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Abstract:1

Caliciviruses are an important cause of gastroenteritis in humans and animals. 2

Molecular analysis of the polymerase and capsid genes of porcine caliciviruses, 3

sapoviruses (SaVs) and noroviruses (NoVs), has demonstrated a broad range of 4

genetic diversity but information on their epidemiology and pathogenic role in pigs is 5

limited. In this study, 292 faecal samples were obtained from 4-5 to 8-9 week old 6

asymptomatic pigs from 4 porcine herds in Ireland during 2005-2007 and were 7

screened by RT-PCR using calicivirus-specific primers. Only 7 samples from 2 8

porcine herds tested positive for porcine calicivirus. By sequence analysis of the 9

partial RNA-dependent RNA polymerase (RdRp) fragment, 6 samples from one such 10

herd were closely related to each other (>98% nucleotide identity) and were 11

characterised as genogroup (GG) III (Cowden-like) porcine SaVs. These viruses 12

demonstrated an amino acid (aa) identity of 81.3-98.6% to GGIII SaVs. Conversely, 13

one calicivirus strain, 9/07/Ire (identified from a different herd in 2007), was distantly 14

related to GIII SaVs and displayed 94.6-98.6% aa identity to rare K7-like porcine 15

caliciviruses, representatives of a potential novel SaV genogroup (GGVII), described 16

previously in Japan and the USA. Circulation of SaVs in asymptomatic animals might 17

be a mechanism of virus persistence in porcine populations and should be considered 18

with respect to understanding the epidemiology of these viruses in porcine herds.  19
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Introduction:1

Caliciviruses are small, non-enveloped viruses, 27-38nm in diameter containing a 2

single-stranded 7.3-8.4 kb plus-sense RNA genome (Green et al., 2000). Caliciviruses3

are associated with a wide range of economically important diseases in animals and 4

humans (Ohlinger et al., 1990; Geissler et al., 1997; Green et al., 2000).5

6

Viruses in the family Caliciviridae are divided into at least 4 genera, Norovirus, 7

Sapovirus, Vesivirus and Lagovirus (Green et al., 2001). Novel caliciviruses, likely 8

representing additional candidate genera, have been identified in bovines and in 9

primates (Smiley et al., 2002; Oliver et al., 2006; Farkas et al., 2008). NoVs and SaVs 10

have emerged as the leading cause of food- and waterborne, acute, non-bacterial 11

gastroenteritis in humans worldwide (Green et al., 2006).12

13

Sapoviruses were first found in stools of diarrheic children in 1976, by direct EM 14

(Flewett et al., 1976; Madeley et al., 1976). In 1980, a porcine SaV (Cowden strain) 15

was identified, together with rotavirus and astrovirus particles, in the faecal samples 16

of diarrhoeic piglets by EM in the United States (Saif et al., 1980). Porcine SaVs have 17

been subsequently identified in South Korea, Venezuela, Hungary, Italy and Belgium, 18

suggesting that they have a worldwide distribution in porcine populations (Kim et al., 19

2006; Martinez et al., 2006; Reuter et al., 2006; Martella et al., 2008a; Mauroy et al., 20

2008).21

22

Sapoviruses are divided into genogroups (GG) based on sequence analysis of the 23

capsid protein (Farkas et al., 2004). Human SaVs have been classified into four such 24

genogroups (GI, II, IV and V) (Schuffenecker et al., 2001; Farkas et al., 2004; 25

Hansman et al., 2007). The majority of porcine SaVs resemble the prototype strain 26
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Cowden, within genogroup GIII (Guo et al., 1999). Other SaVs of recent 1

identification, the porcine strains JJ681/00/US, K7/JP and 43/06-18p (Wang et al., 2

2005a; Yin et al., 2006; Martella et al., 2008a), and the mink strain MEC151A3 3

(GenBank accession number AY144337) are likely prototypes of novel SaVs 4

although classification criteria have not been firmly established.5

6

Some porcine caliciviruses are closely related to several human SaV and NoV strains 7

genetically, and this has raised public health concerns of potential cross-species 8

transmission and on the other hand is suggestive that the evolution of animal and 9

human SaVs is closely intermingled (Guo et al., 1999; Wang et al., 2005a, 2005b;10

Martella et al., 2008b).11

12

SaVs are suspected to play a role in the pathogenesis of enteritis in piglets. 13

Experimental infection of 4-day-old gnotobiotic pigs inoculated orally with wild-type 14

strain Cowden, GGIII, resulted in profuse diarrhoea, anorexia, and intestinal lesions 15

(Flynn et al., 1988). Also, large scale screening of stools from diarrhoeic piglets has 16

identified SaVs in as many as 32.5% of animals (Martella et al., 2008a), either alone 17

or in conjunction with group A and group C rotaviruses. However, SaVs are not 18

included routinely in the diagnostic algorithms for porcine pathogens and their impact 19

in the porcine livestock is unclear. Thus, epidemiological information on SaV 20

distribution in porcine populations and on SaV genetic heterogeneity is limited. 21

22

In this study, faecal samples obtained from asymptomatic piglets in Ireland were 23

screened by RT-PCR using calicivirus-specific primers. The sequence of the 24

calicivirus strains was determined and analysed in detail, in order to amass 25

information on their genetic features. 26
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Materials and Methods.1

Sample collection and Preparation. A total of 292 faecal samples were obtained 2

from 4-5 to 8-9 week old asymptomatic pigs from porcine herds in Ireland over 3 3

years, from 2005-2007. The samples were collected from 4 different herds in County 4

Cork. Eighty samples were collected in May 2005 (farm 1), 80 samples were collected 5

in September 2006 (farm 2), 102 samples in May 2007 (farm 3). Thirty samples (farm 6

4) were collected in March 2007, in County Dublin. All of the samples were 7

processed in order to extract the RNA, using standard phenol-chloroform method with 8

ethanol precipitation. The extracted nucleic acids were re-suspended in 100µl of 9

sterile DEPC H20 and stored at -80ºC prior to use. All of the samples had been 10

screened for the presence of group A (GARVs) and group C rotaviruses (GCRVs) by 11

RT-PCR (Collins et al., 2008), using oligonucleotide primers previously described 12

(Gentsch et al., 1992; Sanchez-Fauquier et al., 2003).13

14

Detection by RT-PCR of caliciviruses. For the detection of caliciviruses, the 15

broadly-reactive primer pair p289/p290 (Jiang et al., 1999), which targets the 16

conserved motifs of RdRp region was used. For RT-PCR, the reaction was carried out 17

in 50ul volume using an Enhanced Avian Reverse transcriptase kit (Sigma-Aldrich) in 18

a one-step reaction. All reactions were carried out on a MJ researcher PTC-200 19

thermocycler (GMI Inc, Minnesota, USA).20

21

The following conditions were used for RT-PCR using the primer set p289/p290 22

(Jiang et al., 1999): 45°C for 30 mins, 94°C for 5 mins followed by 40 cycles of 94°C 23

for 1 min, 48°C for 1mins 20sec and 72°C for 1 min plus a final extension of 72°C for 24

10 min.  25

26
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All samples which were positive by primer pair p289/p290, were also screened with 1

primer pair PEC45/PEC46, designed to recognize selectively porcine GIII SaVs (Guo 2

et al., 2001). The conditions for RT-PCR with primers PEC45 and PEC46 (Guo et al., 3

2001) were as follows: 45°C for 30 mins, 94°C for 5 mins followed by 40 cycles of 4

94°C for 1 min, 55º C for 1 min and 72°C for 1 min plus a final extension of 72°C for 5

10 min.6

7

Sequence analysis of the porcine caliciviruses. All samples positive by the 8

calicivirus-specific RT-PCR were subjected to sequencing. The PCR products were 9

purified using a QIAquick PCR purification kit (Qiagen Ltd, West Sussex, England) 10

and sequenced commercially at MWG Biotech (MWG-biotech, Ebersberg, Germany). 11

12

The sequences were assembled, edited and analyzed using the Bioedit software 13

package version 2.1 (Hall, 1999). Preliminary analysis was accomplished by 14

comparison with the sequences available in the database using the web-based 15

programs BLAST (http://www.ncbi.nlm.nih.gov/BLAST) and FASTA 16

(http://www.ebi.ac.uk/fasta33). Phylogenetic and molecular evolutionary analyses 17

were conducted using MEGA version 2.1 (Kumar et al., 2001). A phylogenetic tree, 18

based on the RdRp partial sequences, was elaborated with both parsimony and 19

distance methods, supplying a statistical support with bootstrapping of 500 replicates.20

The partial RdRp sequences of the Irish porcine caliciviruses, 9/07/Ire and 8D/05/Ire 21

were registered in Gen Bank under the accession numbers, FJ975601 and FJ975602 22

respectively.23

24

Results and discussion.25
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Out of 292 samples, 7 were found to be positive for calicivirus. Six samples 1

(7A/05/Ire, 16/05/Ire, 2A/05/Ire, 1M/05/Ire, 1D/05/Ire and 8D/05/Ire) were identified 2

in 2005, from a large commercial piggery (Farm 1) in County Cork and one sample 3

(9/07/Ire) was identified from an asymptomatic animal in a different commercial 4

piggery (Farm 3), in County Cork, Southern Ireland, 2007. In addition, a total of 13 5

out of 292 samples (4.4%) were found to contain GCRV, while 19 samples (6.5%) 6

contained GARV. There were no cases of mixed infections.7

8

The samples positive for calicivirus by RT-PCR with primer pair p289/p290 (Jiang et 9

al., 1999) were screened with the GIII SaV-specific primers PEC45 and PEC46 (Kim 10

et al., 2006). Amplicons of 572 bp were obtained and successfully sequenced for 6 11

strains, all which had been identified in 2005 from the same herd (7A/05/Ire, 12

16/05/Ire, 2A/05/Ire, 1M/05/Ire, 1D/05/Ire and 8D/05/Ire). Despite numerous 13

attempts, it was not possible to amplify strain 9/07/Ire with the primer pair 14

PEC45/PEC46. Therefore, sequence data was obtained using the primer set 15

p289/p290 (Jiang et al., 1999). 16

17

Phylogenetic analysis was carried out with a selection of strains representative of the 18

Sapovirus genus, including human SaVs of genogroup GI, GII, GIV and GV, mink 19

SaV, porcine GIII SaV strains (Cowden-like) and porcine SaVs JJ681, K7/JP, QW19 20

and 43/06-18p (Wang et al., 2005a; Yin et al., 2006; Martella et al., 2008a). 21

Representatives of other genera were also used: Lagovirus/RHDV/GH/1988/GE, 22

Vesivirus/FCV/F9/1958/US, Norovirus/Norwalk/68/US, Becovirus/Nebraska/80/US 23

(Smiley et al., 2002) and Vesivirus/Ca48/1990/JP (Matsuura et al., 2002). In addition, 24

the sequences of unclassified porcine caliciviruses (200/05-32, K-11, 42/05-6c and 25

200/05-10-like) were included in the analysis (Yin et al., 2006; Martella et al., 2008a). 26
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Based on inspection of the phylogenetic tree, 3 lineages were observed within GGIII. 1

Lineage I consisted of the majority of the strains, which included SaV strains from the 2

US, Korea, Venezuela, Italy and the Netherlands. Lineage II consisted of Korean and 3

Hungarian strains, while lineage III consisted of the American strain MM280 and the 4

Dutch strain VA10. GGI, II, IV and V included human SaVs. As supported by 5

sequence analysis of the capsid-coding gene, the calicivirus strains JJ681, K7/JP and 6

43/06-18p are likely prototypes of SaV distinct genogroups, GGVI, GGVII and 7

GGVIII, respectively (Wang et al., 2005a; Yin et al., 2006; Martella et al., 2008a). A 8

number of porcine caliviruses of uncertain classification (200/05-32, K-11, 42/05-6c 9

and 200/05-10-like) did not segregate in the phylogenetic tree with any of the well-10

defined SaV genogroups.11

12

The 6 Irish SaV strains identified in 2005 (7A/05/Ire, 16/05/Ire, 2A/05/Ire, 1M/05/Ire, 13

1D/05/Ire and 8D/05/Ire) segregated within lineage I of GGIII, which also includes 14

the prototype porcine SaV strain Cowden. Amino acid (aa) identity (Table 1) of strain 15

8D/05/Ire was 98.6% to representatives of lineage I of GGIII SaVs, while it was 81.3-16

94.6% to representatives of lineages II and III of GGIII SaVs. Identity was 52-65.3% 17

to human GI, II, IV and V SaVs, 58.6-60% to QW19-like strains (GGVIII), 50.6% to 18

the GGVI strain JJ681, and 44-45.3% to the GVII strains LL26, K7/JP and K10/JP 19

and 44-48% to the unclassified porcine caliciviruses 200/05-32, K-11, 42/05-6c and 20

200/05-10. 21

22

The SaV strain 9/07/Ire was grouped with strains K7/JP, K10/JP and K16/JP in 23

genogroup GGVII. Strain 9/07/Ire displayed an aa identity (Table 1) of 94.6-98.6% to 24

K7-like calicivirues. Amino acid identity to the GGVI strain JJ681 was 61.3%, 25

whereas it was 42.6-44% to GGIII (Cowden-like) strains and 41.3-42.6% to human 26
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GGI, II, IV and V SaVs. Amino acid identity to the unclassified caliciviruses 200/05-1

32, K-11, 42/05-6c and 200/05-10 ranged from 56 to 66.6%, while it was 41.3% to 2

GGVIII SaVs, QW19-like.3

4

Overall the prevalence of SaVs in asymptomatic animals from the 4 Irish herds was 5

low (2.4%). SaVs were detected using broadly reactive primers for calicivirus (Jiang 6

et al., 1999) in 7/292 samples and 2 out of 4 herds. By using other primer sets or the 7

same primer pair, previous studies have also indicated a low prevalence rate of 8

calicivirus infections in piglets (Sugieda et al., 1998; Van der Poel et al., 2000; Wang 9

et al., 2005a). A study in Korea on piglets with enteritis indicated a low detection rate 10

(8.8%), with all the samples being characterised as GGIII (Kim et al., 2006). 11

Conversely, RT-PCR screening with primers p289/p290 of fecal samples from 12

diarrheic piglets in Italy detected caliciviruses in as high as 32.5% (68/209) of the 13

samples from 46/118 farms (38.9%), mostly in conjunction with GARVs and/or 14

GCRVs (Martella et al., 2008a). Analysis of fecal samples by RT-PCR with primers 15

p289/p290 revealed an almost identical frequency of detection from symptomatic and 16

asymptomatic animals (14% versus 19%, respectively) in Venezuela over a 10-year 17

time period and the majority of the strains were characterised as GGIII SaVs 18

(Martinez et al., 2006). These studies provide firm evidence that porcine SaVs are 19

common enteric viruses of piglets but do not clarify whether there is a significant 20

difference in calicivirus prevalence between symptomatic and asymptomatic animals. 21

Circulation of SaVs in asymptomatic pigs could mirror the epidemiology of enteric 22

caliciviruses in humans. Asymptomatic infections by noroviruses in humans have23

been detected frequently and may be related to either genetic resistance (Harrington et 24

al., 2002; Huston et al., 2002, Marionneau et al., 2002; Huang et al., 2003; Huston et 25

al., 2003; Lindesmith et al., 2003), or to protective immunity preventing overt clinical 26
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signs (Kapikian et al., 1978; Pang et al., 2000). Accordingly, asymptomatic virus 1

carriers would help maintain virus circulation in the population.2

3

Experimental administration with the wild-type SaV strain Cowden by the oral route 4

caused diarrhoea, anorexia, and intestinal lesions in 4-day-old gnotobiotic pigs (Flynn 5

et al., 1988). This experimental evidence suggests a potential role for SaVs in the 6

aetiology of weaning and post-weaning enteritis of piglets, along with other common 7

enteric pathogens, such as GCRVs and chiefly GARVs (Saif and Jiang, 1990; Gouvea 8

et al., 1991; Saif et al., 1994; Will et al., 1994; Yuan et al., 2006; Martella et al., 9

2008a). It is likely that piglets enteritis has a multi-factorial nature, with viruses, 10

bacteria and/or parasites acting in synergy, yet under the influence of other factors, 11

such as environmental and social stress due to overcrowding and/or incorrect 12

management. A clear understanding of this scenario is still hampered by the fact that 13

enteric viruses are not included routinely in the diagnostic algorithms of piglets 14

enteritis and the information is limited.15

16

Molecular analyses of partial RNA polymerase gene sequences confirmed that the 7 17

Irish strains detected in this study were members of the Sapovirus genus. Due to the 18

existence of a preferential recombinational site downstream of the primer binding 19

region (Green et al., 2001; Katayama et al., 2002), analysis of the RdRp fragment can 20

not be used to definitively characterize SaVs or other caliciviruses and a definitive 21

characterization should rely on sequence analysis of the capsid-coding region (Green 22

et al., 2000a; Schuffenecker et al., 2001; Katayama et al., 2002). However, since the 23

RdRp region has proven to be a good target to design broadly reactive diagnostic 24

primers for caliciviruses (Jiang et al., 1999), and sequence information spanning this 25

region has been determined for a number of previously unrecognised caliciviruses, 26
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attempts have been made to use the RdRp partial sequence to establish the genetic 1

relationships among the various SaV strains. Based on the analysis of this smaller 2

fragment, novel potential SaV genogroups have been defined using an identity cut off 3

of 80% (Wang et al., 2006; Martella et al., 2008a). Six strains (7A/05/Ire, 16/05/Ire, 4

2A/05/Ire, 1M/05/Ire, 1D/05/Ire and 8D/05/Ire) were characterised as GGIII 5

(Cowden-like), lineage I. Conversely, strain 9/07/Ire resembled (94.6-98.6%) K7-like 6

SaVs, that are tentatively proposed as a novel SaV genogroup (GGVII). While GIII 7

SaVs appear as the most common SaV strains worldwide, the K7-like SaVs seem to 8

be less common (Kim et al., 2006; Martinez et al., 2006; Martella et al., 2008a; Wang 9

et al., 2006a). Such rare SaV strains have been already detected in Japan and USA 10

from either symptomatic or asymptomatic animals (Wang et al., 2006a; Yin et al., 11

2006). Their detection on the European continent indicates that they are not restricted 12

geographically and provides further evidence for the genetic heterogeneity of porcine 13

enteric caliciviruses. 14

15

Not unexpectedly, porcine NoVs were not detected in this study. This finding is in 16

agreement with other published data in which NoVs have been detected in healthy 17

finisher pigs, but not from nursing or post-weaning pigs (Sugieda et al., 1998; van der 18

Poel et al., 2000; Wang et al., 2005b, 2006; Martella et al., 2008a). 19

20

The 2006 Irish Regional Veterinary Surveillance Report demonstrated that 21

pneumonia, post-weaning multi-systemic wasting syndrome (PMWS), and enteritis 22

were the most frequently detected causes of mortality in pigs (Department of 23

Agriculture, Fisheries and Food). Given the evidence that caliciviruses, GARVs and 24

GCRVs (Collins et al., 2008) are circulating in piglets in Ireland, it will be important 25

to establish surveillance for enteric viral pathogens, including porcine caliciviruses, in 26
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order to gather information on the genetic diversity of these viruses and, above all, in 1

order to plan more adequate measures of control for piglets enteritis. Accordingly, it 2

would be opportune to include SaVs in the diagnostic algorithms for porcine enteric 3

infections.4

    5
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Figure Legends.5

Fig. 1: Neighbor-joining phylogenetic tree based on partial (266 nt) sequence of the 6

RdRp of SaV, RHDV, NB, Norwalk, FCV and CaCV strains. The Irish SaV strains 7

described in this study are in boldface. Phylogenetic analysis was carried out with a 8

selection of representative strains as described by Martella et al., 2008a. Within Fig. 9

1, the proposed new genogroups within the Sapovirus genus based on porcine SaV 10

strains JJ681, K7/JP, QW19 and 43/06-18p (Wang et al., 2005a; Yin et al., 2006; 11

Martella et al., 2008a) are indicated as GGVI, GGVII and GGVIII.12

13

Table 1: RdRp comparison (% amino acid identity) between the Irish SaV strains 14

8D/05 and 9/07 detected in this study and representatives of the sapovirus genus 15

within the Caliciviridae family. The highest identity values for each strain to reference 16

viruses are in bold.17

18

19

20

21
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1

2

3

4

Strain 8D/05/Ire 9/07/Ire Strain Identity

8D/05/Ire - 44
9/07/Ire 44 -
AY615806/Po/PECIVA116 98.6 44 GGIII PoSaVs Lineage I
AY633966/Po/Yaracuy/1999/VE 98.6 44 GGIII PoSaVs Lineage I
AF182760/Po/Cowden 98.6 44 GGIII PoSaVs Lineage I
AY425671/Po/LL14 98.6 44 GGIII PoSaVs Lineage I

DQ389628/Po/JB-SC55/04/Korea 94.6 44 GGIII PoSaVs Lineage II
DQ383274/Po/swine-Id3/2005/HUN 94.6 44 GGIII PoSaVs Lineage II

AY615807/Po/SWECI/VA10 82.6 42.6 GGIII PoSaVs Lineage III
AY826425/Po/OH-QW152/03/US 81.3 42.6 GGIII PoSaVs Lineage III

AY144332/MinkMEC/Canada 151B 61.3 42.6 Mink SaV

AF405715/Hu/Arg39/GV 52 41.3 GV SaV

AY826424/Po/MI-QW19/02/US 60 41.3 QW19-like SaVs (GVIII SaV?)
AY615811/Po/SWECII/VA103 58.6 41.3 QW19-like SaVs (GVIII SaV?)
Po/43/06-18p3/It 60 41.3 QW19-like SaVs (GVIII SaV?)

AY157866/Hu/Mex11718/Mex/GIV 61.3 42.6 GGII+GGIV Hu SaVs
AY157863/Hu/cruise ship/GII-3 61.3 42.6 GGII+GGIV Hu SaVs
AF435809/Hu/Mex340/GII-2 60 42.6 GGII+GGIV Hu SaVs
AY237420/Hu/Mc10/GII-4 61.3 42.6 GGII+GGIV Hu SaVs
AY603425/Hu/C12/GII-5 61.3 42.6 GGII+GGIV Hu SaVs
U95645/Hu/London/29845/GII-1 58.6 41.3 GGII+GGIV Hu SaVs

U65427/Hu/Sapporo/GI-1 58.6 42.6 GGI Hu SaVs
U95643/Hu/Houston/86/GI-1 58.6 42.6 GGI Hu SaVs
U73124/Hu/Parkville/GI-2 65.3 42.6 GGI Hu SaVs
U95644/Hu/Houston/90/GI-2 64 41.3 GGI Hu SaVs

AY615812/Po/SWECIII/VA24a 44 57.3 200/05-32-like SaVs 
AB223002/Po/K15/JP 45.3 58.6 200/05-32-like SaVs 
AB223005/Po/K24/JP 44 60 200/05-32-like SaVs 

AB223000/Po/K11/JP 45.3 56 K11-like SaVs

AY615814/Po/SWECIII/VA112 44 57.3 42/05-6c-like SaVs

AY974192/Po/OH-JJ681/2000/US 50.6 61.3 JJ681-like SaVs  (GGVI SaV?)

AB223004/Po/K19/JP 48 66.6 200/05-10-like SaVs
AY615813/Po/SWECIII/VA59 46.6 65.3 200/05-10-like SaVs

AY974195/Po/OH-LL26/US 45.3 94.6 K7-like SaVs (GGVII SaV?)
AB221130/Po/K7/JP 45.3 98.6 K7-like SaVs (GGVII SaV?)
AB221131/Po/K10/JP 44 96 K7-like SaVs (GGVII SaV?)
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