virus. Avian Pathol. 38, 41–45 
(2009).

	25.	 Guo, X., Rosa, A. J., Chen, D.-G. & Wang, X. Molecular mechanisms of primary and secondary mucosal immunity using avian 
infectious bronchitis virus as a model system. Vet. Immunol. Immunopathol. 121, 332–343 (2008).

	26.	 Seo, S. H. & Collisson, E. W. Specific cytotoxic T lymphocytes are involved in in vivo clearance of infectious bronchitis virus. J. Virol. 
71, 5173–5177 (1997).

	27.	 Valosky, J., Hishiki, H., Zaoutis, T. E. & Coffin, S. E. Induction of mucosal B-cell memory by intranasal immunization of mice with 
respiratory syncytial virus. Clin. Diagn. Lab. Immunol. 12, 171–179 (2005).

	28.	 Zhang, Y. et al. Immunoglobulin A‐deficient mice exhibit altered T helper 1‐type immune responses but retain mucosal immunity 
to influenza virus. Immunology 105, 286–294 (2002).

	29.	 Animas, S. B., Otsuki, K., Hanayama, M., Sanekata, T. & Tsubokura, M. Experimental infection with avian infectious bronchitis virus 
(Kagoshima-34 strain) in chicks at different ages. J. Vet. Med. Sci. 56, 443–447 (1994).

	30.	 Animas, S. B., Otsuki, K., Tsubokura, M. & Jane, K. A. Comparison of the susceptibility of chicks of different ages to infection with 
nephrosis/nephritis-causing strain of infectious bronchitis virus. J. Vet. Med. Sci. 56, 449–453 (1994).

	31.	 Jeurissen, S. H. M. Structure and function of the chicken spleen. Res. Immunol. 142, 352–355 (1991).
	32.	 Romppanen, T. & Sorvari, T. E. A morphometrical study of chicken spleen with special reference to the bursa dependence of the 

white pulp. Int. Arch. Allergy Immunol. 65, 349–358 (1981).



www.nature.com/scientificreports/

1 1SciENTific REPOrTS | 7: 14271  | DOI:10.1038/s41598-017-14693-2

	33.	 Dhanasekaran, S., Doherty, T. M. & Kenneth, J. Comparison of different standards for real-time PCR-based absolute quantification. 
J. Immunol. Methods 354, 34–39 (2010).

	34.	 Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal 
control genes. Genome Biol. 3, research0034 (2002).

	35.	 Wong, M. L. & Medrano, J. F. Real-time PCR for mRNA quantitation. Biotechniques 39, 75 (2005).
	36.	 Lee, P. D., Sladek, R., Greenwood, C. M. & Hudson, T. J. Control genes and variability: absence of ubiquitous reference transcripts in 

diverse mammalian expression studies. Genome Res. 12, 292–297 (2002).
	37.	 Greer, S., Honeywell, R., Geletu, M., Arulanandam, R. & Raptis, L. Housekeeping genes; expression levels may change with density 

of cultured cells. J. Immunol. Methods 355, 76–79 (2010).
	38.	 Thellin, O. et al. Housekeeping genes as internal standards: use and limits. J. Biotechnol. 75, 291–295 (1999).
	39.	 “Biogazelle team. qbase + version 3.0, Belgium. https://www.qbaseplus.com/” (2015).
	40.	 Andersen, C. L., Jensen, J. L. & Ørntoft, T. F. 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 (2004).

	41.	 “MultiD Analyses AB. GenEx version 6.0.1, Sweden. http://genex.gene-quantification.info/” (2014).
	42.	 Pfaffl, M. W., Tichopad, A., Prgomet, C. & Neuvians, T. P. 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 (2004).
	43.	 Bar, A., Vax, E. & Striem, S. Relationships between calbindin (Mr 28,000) and calcium transport by the eggshell gland. Comp. 

Biochem. Physiol. A Physiol. 101, 845–848 (1992).
	44.	 Krishnamurthy, P. C. et al. Identification of a mammalian mitochondrial porphyrin transporter. Nature 443, 586–589 (2006).
	45.	 Samiullah, S., Roberts, J. & Wu, S.-B. Reference gene selection for the shell gland of laying hens in response to time-points of eggshell 

formation and nicarbazin. PLoS ONE 12, e0180432 (2017).
	46.	 Bagés, S., Estany, J., Tor, M. & Pena, R. N. Investigating reference genes for quantitative real-time PCR analysis across four chicken 

tissues. Gene 561, 82–87 (2015).
	47.	 Borowska, D., Rothwell, L., Bailey, R., Watson, K. & Kaiser, P. Identification of stable reference genes for quantitative PCR in cells 

derived from chicken lymphoid organs. Vet. Immunol. Immunopathol. 170, 20–24 (2016).
	48.	 Nascimento, C. S. et al. Identification of suitable reference genes for real time quantitative polymerase chain reaction assays on 

Pectoralis major muscle in chicken (Gallus gallus). Plos One 10, e0127935 (2015).
	49.	 Mitra, T., Bilic, I., Hess, M. & Liebhart, D. The 60S ribosomal protein L13 is the most preferable reference gene to investigate gene 

expression in selected organs from turkeys and chickens, in context of different infection models. Vet. Res. 47, 105 (2016).
	50.	 Olias, P., Adam, I., Meyer, A., Scharff, C. & Gruber, A. D. Reference genes for quantitative gene expression studies in multiple avian 

species. PLoS ONE 9, e99678 (2014).
	51.	 Nakamura, A. M. et al. Reference genes for accessing differential expression among developmental stages and analysis of differential 

expression of OBP genes in Anastrepha obliqua. Sci. Rep. 6, 17480 (2016).
	52.	 van de Moosdijk, A. A. A. & van Amerongen, R. Identification of reliable reference genes for qRT-PCR studies of the developing 

mouse mammary gland. Sci. Rep. 6, 35595 (2016).
	53.	 Zhang, Q.-L. et al. Selection of reliable reference genes for normalization of quantitative RT-PCR from different developmental 

stages and tissues in amphioxus. Sci. Rep. 6, 37549 (2016).
	54.	 Gong, H. et al. Evaluation of candidate reference genes for RT-qPCR studies in three metabolism related tissues of mice after caloric 

restriction. Sci. Rep. 6, 37549 (2016).
	55.	 Chapman, J. R. et al. A panel of stably expressed reference genes for real-time qPCR gene expression studies of mallards (Anas 

platyrhynchos). PLoS ONE 11, e0149454 (2016).
	56.	 Selvey, S. et al. β-Actin-an unsuitable internal control for RT-PCR. Mol. Cell. Probes 15, 307–311 (2001).
	57.	 Ji, H. et al. Selection of reliable reference genes for real-time qRT-PCR analysis of Zi geese (Anser anser domestica) gene expression. 

Asian-Australas. J. Anim. Sci. 26, 423–432 (2013).
	58.	 Goossens, K. et al. Selection of reference genes for quantitative real-time PCR in bovine preimplantation embryos. BMC Dev. Biol. 

5, 27 (2005).
	59.	 Svingen, T., Letting, H., Hadrup, N., Hass, U. & Vinggaard, A. M. Selection of reference genes for quantitative RT-PCR (RT-qPCR) 

analysis of rat tissues under physiological and toxicological conditions. PeerJ 3, e855 (2015).
	60.	 Barber, R. D., Harmer, D. W., Coleman, R. A. & Clark, B. J. GAPDH as a housekeeping gene: analysis of GAPDH mRNA expression 

in a panel of 72 human tissues. Physiol. Genomics 21, 389–395 (2005).
	61.	 Zhang, Z. & Hu, J. Development and validation of endogenous reference genes for expression profiling of medaka (Oryzias latipes) 

exposed to endocrine disrupting chemicals by quantitative real-time RT-PCR. Toxicol. Sci. 95, 356–368 (2007).
	62.	 Fink, T. et al. Instability of standard PCR reference genes in adipose-derived stem cells during propagation, differentiation and 

hypoxic exposure. BMC Mol. Biol. 9, 98 (2008).
	63.	 Bustin, S. A. et al. The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments. Clin. 

Chem. 55, 611–622 (2009).
	64.	 Valente, V. et al. Selection of suitable housekeeping genes for expression analysis in glioblastoma using quantitative RT-PCR. BMC 

Mol. Biol. 10, 17 (2009).
	65.	 Mathur, D. Selection of suitable housekeeping genes for expression analysis in glioblastoma using quantitative RT-PCR. Ann. 

Neurosci. 21, 62–63 (2014).
	66.	 Aithal, M. G. S. & Rajeswari, N. Validation of housekeeping genes for gene expression analysis in glioblastoma using quantitative 

real-time polymerase chain reaction. Brain Tumor Res. Treat. 3, 24–29 (2015).
	67.	 Tan, S. C. et al. Identification of valid housekeeping genes for quantitative RT-PCR analysis of cardiosphere-derived cells 

preconditioned under hypoxia or with prolyl-4-hydroxylase inhibitors. Mol. Biol. Rep. 39, 4857–4867 (2012).
	68.	 Zhang, Y. et al. Reference gene screening for analyzing gene expression across goat tissue. Asian-Australas. J. Anim. Sci. 26, 

1665–1671 (2013).
	69.	 Cinar, M. U. et al. Evaluation of suitable reference genes for gene expression studies in porcine PBMCs in response to LPS and LTA. 

BMC Res. Notes 6, 56 (2013).
	70.	 Dwight, Z., Palais, R. & Wittwer, C. T. uMELT: prediction of high-resolution melting curves and dynamic melting profiles of PCR 

products in a rich web application. Bioinformatics 27, 1019–1020 (2011).
	71.	 Hellemans, J., Mortier, G., De Paepe, A., Speleman, F. & Vandesompele, J. qBase relative quantification framework and software for 

management and automated analysis of real-time quantitative PCR data. Genome Biol. 8, R19 (2007).
	72.	 Pfaffl, M. W. & Hageleit, M. Validities of mRNA quantification using recombinant RNA and recombinant DNA external calibration 

curves in real-time RT-PCR. Biotechnol. Lett. 23, 275–282 (2001).
	73.	 “Bio-Rad Laboratories. Real-Time PCR applications guide. http://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_5279. pdf 

(Date of Access: 28/04/2017)” (2006).
	74.	 Rasmussen, R. Quantification on the LightCycler in Rapid cycle real-time PCR 21-34 (Springer, 2001).
	75.	 Velada, I., Ragonezi, C., Arnholdt-Schmitt, B. & Cardoso, H. Reference genes selection and normalization of oxidative stress 

responsive genes upon different temperature stress conditions in Hypericum perforatum L. Plos One 9, e115206 (2014).
	76.	 Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT–PCR. Nucleic Acids Res. 29, e45–e45 (2001).

https://www.qbaseplus.com/
http://genex.gene-quantification.info/
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_5279


www.nature.com/scientificreports/

1 2SciENTific REPOrTS | 7: 14271  | DOI:10.1038/s41598-017-14693-2

	77.	 Kuchipudi, S. V. et al. Highly pathogenic avian influenza virus infection in chickens but not ducks is associated with elevated host 
immune and pro-inflammatory responses. Vet. Res. 45, 118 (2014).

	78.	 Yang, F., Lei, X., Rodriguez-Palacios, A., Tang, C. & Yue, H. Selection of reference genes for quantitative real-time PCR analysis in 
chicken embryo fibroblasts infected with avian leukosis virus subgroup J. BMC Res. Notes 6, 402 (2013).

	79.	 Kuchipudi, S. V. et al. 18S rRNA is a reliable normalisation gene for real time PCR based on influenza virus infected cells. Virol. J. 9, 
230 (2012).

	80.	 Yin, R. et al. Systematic selection of housekeeping genes for gene expression normalization in chicken embryo fibroblasts infected 
with Newcastle disease virus. Biochem. Biophys. Res. Commun. 413, 537–540 (2011).

	81.	 Li, Y. P., Bang, D. D., Handberg, K. J., Jorgensen, P. H. & Zhang, M. F. Evaluation of the suitability of six host genes as internal control 
in real-time RT-PCR assays in chicken embryo cell cultures infected with infectious bursal disease virus. Vet. Microbiol. 110, 
155–165 (2005).

	82.	 Qi, X. et al. Deterioration of eggshell quality in laying hens experimentally infected with H9N2 avian influenza virus. Vet. Res. 47, 35 
(2016).

Acknowledgements
This study was funded by Australian Egg Corporation Limited, Australia under grant number AECL 1UN121.

Author Contributions
S.K. developed the hypotheses, designed and performed the experiments, analysed and interpreted data, and 
drafted the manuscript; J.R. oversaw the animal trials, administrated the overall research project, assisted with 
the experiments, analysis and interpretation of data and critically revised the manuscript; S.-B.W. designed gene 
expression experiments, analysed and interpreted the data, and drafted the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Reference gene selection for gene expression study in shell gland and spleen of laying hens challenged with infectious bron ...
	Results

	Efficiency and specificity of reference gene. 
	Reference gene expression stability in shell gland and spleen. 
	Reference gene validation in shell gland and spleen. 

	Discussion

	Methods

	Animal Ethics. 
	Rearing of IBV free laying hens and virus challenge. 
	Selection of primers sequence and validation. 
	Tissue collection for RNA extraction. 
	Total RNA extraction and purification. 
	Quantitative PCR. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 Amplification of the genes fragments from the shell gland tissue of chicken to assess the specificities of the primers used in the current study.
	Figure 2 Melting curves of 10 reference genes in the shell gland samples.
	Figure 3 Effect of IBV challenge on the expression stability of 10 reference genes in the shell gland and spleen.
	Figure 4 Relative expression levels of the candidate target genes affected by IBV T challenge in the shell gland and spleen of laying hens.
	Table 1 Overall stability values of reference genes in the combined data set of shell gland and spleen affected by IBV T and Vic S strain challenge.
	Table 2 Grouping of laying hens for tissues collection for reference genes study.
	Table 3 Candidate reference and target genes in expression studies by qPCR in the shell gland and spleen of laying hens challenged with infectious bronchitis virus T and Vic S strains.




