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Abstract

Contagious ecthyma is a highly contagious disease with worldwide distribution, which is

caused by the Orf virus (ORFV) belonging to the Parapoxvirus. To study the alteration of

host gene expression in response to ORFV infection at the transcriptional level, several

young small-tailed Han sheep were inoculated with ORFV, and their oral mucosa tissue

samples (T0, T3, T7 and T15) were collected on day 0, 3, 7 and 15 after ORFV infection

respectively. RNA-seq transcriptome comparisons were performed, showing that 1928,

3219 and 2646 differentially expressed genes (DEGs) were identified among T3 vs. T0, T7

vs. T0, and T15 vs. T0 respectively. Gene Ontology (GO) analyses of the DEGs from these

comparisons, revealed that ORFV might provoke vigorous immune response of the host

cells during the early stage of infection. Moreover, GO and network analysis showed that

positive and negative regulative mechanisms of apoptosis were integrated in the host cells

through up or down-regulating the expression level of DEGs involved in apoptotic pathways,

in order to reach a homeostasis of oral mucosa tissues during the exposure to ORFV infec-

tion. In conclusion, our study for the first time describes the direct effects of ORFV on the

global host gene expression of its host using high-throughput RNA sequencing, which pro-

vides a resource for future characterizing the interaction mechanism between the mamma-

lian host and ORFV.

Introduction

Contagious ecthyma also known as Orf, is a non-systemic cutaneous and debilitating disease

with worldwide prevalence, causing serious financial losses in livestock production. It is a zoo-

notic disease which mainly infects goats and sheep, but other various ruminants and mam-

mals, like camel, deer, reindeer, muskox, serow, dog, cats and squirrel, have also been reported

to be infected [1,2]. Moreover, people who come in direct or indirect contact with infected ani-

mals have the possibilities to be infected [3]. Clinically, the lesions of the Orf tend to initially

proliferate on the mouth and oral mucosa as well as around the nostrils followed by the
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formation of papules, vesicles, pustules with a yellowish creamy appearance and scabs that

finally become dry and with no scar remaining [2], and the development pattern occurs in a

period of one or two months.

Previous studies have revealed that Orf was caused by the epitheliotropic Orf virus (ORFV)

[4,5], a species of Parapoxvirus from Poxviridae. The ORFV has a double-stranded DNA

genome of approximate 140 kilo-base pairs, encoding 132 genes. ORFV infection mostly pro-

vokes a vigorous skin immune response of the host. However, the ORFV can limit the effec-

tiveness of host immunity and allow time for virus replication through some molecular

mechanisms [5,6]. Chemokines activate and mediate inflammation induced leukocyte recruit-

ment to infectious sites as well as homeostatic migration of leukocytes through lymphoid

organs [7], but the ORFV produces a soluble secreted chemokine binding protein (CBP)

which is capable of disrupting chemokine gradients thus blocking the trafficking of immune

cells to infectious sites [8]. It has been discovered that ORFV020 has a role in interferon resis-

tance by inhibiting the activation of IFN-inducible dsRNA-dependent kinase in sheep [4]. NF-

κB regulates the expression of an impressive range of cellular genes which are of great signifi-

cance for early anti-viral and inflammatory responses, and previous studies revealed that

ORFV encoded three inhibitors of NF-κB signaling pathway [9–11].

Apoptosis is a rather important process in multicellular organisms, and it can remove the

old, unwanted, or potentially dangerous cells. It plays a crucial role in the development and

homeostasis of tissues, as well as in immune responses to pathological signals [12,13]. Apopto-

sis is of great importance in host defenses against virus infection through executing the cell sui-

cide program in order to block virus replication in infected cells [14]. Therefore, it is

reasonable that viruses have evolved multiple regulators that are able to block apoptosis at dif-

ferent stages within the apoptotic pathways [14,15]. Primary Orf infections typically need two

months to resolve, but chronic and persistent infections have also been recorded [5], which

implied that there might be some molecular mechanisms of anti-apoptosis in ORFV-infected

cells. Interestingly, it was found that the ORFV can produce an inhibitor of apoptosis, and

ORFV-infected cells were completely resistant to the UV-induced changes in cell morphology,

caspase activation, and DNA fragmentation [16–18].

With the rapid development of high-throughput RNA sequencing (RNA-seq) technology,

we now are able to explore the comprehensive transcriptional landscape in the host upon virus

infection [19–21]. In the current study, RNA-seq performed on the oral mucosa tissues of

ORFV-infected sheep was applied to investigate the systemic alteration of the host gene expres-

sion. These data are available to explore the interaction mechanism between the host and

ORFV, and provide valuable information for its treatment and prevention.

Materials and methods

Ethics statement

Sheep were sampled with signed consent from animal breeding center of Lanzhou Veterinary

Research Institute under an approved protocol of PR China for the Biological Studies Animal

Care and Use Committee.

Experimental animals and virus strain

6 male small-tailed Han sheep, 4 months old, were purchased from the animal breeding center

of Lanzhou Veterinary Research Institute. No ORF disease had been previously observed in

these sheep. The body temperature, mental status and feed intake of each sheep were moni-

tored twice a day (at 9 a.m. and 3 p.m.) until the end of experiment.

Response to Orf virus infection
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To ameliorate the suffering of these sheep, we have made them acclimatized for two days

before the initiation of the study in the animal biosafety level 3(ABSL-3) laboratory with stan-

dard laboratory chow and water, ad libitum. ORFV strain (ORFV/QH01/2010) was isolated

from the scar of a clinically ORFV infected sheep from Qinghai, China, and cultured in Hela

cells.

Experimental inoculation of sheep with ORFV

Prior to infection, 6 sheep were injected with Lumianning (an anesthetic drug) via intramuscu-

lar injection. After narcosis, each sheep was inoculated with 0.2×105.5 TCID50 ORFV via the

oral mucosal scratch, which were gently pre-made by disposable syringe needle. During the

infection period, typical cutaneous lesions were observed only in oral mucosa. No systemic

symptom, like high fever, was observed. None of the animals died prior to the experimental

endpoint.

0, 3, 7 and 15 days after ORFV infection, the oral mucosa tissue (50 mg per sheep) from

each infected sheep was collected under narcosis condition. Tissues from three sheep were

pooled as one RNA-seq sample for each time point.

RNA extraction and sequencing

The tissue samples were ground (with mortar and pestle, under continuous liquid N2 chilling)

into fine powder before RNA extraction. Total RNA was extracted from 30 mg of the ground

tissue by using hot phenol method. The RNA was further purified with two phenol-chloroform

treatments and then treated with RQ1DNase (Promega, Madison, WI, USA) to remove DNA.

The quality and quantity of the purified RNA were redetermined by measuring the absorbance

at 260 nm/280 nm (A260/A280) using Smartspec Plus (BioRad, USA). The integrity of RNA

was further verified by 1.5% agarose gel electrophoresis.

For each sample, 10μg of the total RNA was used for RNA-seq library preparation. Polyade-

nylated mRNAs were purified and concentrated with oligo(dT)-conjugated magnetic beads

(Invitrogen, Carlsbad, CA, USA) before directional RNA-seq library preparation. The purified

mRNAs were then iron fragmented at 95˚C followed by end repair and 5’ adaptor ligation.

Then, reverse transcription was performed with RT primer harboring 3’ adaptor sequence and

randomized hexamer. The cDNAs were purified, amplified, and stored at -80˚C until they

were used for sequencing.

For high-throughput sequencing, the libraries were prepared following the manufacturer’s

instructions. Illumina Nextseq 500 system was used to collect data from 151-bp pair-end

sequencing (ABlife Inc., Wuhan, China).

Bioinformatic analysis

RPKM (reads per kilobase per million mapped reads), was used to evaluate the expression

level of genes. To measure the RPKM value and screen out the differentially expressed genes

(DEGs), we applied the software edgeR[22], which is specifically used to analyze the differen-

tial expression of genes using RNA-Seq data. The genes with RPKM< 0.1 in every sample

were removed before analysis. To determine whether a gene was differentially expressed, we

analyzed the results based on the fold change (fold change�2 or�0.5) and P-value (P�0.01).

To predict the gene function and calculate the functional category distribution frequency,

Gene Ontology (GO) analyses were employed using DAVID bioinformatics resources [23].

The networks were constructed by calculating the Pearson correlation coefficient (PCC) of the

DEGs. Cytoscape was used to display the co-expression network [24].

Response to Orf virus infection
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Validation of DEGs by qRT-PCR

In this study, to elucidate the validity of the RNA-seq data, quantitative real-time PCR (qPCR)

was performed for some selected DEGs, and normalized with the reference gene GAPDH gene

of sheep. The information of primers is presented in Table 1. The same RNA samples for

RNA-seq were used for qPCR. In each pooled sample, l μg of RNA was reversely transcribed

using the PrimeScriptTM RT Reagent Kit (Takara, Dalian, China) following the manufacturer’s

instructions. qPCR was performed on the Bio-Rad S1000 with Bestar SYBR Green RT-PCR

Master Mix (DBI Bioscience, Shanghai, China). The PCR conditions are consisted of denatur-

ing at 95˚C for 10 min, 40 cycles of denaturing at 95˚C for 15 s, annealing and extension at

60˚C for 1 min. PCR amplifications were performed in triplicate for each sample.

Statistical analysis

All values were presented as mean ± SD. For comparison, the significance of differences

between means was determined by Student’s t-test. A value P<0.05 was regarded as statistically

significant.

Online data deposition

The RNA-seq data has been deposited in NCBI Gene Expression Omnibus(GEO) under acces-

sion code GSE95203.

Results

RNA-seq data summary and exploration of differentially expressed

genes

The young small-tailed Han sheep were inoculated with ORFV, and we prepared the oral

mucosa tissue samples (T0, T3, T7 and T15) on day 0, 3, 7 and 15 after ORFV infection,

respectively. Totally, 8 cDNA libraries (T0-A, T0-B, T3-A, T3-B, T7-A, T7-B, T15-A and

T15-B) were constructed for RNA-seq, which composed two biological replicates at each time

point.

Through Illumina NextSeq 500, we generated over 0.18 billion pair-end reads, correspond-

ing to an average of 22.5 million sequence reads per sample (S1 File). Using TopHat [25], 68%

of all the reads were successfully mapped against the current sheep reference genome (ftp://ftp.

ncbi.nlm.nih.gov/genomes/Ovis_aries) (S2 File).

Table 1. The genes and primers used for qRT-PCR experiments.

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

IL1A GCTTCAAGGAGAATGTGGTGAT CCAGGTCGTCATCGGTGAT

IL8 GTACAGAACTTCGATGCCAATG GCCCACTCTCAATAACTCTCAG

CCL8 TGAGGTCCTTCCACTGATTATC ACATAGCACACATCCACTTACA

CXCL10 TGGGCTTATTAGAGACCTTAGG TGGCTGCTTCTGTATATTTGGA

CXCL11 ACAAGTGTAACTGTGACTACTG GGAGACAGAGGTGCTTTCATA

FAS CGTGGCTGGTATCAACTCTG AGGAGGACAAGGCTGACAG

IER3 GGGAAGAAGTGCGTCGTTAA CCCACAGAGCCCAATAAATACC

FAIM TATTGATGCTGTCGGTGGTT ACTCTAAAGTCCTCACTATCCA

CAT AACTCAATGTTCTGACGGTAGG GGTCAAAGTGAGCCATTTCATC

KRT18 GCTGACCGTGGAGTTGGAT GCTCCTCTCGGTTCTTCTGA

GAPDH GCGACACTCACTCTTCTACCT TCTCTTCCTCTCGTGCTCCT

https://doi.org/10.1371/journal.pone.0186681.t001
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Using software edgeR [22], a total of 1928, 3219 and 2646 differentially expressed genes

(DEGs) (FC� 2 or� 0.5, P� 0.01) were detected in the comparisons of T3 vs. T0, T7 vs. T0

and T15 vs. T0 respectively, with the highest or lowest FC being 212.7 and 2−10.47 (Fig 1, S3

File). It indicated that ORFV infection could lead to comprehensive transcriptome changes of

host cells from oral mucosa tissues. Moreover, there are 1072 common DEGs among three

comparisons above, and many DEGs have immune function, implying that ORFV infection

would mainly affect the immune system of the host skin.

Immune response after ORFV infection

To identify the pathways in which the DEGs were mainly involved, Gene Ontology (GO)

enrichment analysis was conducted. It showed that 43, 81 and 85 GO terms were identified in

T3 vs. T0, T7 vs. T0 and T15 vs. T0, respectively (P<0.05) (S4 File).

Multiple DEGs were enriched in “inflammatory response” (GO: 0006954), “immune

response” (GO: 0006955), and “defense response to virus” (GO: 0051607) terms for all three

comparisons (Fig 2B, 2D and 2F, S4 File), indicating that ORFV infection has evocated the

immune system of the sheep. Previous studies revealed that ORFV infection had the capacity

to cause immune response or immunosuppression of the host [26,27]. In order to explore how

the ORFV infection affected the immune system, we analyzed these DEGs enriched in“inflam-

matory response” and “immune response” terms. It indicated that the expression level of mul-

tiple DEGs associated with immune system, including interleukin 1 Alpha (IL1A), interleukin

8 (IL8), C-C motif chemokine ligand 8 (CCL8), C-X-C motif chemokine ligand 10 (CXCL10)

and C-X-C motif chemokine ligand 11 (CXCL11), were obviously up-regulated after ORFV

infection (Fig 3A). IL1 is a pleiotropic cytokine involved in various immune responses, inflam-

matory processes, and hematopoiesis. IL8, CCL8, CXCL10 and CXCL11 are chemotactic pro-

teins which can activate and regulate the inflammation process. Moreover, the results of

Fig 1. Exploration of differentially expressed genes (DEGs) (fold change� 2.0 or� 0.5, P�0.01). (A) Venn diagrams of DEGs from T3 vs. T0, T7 vs.

T0 and T15 vs.T0 comparisons. (B) The number of up and down-regulated DEGs in three comparisons.

https://doi.org/10.1371/journal.pone.0186681.g001
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Fig 2. GO analysis of differentially expressed genes (DEGs) from T3 vs. T0, T7 vs. T0 and T15 vs. T0. (A),

(C) & (E) The heatmaps for DEGs from T3 vs. T0, T7 vs.T0 and T15 vs.T0, respectively. The heatmap was

generated from hierarchical analysis of genes and samples. (B), (D) & (F) GO analyses of DEGs from T3 vs. T0,

T7 vs.T0 and T15 vs.T0, respectively. Only the top 15 terms are listed here.

https://doi.org/10.1371/journal.pone.0186681.g002
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qRT-PCR experiments were consistent with the results from RNA-seq (Fig 3B) with Pearson

correlation coefficients (PCCs) higher than 0.9, suggesting that ORFV infection might provoke

a vigorous immune response of the host cells from oral mucosa.

Apoptosis of the host cell after ORFV infection

Apoptosis, a form of cell death, which is distinct from necrosis, is of great significance in pro-

cesses such as homeostasis and the elimination of damaged cells, and could be triggered by

cytokines and immune effector cells [28]. Previous studies indicated that apoptotic cell death

Fig 3. Quantitative real-time PCR (qRT-PCR) validation of some differentially expressed genes (DEGs) obtained from RNA-seq. (A) & (C)

The mRNA expression levels of some DEGs associated with immune system and regulation of apoptosis were determined by high-throughput

sequencing. RPKM (reads per kilobase per million mapped reads) was used to calculate the expression levels of genes. (B) & (D) The mRNA

expression levels of some DEGs above were validated by qRT-PCR, normalized with the GAPDH gene. Data represent the mean values ±SD. *,

P<0.05; **, P<0.01, calculated with student’s t test.

https://doi.org/10.1371/journal.pone.0186681.g003
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forms part of the host defense against virus infection, and apoptosis of the host cell before the

completion of the viral replication cycle may limit the number of progeny and the spread of

infection [29].

In the current study, it was uncertain whether ORFV could lead to apoptosis of host cells

from oral mucosa tissues, but “apoptosis” (GO: 0006915) term could be found in T3 vs. T0,

and T15 vs. T0 (S4 File). Although the “apoptosis” term could not be identified in the T7 vs.

T0, many DEGs involved in apoptotic pathways could be found (Fig 4A, S3 File). Moreover,

the expression levels of most DEGs enriched in “apoptosis” term were up-regulated after the

ORFV infection, including Fas (Fas cell surface death receptor) gene (Fig 3C and 3D), which

was an apoptosis biomarker in the physiological regulation of programmed cell death [30]. It

suggested that host cells might defend the ORFV invasion through activating pro-apoptotic

genes during the early stages of infection.

Fig 4. The differentially expressed genes (DEGs) were associated with regulation of apoptosis of host cells from oral mucosa tissue after the

ORFV infection. (A) The heatmap of DEGs enriched in “apoptosis” (GO: 0006915) term; (B) The heatmap of DEGs enriched in “positive regulation of

apoptosis” (GO: 0043065) term; (C) The heatmap of DEGs enriched in “negative regulation of apoptosis” (GO:0043066) term.

https://doi.org/10.1371/journal.pone.0186681.g004
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Positive and negative regulation of apoptosis after ORFV infection

Upon virus invasion into the host, a fierce and complex battle occurs between the host cells

and viruses. The host cells will defend virus proliferation through different ways including

apoptosis; meanwhile, these viruses have developed a vast array of modulators that block apo-

ptosis at different stages within the apoptotic pathways [14,15]. Interestingly, the ORFV125

encoded by ORFV, was a Bcl-2-like inhibitor of apoptosis [16], implying there might be some

molecular mechanisms of regulating apoptosis.

From the results of GO analysis, the term of “positive regulation of apoptosis” (GO:

0043065) was only found in T15 vs. T0 (S4 File), but many DEGs belonging to “apoptosis”

term could be found in T3 vs. T0 and T7 vs. T0 (S3 File and Fig 4B). The expression levels of

most DEGs enriched in this term were up-regulated after ORFV infection, including Bak and

Tnf genes which have been shown to induce apoptosis [31,32], suggesting the host cells might

defend ORFV invasion through up-regulating some genes’ expression levels.

Moreover, the “negative regulation of apoptosis” (GO: 0043066) term could be found in T3

vs. T0, T7 vs. T0 and T15 vs. T0. Similarly, the expression levels of most DEGs enriched in this

pathway were up-regulated after ORFV infection, including IER3 (immediate early response

3) gene which has been reported to inhibit apoptosis [33] (Figs 3C, 3D and 4C), suggesting

that ORFV might inhibit apoptosis of host cells by up-regulating the expression levels of some

genes for its replication. Therefore, it indicated that serious interaction between mammalian

host and ORFV generated at the early stages of infection.

Network analysis of DEGs regulating apoptosis

The results above revealed that the positive and negative regulation mechanisms of apoptosis

could co-exist in the ORFV-infected cells. In order to explore the co-expression relationships

of the DEGs, the network was constructed under the PCCs among these DEGs (PPC� 0.90,

P<0.01) which were enriched in “apoptosis”, “positive regulation of apoptosis” and “negative

regulation of apoptosis” pathways (Fig 5). The number of analyzed genes was 79, with 68 out

of them being well linked. There were 27 links between “positive regulation of apoptosis” and

“apoptosis” pathways, while 60 links existed between “negative regulation of apoptosis” and

“apoptosis” pathways, without significant difference (P>0.05).

The fabulous co-expression relationships among these DEGs indicated that positive and

negative molecular mechanisms worked as a whole to regulate apoptosis, in order to reach a

homeostasis of oral mucosa tissue after ORFV infection.

Discussion

ORFV is a prototype species of Parapoxvirus in Poxviridae which includes Bovine papular sto-
matitis virus (BPSV), Pseudocowpox (PCPV) and Parapoxviruses of red deer in New Zealand
(PVNZ) [6]. Generally, sheep and goats are natural hosts of ORFV, but infections have also

been occasionally reported in other animals, even in human beings. Although ORFV mainly

exists in sheep and goat with world-wide distribution, no evidence has shown the systemic

spread of the virus yet [34], indicating that the host could provide protection against infection.

ORFV usually infects the host through the injury and abrasions of the skin, and it replicates in

regenerating keratinocytes. Under normal conditions, the lesions are benign, but more serious

complications can take place when the natural hosts were infected again via bacteria or fungi.

We may not take Orf as a serious disease because of its moderate and self-limiting clinical pre-

sentation, and recover completely with routine wound care and antibiotic agents. however,

there might be a far-reaching economic impact, especially in some endemic areas, where the

disease has spread seriously [5]. For preventing the outbreak of the disease, some ORFV
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attenuated live vaccines have been developed in the past few decades[35–37], and they indeed

play an important role in blocking Orf in sheep and goats. However, all available vaccines do

not have the capacity to induce persistent immunity in sheep and goats[38]. So far, there is no

specific treatment for ORFV infections. Although many different strategies such as use of cido-

fovir, imiquimod, shave excision, curettage, cryotherapy, and electrocautery have all been

reported to be successful, there is no supporting evidence from controlled clinical trials[39–

44]. Therefore, Orf could not be underestimated, and it is necessary to explore the interaction

mechanism between the host and ORFV.

Fig 5. The co-expression analysis of differentially expressed genes (DEGs) regulating apoptosis. The network analysis under the Pearson

correlation coefficients (PCCs) of these DEGs (PPC� 0.9, P<0.01) enriched in “apoptosis” (GO: 0006915), “Positive regulation of apoptosis” (GO:

0043065) and “negative regulation of apoptosis” (GO:0043066) terms. The nodes represent DEGs. Red lines represent positive correlations, and blue

lines signify negative correlation.

https://doi.org/10.1371/journal.pone.0186681.g005
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Skin provides the essential protection from injury and infection for mammals. The cellular

immune system of skin, as well as the associated lymphatic organs, have developed from con-

stant exposure to microbial pathogens during the evolutionary process. Therefore, they can

respond to such organisms fast and efficiently. Previous studies revealed that ORFV infection

might provoke vigorous skin immune responses of the host to block virus replication, but

ORFV could also produce some factors and interference with host immune mechanisms [34],

to allow time for its replication. In the current study, analysis of RNA-Seq data from oral

mucosa tissues of the host indicated that inflammation and immune response happened rap-

idly after ORFV infection (Fig 2). Mammalian interleukin 10 (IL10) is a cytokine suppressing

inflammation and immune responses, and it revealed that ORFV could also produce a similar

anti-inflammatory virokine (ORFV-IL-10) and knockout of this gene seriously attenuated the

virus [45]. The presence of viral immuno-modulatory virulence factors was not investigated in

the current study, but it was found that the expression level of IL-10 of the ORFV-infected

cells was up-regulated after infection (S3 File), suggesting the ORFV could limit the effective-

ness of host immunity through promoting the anti-inflammatory signals in the host cells.

Despite the presence of viral immuno-modulatory virulence factors in ORFV, strong

inflammatory responses were observed the first few days (Day 3 and 7) of infection (Figs 2 and

3). Similarly, robust local inflammation was observed in variola virus and vaccinia virus infec-

tion[46,47]. And increasing evidence is suggesting that the uncontrolled inflammation is the

major cause of significant pathology and lethality in poxvirus infection[48,49]. Therefore, in

terms of contagious ecthyma treatment, rather than antivirals targeting the pathogen only, a

combination therapy approach involving antivirals along with immunotherapy such as anti-

inflammation drugs may produce a more favorable outcome with limiting local lesions and tis-

sue damage. Apoptosis, a process of programmed cell death, really matters in forming an

important host defense mechanism to limit virus infection. Infected cells can recognize virus

particles at the cell entry, viral proteins and DNA/RNA during early viral replication, and in

response, carry out the suicide program to block virus replication [14]. However, the viruses

have developed various strategies to stop apoptosis [14,15]. In the current study, it revealed

that complex molecular regulations of apoptosis function together in ORFV-infected cells at

comprehensive transcriptome level through up or down-regulating the expression levels of

genes involved in apoptotic pathways. For example, the expression levels of some DEGs

enriched in “negative regulation of apoptosis” functional pathway were up-regulated after

infection, but other DEGs’ expression levels were down-regulated (including FAIM, CAT and

KRT18) (Figs 3C, 3D and 4C). It further suggested that both the positive and negative molecu-

lar mechanisms work integratedly to regulate apoptosis, in order to reach a homeostasis of

host cells. It may explain why it takes a long period of time to recover from the primary ORFV

infections and re-infections occur frequently.
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