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. The aim of this study was to validate reference genes for gene normalisation using qRT-PCR in hepatic

. lymph nodes (HLN) and livers from sheep infected with Fasciola hepatica during early and late stages
of infection. To this end, a comprehensive statistical approach (RefFinder) encompassing four different
methods of analysis (geNorm, BestKeeper, ACt method and NormFinder) was used to validate ten

. candidate reference genes. Stability analysis of gene expression followed by pairwise variation (Vn/

. Vn+1) analysis revealed that PGK1, HSP90AA1 and GYPC were the most stable reference genes and

. suitable for qRT-PCR normalisation in both HLN and liver tissues. These three genes were validated
against FoxP3, IL-10, TGF-3, TNF-a and IL-13 genes in the HLN tissue of sheep vaccinated with
Cathepsin L1 from F. hepatica and unvaccinated infected and uninfected controls during early stages
of infection. In the liver, the three reference genes were validated against TNF-o. and IL-13 during

. chronic stages of infection with F. hepatica and in uninfected controls. Our study is the first to evaluate
and validate sheep reference genes in order to provide tools for monitoring cytokines in Fasciola
hepatica infected sheep target organs. Our results present an approach to elucidate the role of different
cytokines in F. hepatica vaccinated and infected sheep.

© Fasciola hepatica is the causative agent of fasciolosis in temperate climates, infecting a wide range of hosts — par-
* ticularly ruminants — and resulting in estimated economic losses of US $3,200 million per annum worldwide
. to the agricultural sector'. It is also a major human pathogen and fasciolosis is considered an emerging zoonosis
© in areas of Africa, Asia and Latin America where the disease is endemic in domestic species?. Current control
. of fasciolosis in ruminants is based on the use of anthelmintic drugs, but such methods are expensive and may
. lead to the development of drug resistance®* and increased risks of chemical residues in milk and meat. Vaccines
. are an environmentally friendly alternative for the control of fasciolosis, hence, there is increasing interest in the
. development of vaccines which protect against this disease in ruminants. Although several vaccine candidates
: have shown promising results in ruminant or laboratory animals, to date none have shown sufficiently consistent
© protection to be taken to pre-commercial development®~’. The relatively slow progress in vaccine development is
- due at least in part to the high immunomodulatory properties of E hepatica®’.

Understanding the mechanism of the host immune response is crucial in order to enhance vaccine efficacy.
. To this end, some studies have evaluated the Th1 and Th2 responses and the mechanism by which E hepatica
- polarises the immune response to a non-protective Th2 response in the early stages of infection'. Other studies
- have focused on the expression of regulatory cytokines such as TGF-(3 and IL-10!! and transcription factors such
© as FoxP3?®, These proteins have been identified as key in the regulation of the host immune response and therefore

influence the Th1 and Th2 responses.
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Since cytokine proteins are labile gene expression is an appropriate method to measure cytokine levels in dif-
ferent conditions. The process of gene expression translates gene-encoded information into final functional gene
products, such as a proteins or non-coding RNA. Quantitation of the expression of key genes is fundamental for
understanding the molecular, genetic and functional mechanisms of disease. Quantitative real-time polymerase
chain reaction (QRT-PCR) is efficient, sensitive and probably the most reliable approach for accurate quanti-
fication of gene expression from different sources and samples. This methodology, being relatively simple and
cost-effective, is considered the gold standard for measuring the copy number of specific targets'>.

Quantitative RT-PCR is greatly affected by RNA purity and integrity, genomic DNA contamination, pipet-
ting errors, concentration and primer efficiencies. The generation of precise, reproducible and accurate results
requires QRT-PCR experiments to be carried out following the Minimum Information for the Publication of
Quantitative Real-time PCR Experiments (MIQE) guidelines'-'*. The choice of reference genes used for stand-
ardisation is critical, and they must be validated within the context of each individual experimental setup if data
are to be biologically meaningful’®.

Recently, some studies have been published focusing on the identification and selection of sheep reference
genes in abomasum, skin and leukocyte cells'®~'8. To the best of our knowledge, no study has addressed the selec-
tion of suitable reference genes for E hepatica in liver and lymph nodes tissues. The present study sought to deter-
mine the expression stability of 10 commonly used reference genes in order to identify those most suitable for
qRT-PCR normalisation in experiments performed on liver and lymph node tissues of E hepatica-infected sheep.
The expression profiles of putative reference genes (PGK1, B2M, RPLP0, G6PD, SDHA, ACTB, HSP90AA1,
GYPC, GUSB and TUBB) were evaluated using RefFinder software! that integrates BestKeeper?’, Normfinder?,
geNorm?? and comparative ACt methods® to produce a comprehensive ranking of genes confirmed by the
use of multiple algorithms. Changes in expression patterns of FoxP3, IL-10, TGF-3, TNF-« and IL-10 in the
hepatic lymph nodes (HLN) of vaccinated sheep infected with E hepatica, and TNF-« and IL-10 in the liver of
sheep unvaccinated and infected with E hepatica were investigated using the selected reference genes, PGK1,
HSP90AAI and GYPC.

The aim of this work was to find valuable reference genes for future gene expression studies in both HLN
and liver samples. Since it would provide increased insight into the molecular mechanisms of sheep immune
responses, revealing approaches with which to boost the immune response using vaccines and prevent E hepatica
infection in sheep.

Results and Discussion

In order to identify a set of reference genes suitable for use under different experimental conditions in two key
immunological tissues (HLN and liver), we performed stability studies on a select group of putative reference
genes. With the aim of finding vaccines to control infections caused by F. hepatica in sheep, two separate experi-
ments were performed according to MIQE Guidelines'.

Quality and integrity of RNA samples. To ensure sample quality and integrity, RNA was extracted from
frozen tissue and treated with DNase-I to avoid amplification of residual genomic DNA (gDNA). The A260/A280
and A260/A230 absorbance ratios were measured and RNA preparations deemed to be acceptably pure when
ratios were close to two. The integrity of RNA is also critical for reliable measurement of gene expression data".
Evaluation of RNA integrity carried out by determination of the ratio of 28S:18S ribosomal RNA using agarose
gel electrophoresis has been shown to be unreliable. The Agilent 2100 bioanalyser is an automated bio-analytical
device which uses microfluidic technology for electrophoretic separation of RNA molecules in an automated and
reproducible manner®. Results are visualised as electropherograms which are used to calculate an RNA integrity
number (RIN) for each sample. Numerical values of RINs range from 10 (intact) to 1 (totally degraded). As shown
in Fig. 1, the RIN values of all samples in this study exceeded 8.0, indicating that our total RNA samples were of
sufficient quality.

Amplification specificity and primer efficiency. Primer selection is critical to ensure specific and effi-
cient amplification of selected targets. We used previously reported primer pairs or newly designed primer sets
to amplify an amplicon of 100-200 bp (Table 1, Fig. 2) of ten putative reference genes. Primers free of hairpins
and duplexes, and with a high melting temperature (Tm; >68 °C, Table 1) were used. A two-step PCR protocol
was used, where primer/target hybridisation and polymerase extension occur at 68/70 °C, ensuring specificity of
amplification. A single band of the expected size on agarose gel and a single peak on the qRT-PCR melting curves
(Fig. 2) confirmed that each primer pair amplified a unique product, no primer-dimers were generated and none
of the transcript contained tissular or experimentally-induced alternative splicing in the primer hybridisation
zone. The Tm of all the PCR products ranged from 81.6°C (PGK1) to 91.8°C (GUSB). Products were sequenced
and showed 100% identity with the fragment sequences on which primer design was based.

Replicate PCR reactions generated highly reproducible results with standard errors of the mean (SEM) val-
ues that represented less that 1% of the respective mean value. The efficiency of PCR is highly dependent on the
primers used and presence of inhibitors in the sample which may be derived from regents used in the retrotran-
scription step. Table 1 provides — for each primer pair — the efficiency of PCR amplification (E) and coefficient
of correlation (R?) derived from the slope of the standard curves spanning seven orders of magnitude from 2 to
2 x 10°pg of cDNA per reaction. Amplification efficiency varied from 98.9% for B2M to 100.6% for SDHA, and
R? values were >99.4% in all cases (Table 1).

Comparison of expression stabilities of candidate reference genes by descriptive statistics.
Reference genes are used in qRT-PCR experiments to normalise data by correcting for differences in quantities of
template cDNA. A perfect reference gene shows no change in expression between the samples whether they come
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Figure 1. RNA integrity. Gel images of RNA samples and the RIN values (under the green lines) obtained by
the Agilent Bioanalyzer. RIN = RNA Integrity Number; L =RNA Ladder; dpi: days post-infection; wpi: weeks
post-infection. Green line in: Bioanalyzer internal marker.

from different tissues, experimental conditions or time points. Reference genes must be carefully selected based
on experimental data. Following the protocol in the MIQE guidelines'*!>?, equal amounts of cDNA from three
or four animals per experimental group were pooled and used to determine Ct values for each candidate gene
in both HLN and liver tissues. The Ct values (84 data per gene) were measured in triplicate and exported to an
excel file provided in Supplementary Table S1. Expressions levels of the putative reference genes were analysed for
the most abundant (B2M, mean Ct = 14.041 £ 0.79) to the least abundant and more variable gene (TUBB, mean
Ct=27.205=£ 3.13). Although the differences in Ct values between genes were minimal, PGK1 and SDHA showed
more stable expression than other genes (Supplementary Table S1).

Descriptive statistics were performed with Excel complement XLStat v. 19.4.45191 software (Addisoft). The
results are listed in Supplementary Table S2 and presented in Fig. 3.

Statistical parameters of the Ct values were calculated for HLN and liver samples together, HLN samples alone
and liver samples alone. In all combinations, TUBB and G6PD had the most variable expression levels, indicated
by high standard deviation (SD). All other genes showed remarkable stability in both HLN and liver tissues when
analysed individually, with PGK1, HSP90AA1, GUSB and SDHA showing the highest stable expression levels
when both tissues were analysed together. These four genes showed intermediate average Ct values in both tissues,
making them suitable reference genes.

To definitively identify the most stable reference genes in both tissues, more complex analyses were performed
using geNorm?, the comparative ACt method?, NormFinder?!, BestKeeper?® and RefFinder'. The web-based
tool RefFinder integrates data generated by these four algorithms individually and produces an integrative overall
ranking of stability. Genes with a lower ranking are associated with higher expression stability. Table 2 shows that
most of the algorithms indicated that PGK1, HSP90AA1 and GYPC were the most stable genes under all experi-
mental conditions and in both tissues.
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F5-CCACGCTCTTCTGCCTGCTGCACTTCGG-3’ 73.1 0.996

TNF-a NM_001024860.1 146 Pacheco et al.
R 5-AACGTGGGCTACCGGCTTGTTATTTGAGGC-3’ 73.6 (99.56)
F 5-GAAGCTGAGGAGCCGTGCCTACGAACA-3’ 68.8 1.001

IL-13 NM_001009465.2 185 Pacheco et al.
R 5-CCAGCACCAGGGATTTTTGCTCTCTGTCC-3" 69.0 (99.85)
F 5'-GCCCATCTGGCTGGGAAGATGGCCCAAACC-3’ 76.5 0.991

FoxP3 NM_001144947.1 166 Pacheco et al.
R 5- AGAGGTGCCTCCGCACGGCAAACAGG-3' 76.2 (99.16)
F5-TCAGCCGTGCTCTGTTGCCTGGTCTTCC-3/ 73.8 0.999

IL-10 NM_001009327.1 124 Pacheco et al.?*
R 5- GGACGTCCCGCAGCATGTGGGGCAG-3' 73.5 (99.9)
F5- GGGCTTTCGCCTCAGTGCCCACTGTTC-3" 73.8 1.009

TGEF-3 NM_001009400.1 151 Pacheco et al.?*
R 5/- CAGAGGGGTGGCCATGAGGAGCAGG-3’ 73.8 (99.9)
F 5'-GTGAAGGGGAAGCGGGTCGTCATGAGAG-3' 729 1.002

PGK1 NM_001142516.1 99 Pacheco et al.'’
R 5-GCTTGGAACAGCAGCCTTGATCCTCTGG-3/ 72.1 (99.43)
F 5'-CAAGACACCCGCCAGAAGATGGAAAGC-3/ 71.6 0.989

B2M NM_001009284.2 180 Pacheco et al.’®
R 5-GGAGTGAACTCAGCGTGGGACAGAAGG-3’ 70.3 (99.91)
F 5-CGGCTGCTGCCCGTGCTGGTGCCAT-3’ 77.7 1.002

RPLPO XM_004017413.2 191 Pacheco et al.!’
R5-TTCGCTGGCGCCCACCTTGTCTCCGGTC-3’ 77.1 (99.81)
F 5-CGGGCGAGAGCAACGAAGCACAGAGAGC-3' 74.0 1.004

G6PD NM_001093780.1 161 Pacheco et al.!’
R 5'-CCAGGTCCCCCGATGCACCCATGATG-3' 74.2 (99.82)
F 5-CCATGAGTTTGATGCCGTGGTGGTCGGTGC-3' 70.7 1.006

SDHA XM_012097183.1 184 Pacheco et al.'®
R 5-CCGCCAGTTGTCCTCCTCCATGTTCCCCA —3' 70.4 (99.51)
F 5'-GCGTGATGGTGGGCATGGGCCAGAAGG-3' 76.0 1.003

ACTB NM_001009784.1 170 This work
R 5-GGGGGCCACACGCAGCTCGTTGTAGAAGG-3' 75.7 (99.99)
F 5'-GCCGCCCCTGGAAGGAGACGACGACACG-3’ 71.1 1.005

HSP90AAI XM_004017995.3 130 This work
R 5'-GCCAGGCGAGCCTCGGCAGCGCTCA-3' 72.0 (99.53)
F 5'-TGCCCCGCACCGGCCAGCGATGAG-3' 79.2 1.006

GYPC XM_004004772.3 110 This work
R 5-GGTCGGGCTCTGGGGTCCAAAGGGGCGTC-3’ 79.3 (99.85)
F5-CTTCCGCGCCGACTTCTCCGACAAC-3’ 724 1.004

GUSB XM_015103904.1 185 This work
R 5-GCAGCGTGATCTCCCGTTCATACCACACC-3/ 72.8 (99.89)
F 5'-CCAGGACGCCACGGCCGAGGAGGAGGG-3/ 79.1 0.997

TUBB XM_012101347.2 112 This work
R 5-TGGCCGCAGCCGCGTCCCACCCCTTC-3’ 79.8 (99.58)

Table 1. Primers used in this work. *Gene symbols and accession numbers are according to the NCBI Gene
database, "Sequence of forward (F) and reverse (R) primers, “Melting temperature (°C) calculated by the Oligo
7 software, PCR product size in base pair (bp), “The real-time PCR efficiencies (E) were calculated from each
efficiency curve according to the equation E=10"14p9) —1_E is in the range from 0 (minimum value) to 1
(maximum and optimum). i.e. E=1 is equal to 100% efficiency.

Expression levels of candidate reference genes were evaluated through determination of the Ct values. Data
were analysed with the RefFinder tool, resulting in a comprehensive ranking of the studied genes (Table 2 in
bold). Grey shadow indicates the rankings of PGK1, HSP90AA1 and GYPC — the three most stable genes
according to RefFinder algorithm and therefore the selected reference genes for HLN and liver qRT-PCR studies.

Determination of the optimal number of reference genes for normalisation. Asa general rule,
the number of reference genes used in an experiment is determined by the fold change of RNA of the samples that
are being compared'®. It is recommended to use at least two reference genes, since use of only one may lead to
large errors. The pairwise variation (Vn/Vn+ 1) is an index used to determine the minimum number of reference
genes required for accurate QRT-PCR normalisation in gene expression studies. The geNorm algorithm was used
to calculate the pairwise variation between sequential normalisation factors, with the recommended value of 0.15
being used as the cut-off for selecting a suitable number of reference genes. The V2/3 values of HLN and liver ana-
lysed individually or together were less than 0.15 (Fig. 4), which suggested that use of two reference genes would
be sufficient for this study. However, because all of the different algorithms revealed that PGK1, HSP90AA1 and
GYPC were the most stable genes, we selected all three as reference genes for normalisation of our qRT-PCR data
to increase the resolution and accuracy of results?.

Other studies have assessed the stability of various genes frequently used in qRT-PCR in sheep!'®7?$?, Only
one of these studies identified one of our selected reference genes (PGK1) as suitable for accurate and repro-
ducible qRT-PCR analysis of gene expression in sheep. In the cited studies, authors used different tissues and
a reduced number (no more than eight) of candidate genes with no more than two statistical approaches (usu-
ally geNorm and NormFinder). No statistical approach can cover all variables associated with gene expression
studies; therefore, drawing conclusions based on one or two methods can lead to false positives and incorrect

SCIENTIFICREPORTS| (2019) 9:1485 | https://doi.org/10.1038/s41598-018-37672-7 4


https://doi.org/10.1038/s41598-018-37672-7

ure.com/scientificreports/

( A) 300 bp—- ~ —300 bp
200 bp—~ = -— = — ey D ey —200 bp
—
100 bpmmsin T - — —100 bp
(B) g

89. 62C . 87.62C 90.9¢C

ar 1 [

|1 |

g , GYPC * HSP90AA1 | = 1

2 . SDHA |

2 [l 1

T o 9] !

1 5, 15 1 ]

i CL | J

# g s # # @ % 6 ] » ® ® ) % 6 ] 5 0 § ) %

Tepenn, e Temperature (°C) Temperature (°C)
88.42C 89.4°C 81.6°C

| TUBB

-d(RFU)/dT
3
S
S

| PGK1

) Teﬁperature “°C) .
%

] #

=

n

=

n L] L] L] 1) o L L]
Temperature (°C) Temperature (°C)

91.82C 87.52C

83.82C

L B2M ﬁ

El

- ACTB

=

-d(RFU)/AT
S
%)
&

coe.3 B8 8

&

n 5 0 [} @ E

5 o ® o 0 = M ’ -
Temperature (°C) Temperature (°C) Temperature (°C)

88.22C

G6PD

-d(RFU)/dT

L

i

© © ® [} %

Temperature (°C)

Figure 2. Confirmation of gene specificity and amplicon size. (A) Agarose gel of qRT-PCR products for each
gene with the expected size. Equal amounts of cDNA from any animal were mixed and amplified with each
primer pair and PCR products loaded on a 2% agarose gel. A standard DNA molecular weight ladder was
loaded. Gel has been cropped to show only relevant information; the full-length gel is shown in Supp. Figure 1.
(B) Melting curves of the 10 putative reference genes showing a single peak. The Tm values of each amplification
product are shown over the peaks.

conclusions®. In our study, we used a comprehensive statistical approach (RefFinder) to determine good refer-
ence candidates for reliable normalisation of gene expression data in HLN and liver tissues of sheep. The benefits
of using this statistical tool are evidenced by the consistency of the gene ranking with our previous results using
only five putative reference genes!?.

Pathology. Inexperiment B, the uninfected control group (group five) showed no gross or histopathological
hepatic changes. Gross changes in infected animals (group four) consisted of enlarged and whitish bile ducts and
gall-bladder, and irregular 0.2-1.5 cm length scars mainly on the left hepatic lobe.

Histopathological changes in group four consisted of fibrous perihepatitis, chronic tracts composed of fibro-
sis, macrophages with hemosiderin pigmentation, severe periportal fibrosis and hyperplastic cholangitis with
abundant infiltrate composed of lymphocytes, plasma cells and eosinophils. Granulomas with a necrotic centre
surrounded by macrophages and lymphocytes were also found in the hepatic parenchyma and portal areas. Adult
flukes and eggs were found within bile ducts.
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Figure 3. Distribution of Ct values for candidate reference genes. (A) Both tissues, HLN and liver Ct values
were analyzed together. (B) HLN data analysis. (C) Liver data analysis. Boxes: range of Ct values; black center
line: median Ct; cross: mean score; upper and lower hinges: 75 and 25 percentiles; whiskers: largest/smallest Ct
values within a distance of 1.5 times IQR (Interquartile range) from the upper and lower hinges.

Reference gene validation. Five immune response related genes — TGF-83, IL-10, FoxP3, IL-183 and
TNF-a — were selected as target genes to validate the reliability of identified reference genes. This study was
divided in two different experiments which results are shown below.

Experiment A focused on HLN tissue as this is responsible for liver drainage, and it would be informative to
elucidate changes that occur on a systemic level. The expression levels of FoxP3, IL-10 and TGF-$ in HLN are
illustrated in Fig. 5.

The expression of these three genes in group three increased gradually throughout the course of the experi-
ence. The expression of FoxP3 at 1day post infection (dpi) was significantly higher in group one (p < 0.05) and
group two (p < 0.01) than group three; and at 3 dpi it was only significantly higher for group one (p <0.01). At
9 and 18 dpi the expression of FoxP3 in group one and two was about 1.5-fold and 2-fold higher than in group
three respectively (p < 0.001). Throughout the experiment, the expression of FoxP3 in group one was higher than
group two except at 1 dpi. This increase of FoxP3 gene expression agrees with the significant increase in numbers
of abomasal FoxP3™ regulatory T cells (Tregs) seen in sheep infected with Teladorsagia circumincta®. Increase of
FoxP3 expression has also been seen in experiments with E hepatica and other helminths. A study carried out on
mice immunised with Schistosoma mansoni egg antigens and subsequently subjected to induced colitis showed
increased production of FoxP3* Tregs and IL-10 compared with mice with induced colitis only. A positive corre-
lation between FoxP3* Tregs and IL-10 and consequent decrease in colitis was found*?.

Expression of IL-10 increased significantly at 3 dpi (p < 0.05), 9 dpi (p < 0.001) and 18 dpi (p < 0.001) in
group one compared with group three, although no significant differences were found between IL-10 expression
in group two and group three at any point (Fig. 5). An increase in IL-10 expression has been seen to be associated
with the expansion of FoxP3™ Tregs®**. The expression of TGF-{3 showed a gradual increase throughout the time
course of the experiment. At 3 dpi, group two showed significantly higher TGF-{3 expression than group three
(p <0.05); at 9 and 18 dpi, significant increases were seen in groups one (p < 0.001) and two (p < 0.001) compared
with group three. Both IL-10 and TGF-{3 are important for regulation of immune responses and stimulation of the
FoxP3 transcription factor®. A study in mice infected with the intestinal helminth Heligmosomoides polygyrus
showed that a TGF-3 mimic was present in excretory-secretory (ES) antigens, and an expansion of FoxP3" Tregs
was induced by ES antigens. This demonstrates that FoxP3 induction by ES antigens is dependent on TGF-3
signalling®. The expression of IL-10 and TGF-3 showed similar patterns throughout the course of infection,
which correlates with the results of a study of HLN tissue of sheep in the chronic stages of infection — sheep with
a heavy fluke burden showed significantly lower expression levels of these cytokines compared with sheep with
a light fluke burden®®. In our study, expression of these cytokines increased as infection progressed, which is in
agreement with the upregulation reported in HLN*. Increased expression of regulatory cytokines supports a role
for Tregs in the generation of a suppressive environment which is favourable to parasite persistence. Furthermore,
TGF-{ is an essential cytokine in the development of fibrosis, as demonstrated in our previous study?.

SCIENTIFICREPORTS| (2019) 9:1485 | https://doi.org/10.1038/s41598-018-37672-7 6


https://doi.org/10.1038/s41598-018-37672-7

www.nature.com/scientificreports/

HLN + Liver

HSP90AA1 | 0.608 PGK1 0.135 PGK1 0.630 PGK1 1.330 PGK1 1.320
GYPC 0.608 HSP90AA1 | 0.546 B2M 1.020 HSP90AA1 | 1.400 HSP90AA1 2.000
PGK1 0.741 SDHA 0.700 G6PD 1.760 B2M 1.440 GYPC 3.460
B2M 0.775 B2M 0.771 SDHA 0.710 GYPC 1.490 B2M 3.940
ACTB 0.812 GUSB 0.892 RPLPO 1.310 ACTB 1.530 SDHA 4.740
RPLPO 0.902 GYPC 0.935 GUSB 0.640 RPLPO 1.630 GUSB 5.180
G6PD 1.038 ACTB 0.941 ACTB 1.070 SDHA 1.640 ACTB 5.920
SDHA 1.168 RPLPO 1.190 HSP90AA1 |0.710 GUSB 1.740 RPLPO 6.930
GUSB 1.261 G6PD 1.609 GYPC 1.060 G6PD 1.940 G6PD 8.450
TUBB 1.816 TUBB 3.970 TUBB 3.220 TUBB 4.040 TUBB 10.000
HLN

HSP90AA1 | 0.420 HSP90AA1 | 0.393 PGK1 0.450 HSP90AA1 | 0.760 HSP90AA1 1.000
GYPC 0.420 PGK1 0.423 B2M 0.440 PGK1 0.780 GYPC 2.060
PGK1 0.530 GYPC 0.440 G6PD 1.340 GYPC 0.790 PGK1 2.630
SDHA 0.550 B2M 0.481 SDHA 0.450 SDHA 0.820 B2M 4.160
B2M 0.586 SDHA 0.510 RPLPO 0.780 B2M 0.830 SDHA 4.470
GUSB 0.644 RPLPO 0.530 GUSB 0.500 RPLPO 0.870 GUSB 6.930
TUBB 0.692 ACTB 0.618 ACTB 0.810 ACTB 0.920 RPLPO 6.930
RPLPO 0.738 GUSB 0.731 HSP90AA1 | 0.270 GUSB 0.950 TUBB 7.940
ACTB 0.774 TUBB 0.779 GYPC 0.330 TUBB 0.990 ACTB 7.940
G6PD 0.923 G6PD 1.434 TUBB 0.640 G6PD 1.520 G6PD 10.000
Liver

GUSB 0.426 GYPC 0.294 PGK1 0.530 GYPC 0.920 GYPC 1.000
GYPC 0.426 PGK1 0.318 B2M 0.560 GUSB 0.940 GUSB 1.860
ACTB 0.533 GUSB 0.331 G6PD 0.950 PGK1 0.950 PGK1 3.500
HSP90AA1 | 0.564 HSP90AA1 | 0.516 SDHA 0.690 HSP90AA1 | 1.010 ACTB 3.870
PGK1 0.642 ACTB 0.554 RPLPO 0.780 ACTB 1.030 HSP90AA1 4.000
SDHA 0.684 SDHA 0.588 GUSB 0.330 SDHA 1.070 SDHA 6.240
B2M 0.758 B2M 0.666 ACTB 0.410 B2M 1.080 B2M 6.740
RPLPO 0.886 RPLPO 1.190 HSP90AA1 | 0.510 RPLPO 1.370 RPLPO 8.000
G6PD 0.984 G6PD 1.371 GYPC 0.330 G6PD 1.500 G6PD 9.000
TUBB 1.187 TUBB 1.926 TUBB 1.270 TUBB 2.000 TUBB 10.000

Table 2. Stability ranking of candidate reference genes.
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Figure 4. Determination of the optimal number of reference genes for normalization. The geNorm algorithm
was used to determine the pair-wise variation value (Vn/n + 1) from the Ct values obtained in HLN, liver and
both tissues altogether.

The expression of proinflammatory cytokines was also evaluated in experiment A. The results of TNF-a and
IL-10 analyses are summarised in Fig. 6. A gradual increase in IL-103 levels was observed from 1 to 9 dpi in
groups one and two compared with group three, with slight decreases seen at 18 dpi. Significant differences were
measured in groups one and two compared with group three (p < 0.001) at every stage, except at 1 dpi where
significant differences only were seen between groups two and three (p < 0.05). Expression of TNF-oin HLN
increased significantly only at 18 dpi in groups one (p < 0.001) and two (p < 0.05) compared with group three. No
significant differences were found between groups one and two at any point of infection.
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Figure 5. Gene expression of FoxP3 and regulatory cytokines in HLN. *Indicates significant differences in
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Figure 6. Gene expression of proinflammatory cytokines in HLN. “Indicates significant differences in
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Figure 7. Gene expression of proinflammatory cytokines in liver. *Indicates significant differences (p < 0.001)
in comparison with group 5 (uninfected control).

In general, our results agree with the gradual increase in expression of TNF-« and IL-103 reported in a similar
experiment on liver tissue, although IL-13 gene expression was highest in liver at 18 dpi, in HLN it was highest at
9 dpi**. This differences in expression patterns of IL-13 between liver and HLN tissues could be due to additional
inflammatory reactions of the liver against excretory-secretory (ES) products of the parasite®® or to the different
stage of the disease (18 dpi) in HLN and 16 wpi in the liver.

A preliminary study was carried out as part of experiment B to evaluate the expression of TNF-o and IL-13
in the liver. In our previous study??, expression of regulatory and proinflammatory cytokines was evaluated in
the liver of sheep in early stages of infection with F. hepatica. To evaluate reference genes in liver tissue, the pres-
ent study analysed tissue samples from experiment B, to compare chronically infected animals with uninfected
animals.

The results of proinflammatory cytokine measurements in experiment B (16 weeks post infection) are illus-
trated in Fig. 7. Group four showed slightly higher IL-103 gene expression than group five (uninfected control) but
the differences were not statistically significant. Expression of TNF-a was double in group four compared with
group five (uninfected control), finding significant differences (p < 0.01) between them.
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Figure 8. Timing of immmunisations, infections and sacrifice of groups one to five.

Fasciola hepatica is able to modulate the host immune response by stimulating suppressive cytokines such as
IL-10 and TGF-§, and increasing the expression of FoxP3 which plays an important role in parasite survival®.
This parasite is called the “master of immune modulation” due to its ability to persist in the host for years through
interactions with inflammatory and immune mechanisms associated with other infections or vaccines®. This
immune modulation results in downregulation of the Th1 immune response which normally plays an important
role in host protection®®*, and upregulation of the Th2 immune response’®. Although there are effector mech-
anisms regulated by Th2 against Strongylus spp. infection in sheep®, F. hepatica has developed several escape
mechanisms in order to avoid the effects of Th2 immune response?!. Polarisation of the immune response is
accompanied by a suppression of the inflammatory response, where proinflammatory cytokines (TNF-« and
IL1-B) are involved*’. Some vaccine trials carried out with recombinant cathepsin L1 protease combined with
Montanide adjuvant conferred protection against F. hepatica infection in cattle®’, and another study proved that
this protection is mediated by a Th1-like response*.

In a previous study following the same protocol as experiment A of the present work, expression levels of
TGF-, IL-10, FoxP3, IL-13 and TNF-a were evaluated in the liver®, as this is the target organ of F. hepatica in
sheep. Increased RNA levels of FoxP3, IL-10 and TGF-(3 and a positive correlation between FoxP3 and IL-10 were
observed, indicating that the parasite modulates the host response to facilitate its survival during early stages of
disease.

To sum up, using a comprehensive statistical approach (RefFinder) that encompasses four different meth-
ods of analysis (geNorm, BestKeeper, comparative Ct method and NormFinder), we have validated a set of 10
candidate reference genes for gene normalisation using QRT-PCR in HLN and liver tissues of sheep. Stability
analysis by a pairwise variation (Vn/Vn + 1) method revealed that PGK1, HSP90AA1 and GYPC were the most
stable reference genes and suitable for gRT-PCR normalisation in both tissues. These three genes were validated
against FoxP3, IL-10, TGF-3, TNF-o and IL-1f3 genes in HLN tissue, and against TNF-o and IL-1f in liver tissue.
Our study is the first to evaluate and validate reference genes in sheep liver and HLN. Our findings will allow
further analysis of Ovis aries gene expression to elucidate the role of different regulatory cytokines in the protec-
tion afforded by different antigenic cocktails. This will contribute to development of an efficient vaccine against
Fasciola hepatica.

Materials and Methods

Experimental design. One-month-old female Merino sheep were obtained from a liver fluke-free farm and
maintained in the experimental farm of the University of Cérdoba for six months. Animals were tested monthly?
for parasite eggs by fecal sedimentation to confirm absence of . hepatica infection. We carried out two different
experiments showed in Fig. 8, both were approved by the Bioethics Committee of the University of Cordoba
(approval number 1118) and conducted in accordance with European (2010/63/UE) and Spanish (RD 1201/2005)
directives on animal experimentation.

In the first experiment (A), 44 sheep were divided into three principal groups: group one (n=20) was com-
posed of animals immunised subcutaneously with two doses 4 weeks apart of a vaccine (CL1) comprise of 100 ug
recombinant CL1 from E hepatica (kindly provided by Professor Dalton, Queen’s University Belfast, UK) in 2 ml
of Montanide ISA 70 VG (Seppic, Puteaux, France). Sheep were additionally infected with 200 metacercariae (mc)
of the South Gloucester strain of F. hepatica (Ridgeway Research Ltd, UK) administered in a single dose. Sheep
in group two (n = 20) were infected with the same dose of mc only, and animals in group three (n =4) were used
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as uninfected controls (UC). Five animals from groups one and two were sacrificed at 1, 3, 9 and 18 dpi. Previous
reports described no differences in fluke burden between animals immunised with recombinant cathepsin L1 and
subsequently infected, animals immunised with adjuvant Montanide ISA 70VG only and unimmunised infected
sheep?®.

In the second experiment (B), 13 sheep were divided into two groups: group four (n=9) was infected with
a single dose of 150 mc and group five (n =4) was used as the UC. Infected animals were sacrificed at 16 weeks
post-infection.

Pathology. Sheep were subjected to necropsy where the diaphragmatic and visceral surfaces of the livers were
photographed. Tissue samples were then collected from the surface of the left lobe, fixed in 10% neutral-buffered
formalin for 24 hours and embedded in paraffin wax. For each animal, between four and nine tissue samples were
collected from affected areas when present. Four micron thick tissue sections were stained with haematoxylin and
eosin (for histopathology).

Total RNA isolation and cDNA synthesis. Tissue samples from HLN of animals in experiment A, and
three slice from the left hepatic lobe of sheep in experiment B, were collected for gRT-PCR. Samples were rinsed
in diethyl pyrocarbonate (DEPC; Applichem Panreac, Gatersleben, Germany) treated water and flash frozen in
liquid nitrogen. Before use, samples were individually snap freeze and stored at —80°C.

Total RNA was isolated from 300 mg of ground tissue that had been homogenised in 1.5 ml of TRIzol reagent
(Ambion, Life Technologies, CA, USA) as previously described'’. The quality of RNA was determined by spectro-
photometry, and its integrity was evaluated using an Agilent 2100 Bioanalyser (Agilent Technologies, CA, USA).
The iScript cDNA Synthesis kit (BioRad, CA, USA) was used to generate cDNA according to the manufacturer’s
instructions with a first step of priming at 25 °C for 10 min, a second step of retrotranscription at 46 °C for 20 min
and a last step for retrotranscriptase inactivation at 95 °C for 1 min.

Reference gene selection, primer design and qRT-PCR conditions. Ten putative reference genes
were selected to be analysed in this work. Primer pairs used for specific amplification and quantification of these
genes are listed in Table 1.

Primers were designed using sheep gene sequences deposited in the GenBank database (NCBI, https://www.
ncbinlm.nih.gov/genbank/) with OLIGO 7 Primer Analysis Software (Molecular Biology Insights, Inc., http://
www.oligo.net) as previously described!®*. In addition to being free of hairpins and duplex structures, primers
were required to have a high Tm (>70°C) to ensure specificity.

Transcript quantification was carried out using 50 ng of cDNA per reaction and the SsoAdvanced Universal
SYBR Green Supermix (BioRad) kit, according to the manufacturer’s instructions and using a two-step 94/68 °C
protocol for PCR reactions. All samples were quantified in triplicate in a MyiQ2 Two-Colour Real-Time PCR
Detection System (BioRad) as previously described'’. A melting curve analysis from 65°C to 95 °C was applied to
all PCR reactions to ensure specificity of amplification.

A 10-fold dilution series (resulting in a concentration range from 20 to 2 x 10°pg) of cDNA that was gener-
ated from an RNA pool made by mixing equal amounts of total RNA from any animal and tissue was created.
The cDNA was used to generate a standard curve and determine the qRT-PCR efficiency (E) for each gene using
a linear regression model®. The corresponding E values were calculated from the slope(s) of the standard curve
according to equation: E = 10(-1/slope) _1,

Baseline correction was performed using the automatic function of MyiQ2 Software. Transcript abundance
was defined as the number of amplification cycles required for each gene to reach a fixed threshold in the expo-
nential phase of PCR reaction*®. An inter-run calibrator (IRC) RNA sample with a known quantity of A170 gene
transcripts was included in each plate to set the threshold and determine Ct values, using the Single Threshold
mode of MyiQ2.

Expression stability analysis of candidate reference genes. The stability of each candidate refer-
ence gene was evaluated using the algorithms geNorm?, NormFinder?!, BestKeeper?® and the comparative ACt
method® integrated into the comprehensive web-based analysis tool RefFinder'®. GeNorm determines the most
stable reference genes and the optimal number of genes needed for accurate normalisation. This algorithm trans-
formed qRT-PCR Ct values obtained from MyiQ2 into linear relative values using the comparative ACt method.

The Ct values obtained from qRT-PCR using MyiQ2 were transferred to Microsoft Excel for calculation of
linear relative values (keeping the lowest relative quantity for each gene as one). Values were then imported into
geNorm to calculate gene expression stability value (M) and the pairwise variation value (V) for each reference
gene, and to rank genes according to their M value. The cut-off M value was set at 1.5, with a lower M value
indicating more stable expression. The MyiQ2 software was used to determine the optimal number of reference
genes for normalisation by analysing the pairwise variation (Vn/Vn+1). A cut-oft <0.15 indicated that inclusion
of additional reference genes was not necessary. The linear relative quantities calculated using geNorm were also
used as input data for NormFinder to calculate expression stability and rank candidate reference genes according
to intra- and intervariation. NormFinder also determined the standard deviation (SD) and selected the genes
with the lowest M values (lowest intra- and inter-group variation). BestKeeper directly utilised Ct values obtained
from the thermocycler software to evaluate the SD, p values and correlation coefficient of each gene. Genes with
lower SD values were considered better potential reference genes. RefFinder is a comprehensive tool which also
directly uses the Ct values obtained from the thermocycler software to generate an overall ranking of gene sta-
bility, through calculation of the weighted geometric mean of every tested gene calculated by each individual
algorithm, including the comparative ACt method.
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Validation of Identified Reference Genes. Five genes, FoxP3, IL-10, TGF-3, TNF-a and IL-13 were
selected as target genes to validate the reliability of identified reference genes in HLN and/or liver tissues. Average
Ct values were calculated from four to nine biological replicates in each experimental condition, and from three
technical replicates used for relative expression analyses. Gene expression profiles of these five target genes were
normalised using the most stable candidate reference gene(s). Relative quantification of target genes in differ-
ent samples was carried out using the comparative AACt method as described in the following equation: Fold
variation = (1 4+ E)2ACt,

Statistical analyses. Comparison of data obtained from experimental groups with control group data was
carried out with Dunnett’s test using InStat v.3.05 (GraphPad software Inc., CA, USA). Kolmogorov-Smirnov
and Bartlett normality tests were then performed, and where samples passed these normality tests, a Bonferroni
multiple comparison test was used to compare two treatments with each other. When samples did not pass the
normality tests the Kruskal-Wallis nonparametric test was used. P values of < 0.05 were considered to be statis-
tically significant.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

References
1. Mehmood, K. et al. A review on epidemiology, global prevalence and economical losses of fasciolosis in ruminants. Microb. Pathog.
109, 253-262 (2017).
2. Mas-Coma, S., Bargues, M. D. & Valero, M. A. Fascioliasis and other plant-borne trematode zoonoses. Int. J. Parasitol. 35, 1255-1278
(2005).
. Kelley, J. M. et al. Current threat of triclabendazole resistance in Fasciola hepatica. Trends Parasitol. 32, 458-469 (2016).
4. Beesley, N. J. et al. Fasciola and fasciolosis in ruminants inEurope: Identifying research needs. Transbound. Emerg. Dis. https://doi.
org/10.1111/tbed.12682 (2017).
5. Toet, H., Piedrafita, D. M. & Spithill, T. W. Liver fluke vaccines in ruminants: strategies, progress and future opportunities. Int. J.
Parasitol. 44, 915-927 (2014).
6. Molina-Hernandez, V. et al. Fasciola hepatica vaccine: we may not be there yet but we're on the right road. Vet. Parasitol. 208,
101-111 (2015).
7. Yap, H. Y. & Smooker, P. M. Development of experimental vaccines against liver flukes. Methods Mol. Biol. 1404, 135-151 (2016).
8. Dalton, J. P, Robinson, M. W,, Mulcahy, G., O'Neill, S. M. & Donnelly, S. Inmunomodulatory molecules of Fasciola hepatica:
Candidates for both vaccine and immunotherapeutic development. Vet. Parasitol. 195, 272-285 (2013).
9. McNeilly, T. N. & Nisbet, A. J. Inmune modulation by helminth parasites of ruminants: implications for vaccine development and
host immune competence. Parasite. 21, 51 (2014).
10. Pacheco, I. L. et al. Th1/Th2 Balance in the Liver and Hepatic Lymph Nodes of Vaccinated and Unvaccinated Sheep During Acute
Stages of Infection with Fasciola hepatica. Vet. Parasitol. 238, 61-65 (2017).
11. Flynn, R. J. & Mulcahy, G. The roles of IL-10 and TGF-beta in controlling IL-4 and IFN-gamma production during experimental
Fasciola hepatica infection. Int. J. Parasitol. 38, 1673-1680 (2008).
12. Sanders, R., Mason, D. J,, Foy, C. A. & Huggett, ]. F. Considerations for accurate gene expression measurement by reverse
transcription quantitative PCR when analysing clinical samples. Anal. Bioanal. Chem. 406, 6471-6483 (2014).
13. Bustin, S. A. et al. The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments. Clin.
Chem. 55, 611-622 (2009).
14. Taylor, S., Wakem, M., Dijkman, G., Alsarraj, M. & Nguyen, M. A practical approach to RT-qPCR—Publishing data that conform to
the MIQE guidelines. Methods. 50, S1-S5 (2010).
15. Johnson, G., Nour, A. A., Nolan, T., Huggett, J. & Bustin, S. Minimum Information Necessary for Quantitative Real-Time PCR
Experiments in Quantitative Real-Time PCR: Methods and Protocols (ed. Biassoni R & Raso A.) 5-17 (Springer New York 2014).
16. Zaros, L. G. et al. Evaluation of reference genes for real-time PCR studies of Brazilian Somalis sheep infected by gastrointestinal
nematodes. Genet. Mol. Biol. 33, 486-490 (2010).
17. Mahakapuge, T. A. N, Scheerlinck, J. P. Y., Rojas, C. A. A., Every, A. L. & Hagen, J. Assessment of reference genes for reliable analysis
of gene transcription by RT-qPCR in ovine leukocytes. Vet. Immunol. Immunopathol. 171, 1-6 (2016).
18. Tian, Y. Z. et al. Comparative study of 13 candidate genes applying multi-reference normalization to detect the expression of
different fineness in skin tissues of wool sheep. Genet. Mol. Res. 16, https://doi.org/10.4238/gmr16018905 (2017).
19. Xie, E, Xiao, P, Chen, D., Xu, L. & Zhang, B. miRDeepFinder: a miRNA analysis tool for deep sequencing of plant small RNAs.
Plant. Mol. Biol. 80, 75-84 (2012).
20. 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).
21. Andersen, C. L., Jensen, J. L. & Orntoft, 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).
22. 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).
23. Silver, N., Best, S., Jiang, J. & Thein, S. L. Selection of housekeeping genes for gene expression studies in human reticulocytes using
real-time PCR. BMC Mol. Biol. 7,33 (2006).
24. Fleige, S. & Pfaffl, M. W. RNA integrity and the effect on the real-time QRT-PCR performance. Mol. Aspects Med. 27, 126-139 (2006).
25. Mueller, O. et al. A microfluidic system for high-speed reproducible DNA sizing and quantitation. Electrophoresis. 21, 128-134
(2000).
26. Hellemans, J. & Vandesompele, J. Selection of Reliable Reference Genes for RT-qPCR Analysis in Quantitative Real-Time PCR:
Methods and Protocols (ed. Biassoni R. & Raso A.) 19-26 (Springer New York 2014).
27. Kozera, B. & Rapacz, M. Reference genes in real-time PCR. J. Appl. Genet. 54, 391-406 (2013).
28. O’Connor, T., Wilmut, I. & Taylor, J. Quantitative evaluation of reference genes for real-time PCR during in vitro maturation of ovine
oocytes. Reprod. Domest. Anim. 48, 477-483 (2013).
29. Puech, C., Dedieu, L., Chantal, I. & Rodrigues, V. Design and evaluation of a unique SYBR Green real-time RT-PCR assay for
quantification of five major cytokines in cattle, sheep and goats. BMC Vet. Res. 11, 65 (2015).
30. Taki, F. A., Abdel-Rahman, A. A. & Zhang, B. A Comprehensive Approach to Identify Reliable Reference Gene Candidates to
Investigate the Link between Alcoholism and Endocrinology in Sprague-Dawley Rats. PLoS ONE. 9, €94311 (2014).

w

SCIENTIFICREPORTS| (2019) 9:1485 | https://doi.org/10.1038/s41598-018-37672-7 11


https://doi.org/10.1038/s41598-018-37672-7
https://doi.org/10.1111/tbed.12682
https://doi.org/10.1111/tbed.12682
https://doi.org/10.4238/gmr16018905

www.nature.com/scientificreports/

31. McNeilly, T. N. et al. Suppression of ovine lymphocyte activation by Teladorsagia circumcincta larval excretory-secretory products.
Vet. Res. 44,70 (2013).

32. Hasby, E. A, Hasby Saad, M. A., Shohieb, Z. & El Noby, K. FoxP3+ T regulatory cells and immunomodulation after Schistosoma
mansoni egg antigen immunization in experimental model of inflammatory bowel disease. Cell. Immunol. 295, 67-76 (2015).

33. Pacheco, I. L. et al. Fasciola hepatica induces Foxp3 T cell, proinflammatory and regulatory cytokine overexpression in liver from
sheep during early stages of infection. Vet. Res. 49, 56 (2018).

34. Belkaid, Y., Blank, R. B. & Suffia, I. Natural regulatory T cells and parasites: a common quest for host homeostasis. Immunol. Rev.
212, 287-300 (2006).

35. Grainger, J. R. et al. Helminth secretions induce de novo T cell Foxp3 expression and regulatory function through the TGF-beta
pathway. J. Exp.Med. 207, 2331-2341 (2010).

36. Hagariz, O., Sayers, G., Flynn, R. J., Lejeune, A. & Mulcahy, G. IL-10 and TGF-betal are associated with variations in fluke burdens
following experimental fasciolosis in sheep. Parasite Immunol. 31, 613-622 (2009).

37. Maizels, R. M. et al. Helminth parasites: masters of regulation. Immunol. Rev. 201, 89-116 (2004).

38. Mulcahy, G. et al. Inmune responses of cattle to experimental anti- Fasciola hepatica vaccines. Res. Vet. Sci. 67, 27-33 (1999).

39. Zhang, W. Y. et al. Fasciola hepatica and Fasciola gigantica: comparison of cellular response to experimental infection in sheep. Exp.
Parasitol. 111, 154-159 (2005).

40. Terefe, G. et al. Inmune response to Haemonchus contortus infection in susceptible (INRA 401) and resistant (Barbados Black Belly)
breeds of lambs. Parasite Immunol. 29, 415-424 (2007).

41. Chauvin, A., Zhang, W. & Moreau, E. Fasciolosis of ruminants: immunity, inmunomodulation and control strategies. Bull. Acad.
Vet. Fr. 160, 85-92 (2007).

42. Martin, I., Caban-Herndndez, K., Figueroa-Santiago, O. & Espino, A. M. Fasciola hepatica fatty acid binding protein inhibits TLR4
activation and suppresses the inflammatory cytokines induced by LPS in vitro and in vivo. J. Immunol. 194, 3924-3936 (2015).

43. Golden, O. et al. Protection of cattle against a natural infection of Fasciola hepatica by vaccination with recombinant cathepsin L1
(rFhCL1). Vaccine. 28, 5551-5557 (2010).

44. Mulcahy, G. & Dalton, J. P. Cathepsin L proteinases as vaccines against infection with Fasciola hepatica (liver fluke) in ruminants.
Res. Vet. Sci. 70, 83-86 (2001).

45. Prieto-Alamo, M. J., Cabrera-Luque, J]. M. & Pueyo, C. Absolute quantitation of normal and ROS-induced patterns of gene
expression: an in vivo real-time PCR study in mice. Gene Expr. 11, 23-34 (2003).

46. Walker, N. J. Tech.Sight. A technique whose time has come. Science. 296, 557-559 (2002).

Acknowledgements

This work was supported by an EU grant (H2020-635408-PARAGONE) and National grant (AGL2015-67023-
C2-1-R). We thank Professor John P. Dalton, Queen’s University Belfast, Northern Ireland, for providing
recombinant FhCL1. Sequencing analysis and quality analysis of RNA were carried out by the Central Services
for Research of the University of Cérdoba (SCAI).

Author Contributions

Conceived and designed the experiment: A.M.M. and J.P. Performed the experiment: L.L.P, M.T.R., RP.C,R.Z,,
V.M.H. Analysed qRT-PCR data: N.A. Laboratory work: I.L.P., N.M.P. Analysed statistics data: N.A. and R.Z.
Wrote the paper: .L.P. and N.A. Revised the paper: A.M.M., ].P,, N.A. and R.Z. L.L.P. drew Fig. 8. All authors have
read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37672-7.

Competing Interests: The authors declare 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

T ] icense, 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) 2019

SCIENTIFICREPORTS| (2019) 9:1485 | https://doi.org/10.1038/s41598-018-37672-7 12


https://doi.org/10.1038/s41598-018-37672-7
https://doi.org/10.1038/s41598-018-37672-7
http://creativecommons.org/licenses/by/4.0/

	Identification of reference genes for real-time PCR cytokine gene expression studies in sheep experimentally infected with  ...
	Results and Discussion

	Quality and integrity of RNA samples. 
	Amplification specificity and primer efficiency. 
	Comparison of expression stabilities of candidate reference genes by descriptive statistics. 
	Determination of the optimal number of reference genes for normalisation. 
	Pathology. 
	Reference gene validation. 

	Materials and Methods

	Experimental design. 
	Pathology. 
	Total RNA isolation and cDNA synthesis. 
	Reference gene selection, primer design and qRT-PCR conditions. 
	Expression stability analysis of candidate reference genes. 
	Validation of Identified Reference Genes. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 RNA integrity.
	Figure 2 Confirmation of gene specificity and amplicon size.
	Figure 3 Distribution of Ct values for candidate reference genes.
	Figure 4 Determination of the optimal number of reference genes for normalization.
	Figure 5 Gene expression of FoxP3 and regulatory cytokines in HLN.
	Figure 6 Gene expression of proinflammatory cytokines in HLN.
	Figure 7 Gene expression of proinflammatory cytokines in liver.
	Figure 8 Timing of immmunisations, infections and sacrifice of groups one to five.
	Table 1 Primers used in this work.
	Table 2 Stability ranking of candidate reference genes.




