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This report describes an outbreak investigation start-
ing with two closely related suspected food-borne clus-
ters of Dutch hepatitis A cases, nine primary cases in 
total, with an unknown source in the Netherlands. The 
hepatitis A virus (HAV) genotype IA sequences of both 
clusters were highly similar (459/460 nt) and were not 
reported earlier. Food questionnaires and a case–con-
trol study revealed an association with consumption of 
mussels. Analysis of mussel supply chains identified 
the most likely production area. International enquir-
ies led to identification of a cluster of patients near 
this production area with identical HAV sequences 
with onsets predating the first Dutch cluster of cases. 
The most likely source for this cluster was a case who 
returned from an endemic area in Central America, and 
a subsequent household cluster from which treated 
domestic sewage was discharged into the suspected 
mussel production area. Notably, mussels from this 
area were also consumed by a separate case in the 
United Kingdom sharing an identical strain with the 
second Dutch cluster. In conclusion, a small number of 
patients in a non-endemic area led to geographically 
dispersed hepatitis A outbreaks with food as vehicle. 
This link would have gone unnoticed without sequence 
analyses and international collaboration.

Introduction
Hepatitis A virus (HAV) is a faecal-orally transmitted 
pathogen causing acute self-limiting hepatitis. Risk fac-
tors for infection include exposure to infected persons, 
contact with faecally contaminated surfaces, food or 
water. The incidence of hepatitis A in industrialised 
countries has decreased due to improved sanitary and 
living conditions. The decreasing immunity in younger 

age groups has led to increasing age and severity of 
first infection [1]. Hepatitis A could therefore re-emerge 
in regions such as North America or western Europe, 
where it is not endemic, affecting mostly adults, with 
more severe course of infection [1]. In the Netherlands 
the incidence rate for hepatitis A in 2010 was 1.3 cases 
per 100,000 population [2]. Hepatitis A is a notifiable 
disease in the Netherlands. Cases, including routine 
demographic and epidemiological data, are reported 
according to standardised national criteria [3] by 
regional public health services using Osiris, a national 
electronic registration system for infectious diseases 
hosted by the National Institute for Public Health 
and the Environment (RIVM). Surveillance is intensi-
fied for cases with no travel history to endemic coun-
tries and an unknown source of infection. For these 
cases, sequences are actively collected and additional 
hypothesis-generating (trawler) questionnaires are 
routinely administered, aiming to identify a potential 
common (food-borne) source of infection [2-4].

Recently, food-borne transmission of HAV has been 
implicated in several multinational outbreaks or involv-
ing multiple states in the United States (US), occurring 
in rapid succession in 2013 and 2014 [5-8]. Such dif-
fuse outbreaks that are characterised by cases that are 
geographically or temporally dispersed benefit from 
combining epidemiological data with viral sequence 
data. Finding the source is challenging due to the long 
incubation period of two to six weeks [9]. Recall can 
be assisted by the use of structured questionnaires 
including known risk factors or risk products [3,4]. 
Absolute confirmation of a food source is rare, in part 
due to difficulties with detection of the viral RNA in 
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food or the absence of leftovers, while international 
traceback of food can be complex [8]. The high num-
bers of notifications in the Rapid Alert System for Food 
and Feed (RASFF) Portal website related to the pres-
ence of norovirus or hepatitis A virus in food in 2013 
and 2014 compared with previous years indicate an 
increased awareness of the importance of food-borne 
viruses.

In this study we describe a thorough outbreak inves-
tigation by multiple institutes in two European Union 
(EU) Member States that yielded evidence for a com-
mon source of infection for nine Dutch hepatitis A 
patients and one patient in the United Kingdom (UK). 
The investigation was initiated after identification of 
a cluster consisting of four seemingly unrelated Dutch 
hepatitis A cases with an identical but unique HAV 
sequence (genotype IA) in August 2012. In November 
2012, another cluster of seemingly unrelated hepatitis 
A cases, again with an identical HAV IA sequence, was 
identified. The HAV IA sequence of the second cluster 
was closely related (459/460 nt similarity) to the strain 
that caused the first cluster. The source was assumed 
to be food-borne, as hepatitis A is not endemic in 

the Netherlands, there was no known direct contact 
between the cases, and detailed case histories were 
negative for other common risk factors of hepatitis A. 
The onset of illness in each cluster occurred within a 
short period of two weeks with no recognised cases in 
the two to three month period in between these clus-
ters. The final linkage between the Dutch and UK cases 
could only be conclusively made after combining trace-
back results of the suspected food items for each of 
the clusters and information provided by international 
partners.

Methods

Active case finding by laboratory surveillance 
network
For cases with no travel history to endemic countries 
and an unknown source, additional routine hypothe-
sis-generating questionnaires were administered. This 
questionnaire addresses a broad list of over 70 food 
products, 15 occupations and six health conditions, 
and is available upon request [3,4]. IgM positive sera 
or faecal samples from ca 70% of confirmed hepatitis 
A cases are sent by diagnostic laboratories to RIVM 

Figure 1
Flowchart of available case data from different sources of information, food-borne hepatitis A clusters, the Netherlands, 
2012

Patient sera submitted for genotyping
1 Aug 2012 to 18 Feb 2013

N=96

Hepatitis A notifications
1 Aug 2012 to 18 Feb 2013

N=89

Food questionnaires of HAV patients
received from 1 Aug 2012 to 18 Feb 2013

 N=14

Patient sera matched 
to notified patients

N=79 

Patients without food 
information in Osiris

N=64

Patients with  food 
information in Osiris

N=25 

Patients with unknown source 
in the Netherlands and food 

info after active follow-up
N=21

Patients with unknown source 
in the Netherlands and IA genotype 

N=13

Patients with unknown 
source in the Netherlands

N=24 

Cluster cases with 
sequence 12-070 or 12-124

N=9

Unrelated cases
i.e. with other sequences

N=6 

Cluster cases with food info 
in Osiris and food questionnaires

N=9

Unrelated cases with
food info in Osiris

N=4

Unrelated cases with
food questionnaires

N=2

HAV: hepatitis A virus.

Osiris is the electronic registration system for infectious diseases hosted by the Dutch National Institute for Public Health and the 
Environment.
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for genotyping [3]. Subsequently, a 460 nt fragment of 
the VP1/2A region [10,11] is compared with sequences 
recorded in an international HAV sequence database 
of HAVNET and GenBank. HAVNET is a global network 
of scientists working in hepatitis A reference laborato-
ries. The network shares molecular and epidemiologi-
cal data on hepatitis A.

Case definition hepatitis A cases in the Netherlands 
registered between 1 August 2012 and 18 February 2013 
with an unknown source in the Netherlands were clas-
sified as follows: (i) summer cluster cases were cases 
infected by HAV strain RIVM-HAV12–070; (ii) autumn 
cluster cases were cases infected by HAV strain RIVM-
HAV12–124; (iii) unrelated cases were unvaccinated 
persons infected by a HAV strain dissimilar from RIVM-
HAV12–070 and RIVM -HAV12–124 with difference of at 
least 7/460 nt; (iv) Other cases: cases for which no HAV 
sequence is available (not included in the analysis).

Statistical analyses of risk factors from 
questionnaire data
The food items addressed in the hypothesis-generating 
food questionnaire or in the Osiris system were trans-
formed to binary variables, i.e. consumed two to six 
weeks before disease onset vs not consumed or con-
sumed longer ago than six weeks before disease onset. 
Using a univariate logistic regression model (SAS ver-
sion 9.3, SAS Institute Inc, USA) outcomes for HAV-
cluster-cases were compared with unrelated cases. 
The significance of the identified food items was fur-
ther investigated using data on consumption patterns 
in healthy people unrelated to any outbreak [12]. For 
this, data were collected in the flexible Dutch popula-
tion control group over a four-year period from 2008 to 
2011 (n = 1,402).

Traceback investigation
Fresh mussel suppliers to specific supermarket chains, 
as derived from questionnaire data, were identified 
as well as the harvesting areas of mussels potentially 
involved, and the shipping dates to the Netherlands, 
when applicable. Information on shipments was 
requested from the Dutch Fish Product Board for the 
period six weeks before disease onset in the first 
patient until two weeks before disease onset in the last 
patient for both clusters. The registration documents 
of the mussel consignments revealed the number of 
batches, harvesting areas and countries for each sup-
plier during these two periods.

International enquiry
Enquiries for any information on possible matches with 
the unique patient sequences were sent out to interna-
tional contact points within the HAV reference labora-
tory network (HAVNET sent out enquiries on 15 January 
2013 and 7 June 2013) and the international network 
Epidemic Intelligence Information System of Food and 
Waterborne Diseases (EPIS-FWD, 15 January 2013 and 
13 December 2013) of the European Centre for Disease 
Prevention and Control (ECDC). Additional enquiries for 
any information on possible matches with the unique 
patient sequences or on any information on HAV moni-
toring in shellfish were sent out to national contact 
points (3 June 2013 and 31 October 2013) and shellfish 
reference laboratories (26 February 2013) in countries 
identified to be possibly involved. Furthermore, the 
RASFF portal database was checked for HAV notifica-
tions in 2012.

Results

Descriptive epidemiology
From 1 August 2012 to 18 February 2013, 89 hepatitis 
A cases were reported to the RIVM (Figure 1). Of these, 
24 cases acquired their infection from an unknown 
source in the Netherlands as no travel history had 
been reported. The remaining 65 cases were reported 
with travel history to endemic regions, or with an epi-
demiological link to a confirmed case with recent travel 
history to an endemic region. In the same period, the 
RIVM received 79 samples from notified cases for typ-
ing. In total, 62 strains could be successfully typed, 
and 15 of these were from hepatitis A cases with an 
unknown infection source within the Netherlands. 
These 15 cases diverged into the summer and autumn 
clusters, each with an identical sequence which was 
further investigated in this study, and six unrelated 
cases with dissimilar sequences (i.e. unrelated cases).

The summer cluster of cases infected with RIVM-
HAV12–070 consisted of three male and one female 
primary cases, with ages ranging from under 10 years 
to under 70 years of age, and onset of illness within 
10 days in August 2012. One primary case needed hos-
pitalisation. In addition, two secondary cases were 
reported, both relatives of primary cases.

Figure 2
Outcomes of traceback activities for potentially implicated 
mussels, food-borne hepatitis A clusters, the Netherlands, 
2012

Supermarket 1 Supermarket 2     Supermarket 3
3 patients 2 patients     5 patients

Supplier 1 Supplier 2     Supplier 3
30 batches 96 batches     122 batches

6 areas 8 areas     14 areas
2 countries 3 countries     4 countries

           Mussels from Area 1 and Area 2 only were common 

Summer cluster
4 primary cases

Onset of disease
Aug 2012

Autumn cluster
5 primary cases

Onset of disease
Nov 2012

Seq: RIVM-HAV12-124

Traceback period
15 Sep-30 Oct 2012

                 to both summer and autumn HAV clusters

Seq: RIVM-HAV12-070

Traceback period
16 Jun–15 Aug 2012
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Figure 3
Timeline of disease onset with cases and relevant harvesting periods, food-borne hepatitis A clusters, the Netherlands, 2012

13 May 20 May 27 May 3 Jun 10 Jun 17 Jun 23 Jun 1 Jul 8 Jul 15 Jul 22 Jul 29 Jul 5 Aug

Week beginning
2012

12 Aug 19 Aug 26 Aug 2 Sep 9 Sep 16 Sep 23 Sep 30 Sep 7 Oct 14 Oct 21 Oct 28 Oct 4 Nov 11 Nov 18 Nov

continued
Week beginning
2012

UK case 1: adult with travel 
history to Central America 
Visits Area 2 in May 2012

Onset May 2012
RIVM-HAV12-070 (100%)

Dutch cases 1–4
Diffuse, primary cases

Onsets: Aug 2012
RIVM-HAV12-070 (100%)

Secondary cases (household)
UK case 3:  adult, notified Aug 2012

RIVM-HAV12-070 (100%)
UK case 4: child, notified Aug 2012, 

RIVM-HAV12-070 (100%)

Heavy rainfall

20 shipments in July 2012 
from harvester 1 to supplier 1

Dutch case recalled 
date of consumption of 

mussels, Oct 2012
 

UK case 5 
Mussels harvested late Sep 2012

Shipped to NL: early Oct 2012
Shipped to UK: early Oct 2012

Consumed: early Oct 2012

Dutch cases 5–9
Diffuse, primary cases

Onsets: Nov 2012
RIVM-HAV12-124 (100%)

UK case 5, adult
Onset: Nov 2012

RIVM-HAV12-124 (100%)

UK case 2: child 
Onset Jul 2012

RIVM-HAV12-070 (100%)
 

Dutch case recalled 
date of consumption of  

mussels Jul 2012

Two shipments in Sep 2012 
from harvester 1 to supplier 3

Dutch cases 5-9: traceback period 15 Sep–30 Oct 

Dutch cases 1-4: traceback period 16 Jun- 15 Aug 2012 

Food item OR (95% CI) P value Unrelated cases Cluster cases
Yes No Yes No

Food questionnaire (4 missing) (0 missing)
Mussels > 100 (0.0–999) p = 0.99 0 2 9 0
Spring onions, raw > 100 (0.0–999) p = 0.99 0 1 9 0
Onions, raw > 100 (0.0–999) p = 0.99 0 1 9 0
Prawns 8.0 (0.3–256) p = 0.24 1 1 8 1
Iceberg lettuce 8.0 (0.3–256) p = 0.24 1 1 8 1
Leafy green lettuce 7.0 (0.2–226) p = 0.27 1 1 7 1a

Osiris notification 2 missing 0 missing
Mussels > 100 (0.0–999) p = 0.99 0 4 9 0
Combined food questionnaire and Osiris 2 missing 0 missing
Mussels > 100 (0.0–999) p = 0.99 0 4 9 0
Iceberg lettuce 24.0 (1.1–519) p = 0.04 1 3 8 1
Leafy green lettuce 8.0 (0.5–139) p = 0.15 2 2 8 1

CI: confidence interval; OR: odds ratio.
Osiris is the electronic registration system for infectious diseases hosted by the Dutch National Institute for Public Health and the 

Environment. 
a Leafy lettuce data missing for one of the cluster cases.

Table 1
Food items consumed six weeks before the onset of disease by confirmed hepatitis A cluster (n=9) and unrelated (n=6) 
cases, the Netherlands, 2012
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The autumn cluster cases were infected with RIVM-
HAV12–124 and consisted of two male and three female 
primary cases, with ages ranging from over 40 years to 
under 70 years of age, and onset of illness within 12 
days in November 2012.

Six unrelated cases (four males and two females) 
with ages ranging between 20 and 60 years-old 
were infected by HAV strains dissimilar from RIVM-
HAV12–070 and RIVM-HAV12–124. It is assumed that 
they are primary cases, since their sequences were not 
seen in previous cases. Dates of onset of disease were 
between early August and late December 2012.

Phylogenetics and international enquiry
The RIVM-HAV12–070 and -124 were both unique in the 
international HAV sequence database of HAVNET and 
the origin of the virus could not be mapped to a spe-
cific geographic region [3, and data not shown]. Only 
four EU Member States out of 38 EPIS-FWD contact 
points responded to international enquiries reporting 
non-related cases or not to have matching sequences. 
Furthermore, three RASFF notifications on HAV were 
identified in 2012. One notification was related to mus-
sels from New Zealand that had only been distributed 
to Italy. 

Two others were related to the same batch of frozen 
strawberry cubes from China. Traceback activities to 
find a possible link to the cluster cases indicated that 
strawberries from this batch had been on the Dutch 
market partly in the same period of the incubation 
period of the patients. The strawberries had been 
used as decoration for consumer-ready packed ice 
cream sold by one of the specific supermarket chains 

identified by two of the six cases. Unfortunately, no 
sequence information for the HAV strain detected on 
the frozen sliced strawberries was available.

Risk factors from questionnaire data
From the questionnaire data available, mussels, raw 
spring onions, raw onions, prawns, iceberg lettuce and 
leafy green lettuce were recalled by at least eight of 
the nine cases as having being consumed within the 
incubation period. Univariate logistic regression anal-
yses showed clear association for mussels, prawns 
and iceberg lettuce (Table 1). All of the cluster cases 
had consumed pre-packed fresh mussels (all of which 
were heat-treated in the home before consumption), 
raw spring onions and raw onions, compared with 
none of the unrelated cases, not allowing statistical 
calculations.

In the period before the onset of illness, hepatitis A 
cluster cases were found to have consumed mussels 
significantly more often than individuals in the flex-
ible control group (Table 2). In the two to six weeks 
before the onset of illness in August and November 
2012, all nine hepatitis A cluster cases consumed mus-
sels, compared with 32 of 125 (26%) and 13 of 143 (9%) 
for control groups during the 4 weeks before August 
and November 2012, respectively. Prawns were also 
consumed more often by cluster cases i.e. 8/9 (89%) 
compared with 51/126 (40%) and 44/145 (30%) for con-
trol groups during the four weeks before August and 
November 2012, respectively. Lettuce, however, was 
consumed by over 80% of the control group through-
out all seasons (Table 2). Lettuce seemed therefore 
less likely to be the source of infection for these cases. 
Although other food items could not be excluded 
here, the known association of shellfish with HAV out-
breaks informed the initiation of mussel traceback 
investigations.

Traceback investigation
All cluster cases had bought mussels at local supermar-
kets, but no batch numbers or original package labels 
were available for traceback activities. Therefore the 
traceback was targeted at suppliers within the incuba-
tion periods of the patients. Within this period the sup-
pliers had sourced from a Dutch growing area and from 
other countries within the EU. No plausible sewage pol-
lution-related link between any of the cluster cases and 
the Dutch growing area was found, nor could an epide-
miological linkage be identified within the Netherlands 
due to uniqueness of the strains despite intensive sur-
veillance. The registration documents from the mussel 
consignments to the Netherlands revealed the number 
of batches, harvesting areas and countries for each 
supplier in these two periods (Figure 2). All the iden-
tified areas were in countries non-endemic for HAV. 
Shellfish reference laboratories in these countries 
enquired for information reported that no routine sur-
veillance for HAV in shellfish was performed. Archival 
mussel samples from July to November 2012 (n = 28), 
randomly collected by the Dutch Food and Consumer 

Month of report Mussels 
n/N %a

Prawns 
n/N %a

Lettuce 
n/N %a

January 2/9 (22) 4/9 (44) 8/8 (100)
February 12/82 (15) 22/81 (28) 71/86 (83)
March 14/129 (11) 36/132 (27) 116/139 (83)
April 17/108 (16) 36/113 (32) 100/116 (86)
May 0/11 (0) 6/11 (55) 10/11 (91)
June 12/201 (6) 74/202 (37) 178/208 (86)
July 13/156 (8) 37/162 (23) 154/167 (92)
Augustb 32/125 (26) 51/126 (40) 111/121 (92)
September 5/23 (22) 14/23 (61) 19/23 (83)
October 29/184 (16) 59/183 (32) 165/189 (88)
Novemberb 13/143 (9) 44/145 (30) 121/151 (80)
December 14/138 (10) 43/139 (30) 108/131 (82)

a Data missing for mussels (n=93), prawns (n=76) and lettuce 
(n=52). 

b Data reported for August and November (i.e. consumption during 
past four weeks) to be compared with data reported for cases 
during their incubation period.

Table 2
Food items consumed during past 4 weeks per calendar 
month by a flexible Dutch population control group, the 
Netherlands, June 2008–December 2011 (n=1,402)
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Product Safety Authority for microbiological assess-
ment of bivalves on the Dutch market, tested negative 
for HAV RNA using the method described in ISO/TS 
15216–2 [13].

Combining the traceback results for both clusters 
revealed that two harvesting areas, Area 1 and Area 
2, were common to both summer and autumn clusters 
(Figure 2). The dates of consignment for both areas 
were compared with a known date of mussel consump-
tion by one of the cases. As shipments of mussels from 
Area 1 only began five days after this consumption 
date, whereas mussel shipments from Area 2 predated 
this consumption date, the mussels from Area 2 were 
identified as the most likely source.

International case identification
It was reported that mussels in harvest Area 2 in the 
UK were all locally produced. Therefore, the Virus 
Reference Department of Public Health England was 
asked to check for similarities in their HAV data-
base with the RIVM-HAV12–070 or RIVM-HAV12–124 
sequences that could belong to local cases. For this, 
epidemiological and sequence data from different 
departments were combined, revealing two patients 
with identical sequences. The first patient identified, 
(Figure 3, UK case number 4) was a child of school 
age with onset of symptoms in early August 2012, 
infected with RIVM-HAV12–070 (100%), who lived at a 
distance less than 10 km from Area 2. The child was a 
household member of two other confirmed HAV cases 
infected with RIVM-HAV12–070 strain (100%): another 
child and a middle-aged adult with onsets of illness on 
in early July 2012 and early August 2012, respectively 
(Figure 3, UK cases number 2 and 3). The household 
did not report recent history of mussel consumption. 
Searching the database for earlier local cases revealed 
a new archival sample that matched 100% with RIVM-
HAV12–070 strain. This middle-aged adult (Figure 3, 
UK case number 1) had a travel history to a hepatitis 
A-endemic country in Central America while unvacci-
nated in April 2012. In May, the patient made a short 
visit to an area near the coast of Area 2, where the 
patient fell ill and was admitted to the local hospital in 

early June. Although direct contact between UK cases 
number 1 and 2 could not be demonstrated, the places 
of residence of these cases were within a few km of 
each other during the infectious period. The environ-
mental and water authorities showed that biologically 
treated sewage from the residences and the hospital 
was discharged into rivers at a fluvial distances of less 
than 10 km from the nearest boundary of the desig-
nated mussel-harvesting Area 2. All sewage treatment 
plants were reported to be functioning normally during 
the relevant periods when contamination might have 
occurred.

The other reported case (Figure 3, UK case number 5) 
matching the RIVM-HAV12–124 strain had no links to 
the identified Area 2, but reported having consumed 
mussels in a pub in London within the incubation period 
for the illness. Local food safety officers reported that 
the consumed mussels were bought by the pub from a 
UK wholesaler that had received mussels from a Dutch 
supplier. This Dutch supplier, Supplier 4, had packed 
mussels in early October 2012 that had been harvested 
from Area 2 by Harvester 1 (Table 3). Registration docu-
ments demonstrated that Dutch Suppliers 1 and 3 had 
also bought mussels from this harvester. The mussel 
beds of Harvester 1 were those located closest to the 
implicated sewage treatment plant inputs of harvest 
Area 2.

Sequence analyses for UK case 4 showed a strong sig-
nal for the RIVM-HAV12–070, but also a weak signal for 
the subspecies RIVM-HAV12–124 suggestive of a sub-
species within this patient which may subsequently 
have become the dominant strain in the autumn 
cluster of cases. Further Dutch cases and a UK case 
in autumn 2012 came after a period of heavy rainfall 
(23–25 September 2012) in Area 2. Heavy rain would 
have led to the activation of combined sewage over-
flow systems and thus the bypass of the sewage treat-
ment works and potential release of untreated sewage 
into Area 2. This rainfall occurred one week before 
delivery of mussels to Supplier 4 that were consumed 
by UK case number 5 and before delivery of mussels to 

Dutch 
supplier

Harvesting 
area

Harvesting 
company

Date of shipments 
in 2012

Number of 
batches

Number of 
associated cases

Location of 
associated cases

Month of onset of 
disease

1 Area 1 N.a. 17 Jul–9 Aug 2 3 Netherlands August 2012
2 Area 1 N.a. 18 Jul–16 Aug 13 2 Netherlands August 2012
3 Area 1 N.a. 25 Sep–29 Oct 17 3 Netherlands November 2012
1 Area 2 Harvester 1 2 Jul–20 Jul 20 3a Netherlands August 2012
2 Area 2 Harvester 2 21 Jun–8 Aug 32 2a Netherlands August 2012
3 Area 2 Harvester 1 17 Sep–30 Sep 2 5 Netherlands November 2012
4 Area 2 Harvester 1 29 Sep 1 1 United Kingdom November 2012

N.a.: not applicable.
a One of these patients consumed mussels from either Supplier 1 or 2.

Table 3
Linking mussels consumed by patients to a specific harvester, food-borne hepatitis A clusters, the Netherlands, 2012
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Supplier 3 consumed by at least four of the five Dutch 
patients (Figure 3).

A second request to EPIS-FWD in December 2013 was 
posed specifically to five countries that might have 
imported mussels, according the Dutch company’s 
website, in order to identify additional international 
related cases. None were reported by Austria, Belgium, 
Germany, or Switzerland. Previously (January and 
October 2013) none had been reported by France via 
HAVNET.

Discussion
This report describes a unique investigation of two 
closely related food-borne clusters of hepatitis A cases. 
Investigations following the traceback of the implicated 
mussels led to international matching of the nine pri-
mary and two secondary Dutch cases to three primary 
and two secondary cases in the UK with identical HAV 
sequences within the same time period. Consumption 
of a common source of mussels by Dutch cases and a 
UK case confirmed our findings. The investigation con-
vincingly points towards the case with a travel history 
to Central America being the source of the HAV clus-
ter, who then infected a subsequent household clus-
ter, all of whom lived close to the mussel production 
area. This unique multinational outbreak investigation 
demonstrates that a small number of patients in a non-
endemic area led to geographically dispersed HAV out-
breaks via food as a vehicle. Such a link would have 
gone unnoticed without sequence analyses and the 
combined forces of diverse institutes.

The number of patients in this investigation was small 
compared with other HAV outbreaks recently reported 
[5-8], which limited the available epidemiological data. 
Notably, the identification of the clusters was not 
based on an increase in the total number of patients, 
but was the result of the existing intensive surveil-
lance with molecular typing of HAV in patients in the 
Netherlands [3]. The rising numbers of reported food-
borne HAV outbreaks and RASFFs are likely to promote 
interest in diagnostic sample typing. This would assist 
source tracing in outbreak investigation and may result 
in an improved estimate of the impact of contaminated 
food on public health.

Bivalve molluscs (e.g. oysters and mussels) have long 
been associated with viral food-borne disease. Several 
large outbreaks associated with consumption of HAV 
contaminated bivalve molluscs have been described 
[14-16], often traced back to harvesting areas within 
endemic areas. HAV infections through consumption 
of bivalve molluscs may be anticipated with global 
trade from endemic to less endemic HAV areas [17]. 
The implicated bivalve molluscs in this report were 
however harvested from a non-endemic area with 
no prior indication of recent local HAV outbreaks, as 
occurred in 1997 although the 1997 outbreak had many 
more cases [18]. Generally, mussels from non-endemic 
areas are considered to be at low risk for HAV infection, 

especially as they are usually consumed after domestic 
heat treatment, like the Dutch cases described here. 
Domestic cooking procedures usually involve heating 
by steaming until the shells open, rather than immer-
sion for a defined period in boiling water. Internal tem-
peratures reached during steaming have been shown 
to be ineffective for complete inactivation of infectious 
HAV in mussels [19,20], but the outcome depends on 
initial contamination levels. The degree of cooking to 
reach an internal temperature of 90 °C for 90 seconds 
as required by EU legislation for commercial heat treat-
ment [21], which has been shown to reliably inactivate 
HAV [22], may however render bivalve molluscs unpal-
atable to consumers when applied in the domestic 
setting.

Area 2 is a source of mussels imported into the 
Netherlands, and mussels from this area have been 
previously tested for norovirus for microbiological 
assessment of bivalves on the Dutch market. The 
frequent occurrence of samples testing positive for 
norovirus indicates potential human faecal contami-
nation, which is consistent with its class B classifica-
tion (< 4,600 Escherichia coli per 100 g shellfish flesh in 
90% of samples) under EU food safety regulations. (EU 
Regulation number 854/2004). It is therefore feasible 
that sewage containing faeces from the sporadic cases 
of HAV patients may have entered the mussel growing 
water and led to contamination of parts of the mussel 
bed. It is interesting to reflect that over 1,000 tonnes of 
mussels were harvested from this area during the rel-
evant time period, the majority was exported to other 
European countries following processing and pack-
aging in the Netherlands, and yet only 10 associated 
HAV cases were identified. This could suggest a low, 
heterogeneous or temporary contamination, the risk of 
which may have been reduced through heat treatment. 
Otherwise, the low number of associated HAV cases 
could point towards low recovery from laboratory sur-
veillance, as sequence analyses of patient material is 
not common practice in most countries or is performed 
for some cases only [5,8] or is not systematically 
reported. In this study, it was only after more direct 
questioning regarding the residence of HAV cases and 
their proximity to mussel beds that samples taken from 
these particular cases were forwarded for sequencing. 
The occurrence of the two clusters, with the second 
cluster potentially associated with heavy rainfall, sug-
gests environmental factors played a part in increas-
ing the risk. The guidelines for the control of viruses in 
food [23] recommend that after heavy rainfall, and/or 
after overflow from sewage treatment plants, harvest-
ing of bivalve molluscs should cease for a period, until 
the water and/or bivalve mollusc quality in the harvest-
ing area has been assessed and has returned to nor-
mal background levels for the area. Similarly, official 
EU guidelines to Regulation 854/2004 require investi-
gation following a pollution or extreme weather event 
and, if necessary, additional controls to protect public 
health [24]. Area 2, like other similar areas affected 
by human faecal pollution, remains vulnerable to 
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sporadic HAV cases shedding virus within the drainage 
catchment area. Monitoring of shellfish or effluents of 
treated sewage for HAV contamination during periods 
of elevated risk, for example following identification 
of sporadic or outbreak cases within the catchment, 
could potentially assist public health protection. This 
would require real-time exchange of data on hepatitis 
A cases or virus detection between regional agencies 
dealing with public health, food safety and water qual-
ity, as even sporadic cases can shed a large amounts 
of virus over a period of time, and these viruses are 
only partially reduced by water treatment plants, and 
viruses in bivalve molluscs are bioaccumulated [1].

International sharing of HAV sequences proved help-
ful in this as well as in other recent outbreak inves-
tigations [4-8]. A database such as HAVNET (www.
havnet.nl) when used in real time may result in a 
rapid traceback of the product involved, followed by a 
recall, if still possible, or other preventive measures to 
increase food safety. Moreover, finding related cases 
in other countries could give an insight into the true 
size of food-borne outbreaks. Access to HAVNET can be 
requested by e-mailing havnet@rivm.nl.
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As elsewhere, few (< 15%) sentinel influenza A(H3N2) 
clade 3C.2a viruses that dominated in Canada dur-
ing the 2014/15 season could be antigenically char-
acterised by haemagglutination inhibition (HI) assay. 
Clade 3C.2a viruses that could be HI-characterised 
had acquired genetic mutations during in vitro cell 
culture isolation that modified the potential glycosyla-
tion motif found in original patient specimens and the 
consensus sequence of circulating viruses at amino 
acid positions 158–160 of the haemagglutinin protein. 
Caution is warranted in extrapolating antigenic relat-
edness based on limited HI findings for clade 3C.2a 
viruses that continue to circulate globally.

Introduction
During the 2014/15 influenza A(H3N2) epidemic, viruses 
belonging to phylogenetic clade 3C.2a predominated 
[1,2]. Viruses within this clade bore multiple (10–12) 
amino acid differences from the A/Texas/50/2012 
(clade 3C.1) vaccine strain at antigenic sites of the sur-
face haemagglutinin (HA) protein [2]. These differences 
included two clade-defining substitutions, a phenyla-
lanine (F) to tyrosine (Y) substitution at residue 159 
(F159Y) and a lysine (K) to threonine (T) substitution at 
the adjacent residue 160 (K160T), both in antigenic site 
B [1,2], a highly exposed region at the top of the HA 
protein where mutations create the potential for viral 
evasion of the antibody response [3,4]. Together with 
an asparagine (N) residue at position 158, conserved 
in all clade 3C viruses, the N158-Y159-T160 sequon in 

clade 3C.2a viruses represents a potential gain of gly-
cosylation that can mask viral epitopes and reduce 
antibody access to the immuno-dominant antigenic 
site B [5,6]. This potential glycosylation motif at amino 
acid positions 158–160 of the HA protein is unique to 
clade 3C.2a viruses, and is not found in other recently 
circulating A(H3N2) genetic clades.

Koel et al. have previously highlighted positions 158 
and 159 as among seven residues in the HA protein 
associated with all major antigenic cluster-transition 
events in A(H3N2) viruses since 1968 [7] and in a 
recent serological analysis, Chambers et al. high-
lighted the substitution at position 159 as likely to 
have been responsible for the 2014/15 antigenic drift 
[8]. Consistent with these molecular findings, mid-sea-
son vaccine effectiveness (VE) analyses from multiple 
countries, including the Canadian Sentinel Practitioner 
Surveillance Network (SPSN), the United States (US) 
and the United Kingdom (UK), reported negligible 
protection against the 2014/15 A(H3N2) clade 3C.2a 
epidemic strain [2,9,10]. In February 2015, the World 
Health Organization (WHO) recommended that the 
A(H3N2) component for the 2015/16 season be updated 
to an A/Switzerland/9715293/2013-like (clade 3C.3a) 
strain [11]. 

Influenza surveillance reports from reference labora-
tories globally have indicated that circulating A(H3N2) 
viruses belonging to clade 3C.2a are antigenically 
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related to A/Switzerland/9715293/2013, despite the 
fact that only a small proportion could be character-
ised by conventional haemagglutination inhibition (HI) 
assay [1,12,13]. Influenza A(H3N2) viruses have been 
difficult to characterise antigenically by HI assay due 
to variable agglutination of erythrocytes or loss of abil-
ity to agglutinate erythrocytes, a particular problem 
for clade 3C.2a viruses [1]. For the majority of A(H3N2) 
viruses that could not be HI-characterised, reference 
laboratories have imputed antigenic relatedness based 
on sequencing findings, assuming that viruses that 
could be characterised within a given genetic group or 
clade are broadly representative of circulating strains 
[12,13].

The European Centre for Disease Prevention and Control 
(ECDC) has earlier highlighted that clade 3C.2a viruses 
that had sufficient HA titre to agglutinate erythrocytes 
and that could be characterised by HI assay had either 
lost or were polymorphic for the clade-defining glyco-
sylation motif at positions 158–160 [14]. To assess the 
representativeness of clade 3C.2a viruses that could 
be characterised by HI assay, we examined amino acid 
identity at positions 158–160 for the presence of this 
potential glycosylation motif in original patient speci-
mens collected by the Canadian SPSN compared with 
the corresponding sequence after cell culture isolation 
of virus during the 2014/15 season.

Sentinel isolate 
(clade)

Cell-passaged 
A/Switzerland/9715293/2013 

(n = 49)

Egg-passaged 
A/Switzerland/9715293/2013 

(n = 35a)

n
Sentinel 
isolate 

HI titre range

Homologous 
reference virus 
HI titre range

Fold 
reduction n

Sentinel 
isolate 

HI titre range

Homologous 
reference virus 
HI titre range

Fold 
reduction

Clade 3C.2a 31 80–160 320–640  ≤ 4 25 160–320 320–640  ≤ 4
Clade 3C.3   1 160 320 2 1 320 640 2
Clade 3C.3a 2 160–640 320–640 ≤ 4 2 320 320–640 ≤ 2
Clade 3C.3b 15 80–1,280 320 ≤ 4 7 80–640 320–640 ≤ 8b

HI: haemagglutination inhibition.
a These 35/49 viruses were characterised in relation to both the cell-passaged and egg-passaged A/Switzerland/9715293/2013 reference 

virus. For the other 14/49 viruses initially characterised in relation to the cell-passaged A/Switzerland/9715293/2013 reference virus, there 
remained insufficient viral titre to support further characterisation in relation to the egg-passaged reference virus.

b One clade 3C.3b virus had an eightfold reduction to egg-passaged A/Switzerland/9715293/2013 reference virus; all other tested viruses 
had ≤ 4-fold reductions.

Table 1
Haemagglutination inhibition assay titres and fold reductions relative to cell- and egg-passaged A/Switzerland/9715293/2013 
reference virus for sentinel A(H3N2) virus isolates with known genetic clade, Canadian Sentinel Practitioner Surveillance 
Network, November 2014–April 2015 (n = 49)

HI assay 
characterisation

HA amino acid sequence at positions 158-159-160 

Original patient specimens 
n = 234

Culture isolates 
n = 234

N-Y-Ta 
n = 219

Not  
N-Y-T 
n = 2

Sequence not available 
n = 13

N-Y-Ta 
n = 156

Not or poly  
N-Y-T 
n = 71

Sequence not available 
n = 7

Sufficient HA titre for HI assayb 
(n = 31) 26 (12) 1 4 0 (0) 28 (39) 3

Insufficient HA titre for HI assayb 
(n = 203) 193 (88) 1 9 156 (100) 43 (61) 4

HA: haemagglutinin; HI: haemagglutination inhibition; NML: National Microbiology Laboratory; poly: polymorphic for the N-Y-T amino acid 
sequence (i.e. partial loss of the potential glycosylation motif). 

Values displayed are: number (% column).
a A potential glycosylation motif is defined by the amino acid sequon: N-X-T/S; where N is asparagine, X is any amino acid other than proline 

and T/S is either threonine or serine [5,6]. The consensus sequence for clade 3C.2a viruses is N158-Y159-T160, conferring a potential gain of 
glycosylation.

b In the presence of 20 nM oseltamivir.

Table 2
Potential glycosylation motif at haemagglutinin positions 158-160 in influenza A(H3N2) clade 3C.2a viruses from original 
patient specimens and culture isolates prior to haemagglutination inhibition assay by the NML, Canadian Sentinel 
Practitioner Surveillance Network, November 2014–April 2015 (n = 234) 
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Methods
Nasal/nasopharyngeal specimens collected from 
patients within seven days of influenza-like illness 
onset through the Canadian SPSN between 1 November 
2014 and 30 April 2015 were tested for influenza by 
RT-PCR. Influenza-positive specimens were inoculated 
into Madin-Darby Canine Kidney (MDCK), MDCK-SIAT1 
or Rhesus Monkey Kidney (RMK) cells to attempt cul-
ture isolation as per provincial reference laboratory 
protocols. Cell culture isolates were submitted to 
Canada’s National Microbiology Laboratory (NML) for 
antigenic characterisation by standard HI assay proto-
cols using guinea pig erythrocytes and post-infection 
ferret antisera supplied by the US Centers for Disease 
Control and Prevention (US CDC) raised against cell- 
and egg-passaged A/Switzerland/9715293/2013 ref-
erence viruses [2]. To circumvent any neuraminidase 
(NA)-mediated binding of A(H3N2) viruses to erythro-
cytes, HI assays were conducted in the presence of 20 
nM oseltamivir carboxylate following, where indicated, 
a further single passage in MDCK-SIAT1 cells at the NML 
to improve viral titres [15,16]. Antigenic relatedness of 
a sentinel isolate to A/Switzerland/9715293/2013 ref-
erence virus was defined as a ≤ 4-fold reduction in HI 
antibody titre compared to the titre of the homologous 
reference virus [17].

Sanger sequencing of the viral HA gene was conducted 
on the original patient specimens to establish clade 
designation and to detect amino acid substitutions in 
HA antigenic sites. For the current study, sequencing 
was also conducted on cultured isolates of clade 3C.2a 
viruses before and after further passage in MDCK-SIAT1 
cells (if indicated) prior to HI characterisation at the 
NML to assess amino acid identity relative to the clade 
3C.2a N158-Y159-T160 consensus sequence and to 
sequences based on the corresponding original patient 
specimen. Ethics boards in each participating province 
approved the SPSN VE study of which this virological 
sub-analysis is a component; virus characterisation 
was also conducted as part of national surveillance 
activities.

Results

Clade distribution and HI characterisation
Of the 460 influenza A(H3N2) detections by the SPSN 
during the 2014/15 season with known clade informa-
tion, 265 (58%) virus isolates were cultivated by pro-
vincial reference laboratories and submitted to the 
NML for antigenic characterisation by HI assay. Of the 
265 virus isolates, 197 (74%) were grown by provincial 
laboratories in MDCK, 44 (17%) in MDCK-SIAT1 and 24 
(9%) in RMK cells. Submitted A(H3N2) virus isolates 
included 234 (88%) viruses belonging to clade 3C.2a, 
25 (9%) belonging to clade 3C.3b, four (2%) belonging 
to clade 3C.3 and two (1%) belonging to clade 3C.3a, 
reflecting the overall clade distribution and clade 3C.2a 
predominance among sentinel A(H3N2) detections pre-
viously reported [2].

Of these 265 virus isolates with known clade informa-
tion, 49 (18%) had sufficient HA titre to agglutinate 
erythrocytes and could be characterised by HI assay. 
These included only 31 (13%) of the 234 virus isolates 
belonging to clade 3C.2a. By comparison, of the 31 
non-clade 3C.2a virus isolates, 18 could be character-
ised by HI, including 15 of 25 belonging to clade 3C.3b, 
one of four belonging to 3C.3, and both of the virus iso-
lates belonging to clade 3C.3a. 

All 49 virus isolates that could be HI-characterised were 
considered antigenically related to the cell-passaged 
A/Switzerland/9715293/2013 vaccine prototype recom-
mended for the 2015/16 vaccine. A subset of 35 of the 
49 viruses was additionally characterised against the 
egg-passaged A/Switzerland/9715293/2013 vaccine 
reference and 34 of them were considered antigenically 
related; one clade 3C.3b virus showing eightfold titre 
reduction was considered antigenically distinct (Table 
1).

Clade 3C.2a viruses and the 158–160 sequon
Of the 234 clade 3C.2a virus isolates submitted to NML, 
sequencing of the viral HA at positions 158–160 based 
on original patient specimens was successful for 221 
(94%) viruses (Table 2). Of these 221 viruses from orig-
inal patient specimens, 219 (99%) bore the clade 3C.2a 
consensus sequence N158-Y159-T160 consistent with 
the potential glycosylation motif and two (1%) instead 
bore K160 found otherwise in clade 3C.2 viruses.

Following cell culture isolation at provincial reference 
laboratories, 229 of 234 (98%) clade 3C.2a virus iso-
lates had sequencing information available before 
MDCK-SIAT1 passage (if indicated) at the NML. Of 
these, 63 (28%) viruses had lost or partially lost (i.e. 
become polymorphic for) the N158-Y159-T160 con-
sensus sequence, including 45 (25%) of 178 grown in 
MDCK, 10 of 30 grown in MDCK-SIAT1 and eight of 21 
grown in RMK cells. 

Of the 31 clade 3C.2a viruses that could be 
HI-characterised, 17 had undergone a single further 
passage in MDCK-SIAT1 cells at the NML prior to HI 
assay. Sequencing information was available for 15 of 
these 17 viruses that required additional MDCK-SIAT1 
passage and 13 of the 14 viruses that did not require 
further MDCK-SIAT1 passage. Based on available 
sequencing information, all 28 viruses had lost or were 
polymorphic for the potential glycosylation motif (Table 
2). For all but two of the virus isolates that were further 
passaged in MDCK-SIAT1 cells at the NML, sequences 
were identical before and after that passage. Of the 
two viruses modified with MDCK-SIAT1 passage at the 
NML, one isolate that was polymorphic after initial 
cell culture lost the potential glycosylation motif and 
one isolate that maintained the original consensus 
sequence after initial cell culture became polymorphic 
after MDCK-SIAT1 passage. 
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HA amino acid sequence
Glycosylation motif Frequency 

n (%) Interpretation
158 159 160
Consensus sequence in circulating clade 3C.2a viruses 
N Y T  + CHO
Sequence after final cell culturea 
A(H3N2) clade 3C.2a viruses with sufficient HA titre for HI assayb (n = 31) 
N Y K − CHO 8 Reversion to clade 3C.2 K160
N Y A − CHO 7 New T160A mutation
N Y T/K Polymorphicc 4 Partial reversion to clade 3C.2 K160
K Y T − CHO 3 New N158K mutation
N Y I − CHO 3 New T160I mutation
D Y T − CHOd 1 New N158D mutation
H Y T − CHO 1 New N158H mutation
N/S Y T Polymorphic 1 Polymorphic for new N158S mutation
Sequence not available NA 3 NA
A(H3N2) clade 3C.2a viruses with insufficient HA titre for HI assayb (n = 203) 
N Y T  + CHO 156 (77) Consensus clade 3C.2a sequence
N/K Y T Polymorphic 6 (3) Polymorphic for new N158K mutation
N/D Y T Polymorphic 5 (2) Polymorphic for new N158D mutation
N Y T/I Polymorphic 5 (2) Polymorphic for new T160I mutation
N Y T/A Polymorphic 5 (2) Polymorphic for new T160A mutation
N Y T/K Polymorphic 5 (2) Partial reversion to clade 3C.2 K160
N Y A − CHO 3 (1) New T160A mutation
N Y I − CHO 3 (1) New T160I mutation
N Y K − CHO 3 (1) Reversion to clade 3C.2 K160
S Y T − CHO 2 (1) New N158S mutation
D Y T − CHO 1 (0) New N158D mutation
K Y T − CHO 1 (0) New N158K mutation
N/K Y T/I Polymorphic 1 (0) Polymorphic for new N158K and T160I mutations
N/R Y T/I Polymorphic 1 (0) Polymorphic for new N158R and T160I mutations
N/S Y T/A Polymorphic 1 (0) Polymorphic for new N158S and T160A mutations
N/K/R/S Y T Polymorphic 1 (0) Polymorphic for new N158K/R/S mutation
Sequence not available NA 4 (2) NA

CHO: carbon-hydrogen-oxygen (i.e. glycosylation); HA: haemagglutinin; HI: haemagglutination inhibition; NA: not available; NML: National 
Microbiology Laboratory. 

+ CHO: potential glycosylation motif in clade 3C.2a viruses defined by the amino acid sequon: N158-Y159-T160 [5,6]; − CHO: loss of this 
potential glycosylation motif; Polymorphic: partial loss of the glycosylation motif.

Mutations at residues 158–160 compared with the consensus sequence for clade 3C.2a viruses are shaded in blue: dark blue shading 
indicates amino acid mutation relative to the consensus sequence; light blue shading indicates polymorphism relative to the consensus 
sequence. Two viruses were N158-Y159-K160 (− CHO) in the original patient specimen, including one that could and one that could not be 
HI-characterised.

a Final available sequence of virus isolates prior to HI characterisation is shown. Of the 234 viruses sent to the NML, 220 were re-passaged 
in MDCK-SIAT1 cells to attempt to improve virus titre, including 17 of 31 that could be HI-characterised and all 203 that could not be HI-
characterised. Sequences for cell culture isolates as submitted from provincial reference laboratories are shown for the 13 of 14 viruses 
with available sequence information that could be HI-characterised without further passage in MDCK-SIAT1 cells at the NML. 

b In the presence of 20 nM oseltamivir.
c One of these four viruses was T160 (i.e. + CHO) in the cell culture isolate before further MDCK-SIAT1 passage at the NML but became 

polymorphic after MDCK-SIAT1-passage with partial reversion to T/K160 (i.e. N158-Y159-T/K160).
d This virus was polymorphic for the glycosylation motif with N/D158 in the cell culture isolate before MDCK-SIAT1 passage at the NML but lost 

the potential glycosylation motif (i.e. became − CHO) after MDCK-SIAT1 passage with D158 (i.e. D158-Y159-T160).

Table 3
Amino acid sequence at haemagglutinin positions 158–160 of influenza A(H3N2) clade 3C.2a viruses with respect to the 
potential glycosylation motif in final culture isolates prior to haemagglutination inhibition assay by the NML, Canadian 
Sentinel Practitioner Surveillance Network, November 2014–April 2015 (n = 234)
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Of the 203 clade 3C.2a viruses that could not be 
HI-characterised, all had undergone a single further 
passage in MDCK-SIAT1 cells at the NML to improve 
viral titre. Before MDCK-SIAT1 passage, 165 of the 199 
(83%) virus isolates with available sequencing infor-
mation pre-MDCK-SIAT1 passage had the potential 
glycosylation motif associated with the clade 3C.2a 
consensus sequence N158-Y159-T160. After passage in 
MDCK-SIAT1 cells, 156 (78%) of the 199 viruses that had 
sequence information available post-MDCK-SIAT1 pas-
sage had the potential glycosylation motif (Table 2).

Among viruses with available sequencing informa-
tion (n=227), the absence of the potential glycosyla-
tion motif at positions 158–160 in the final virus 
isolate was significantly associated with the ability to 
HI-characterise viruses (0 with the glycosylation motif 
among 28 that could be HI-characterised vs. 156 (78%) 
with the glycosylation motif among 199 that could not 
be HI-characterised; chi-square = 70.2, degrees of 
freedom = 1, p-value < 0.001). 

Specific mutations at positions 158 and 160 of final 
virus isolates influencing the potential glycosylation 
motif prior to HI characterisation are shown in Table 
3; the F159Y clade marker for 3C.2a viruses was con-
served in all isolates. 

Discussion
Similar to reports elsewhere, only a small proportion 
(< 15%) of clade 3C.2a viruses collected through the 
Canadian SPSN during the 2014/15 season were able 
to agglutinate guinea pig erythrocytes for antigenic 
characterisation by HI assay [1,12,13]. All clade 3C.2a 
virus isolates that could be characterised were consid-
ered antigenically related to the 2015/16 vaccine strain, 
although more variability in HI results, particularly in 
relation to the egg-passaged reference virus, has been 
reported by other surveillance systems [1]. Our find-
ings, however, suggest that the small proportion of 
clade 3C.2a viruses that could be characterised by HI 
assay were not representative of circulating viruses 
with respect to the clade-defining potential glycosyla-
tion motif at positions 158–160.

We show that cell culture passage, whether in MDCK, 
MDCK-SIAT1 or RMK cells, that is required for HI charac-
terisation, can fully or partially alter the N158-Y159-T160 
sequon. This sequon in circulating clade 3C.2a viruses 
is associated with a predicted gain of glycosylation 
that may be relevant for antibody binding [6]. While 
these findings corroborate an earlier report of this 
effect by the ECDC [14], here we provide direct quanti-
fication and comparison of viral genomic sequences in 
original patient specimens compared with culture iso-
lates, highlighting loss of the potential glycosylation 

Segment ID Collection 
date Isolate namea Originating 

laboratory
Submitting 
laboratory Authors Passage history 158–159–160 

sequonb

EPI539576 26 Feb 2014 A/Hong 
Kong/4801/2014

Government 
Virus Unit

National 
Institute 

for Medical 
Research

MDCK-SIAT1 N-Y-T

EPI578430 1 Jan 2014 A/Hong 
Kong/4801/2014

Crick Worldwide 
Influenza 

Centre

Centers for 
Disease Control 
and Prevention

E5/E1 N-Y-K

EPI643118 26 Feb 2014 A/Hong 
Kong/4801/2014

Crick Worldwide 
Influenza 

Centre

National 
Institute of 
Infectious 

Diseases (NIID)

Takashita, Emi; 
Fujisaki, Seiichiro; 

Shirakura, 
Masayuki; 

Watanabe, Shinji; 
Odagiri, Takato

E6(Am1AI)/E1 + 1 N-Y-K

EPI614406 1 Jan 2014
A/Hong 

Kong/4801/2014 
X-263

New York 
Medical College

Centers for 
Disease Control 
and Prevention

EX N-Y-K

EPI614421 1 Jan 2014
A/Hong 

Kong/4801/2014 
X-263A

New York 
Medical College

Centers for 
Disease Control 
and Prevention

EX N-Y-K

EPI614414 1 Jan 2014
A/Hong 

Kong/4801/2014 
X-263B

New York 
Medical College

Centers for 
Disease Control 
and Prevention

EX N-Y-K

GISAID: Global Initiative on Sharing All Influenza Data.
a Originating country for all isolates displayed is Hong Kong Special Administrative Region (SAR).
b The consensus sequence for clade 3C.2a viruses is N158-Y159-T160, shown as N-Y-T for the cell (MDCK-SIAT1)-passaged A/Hong 

Kong/4801/2014 (clade 3C.2a) reference virus (first row in Table) and conferring a potential gain of glycosylation. In the egg-passaged 
reference A/Hong Kong/4801/2014 (clade 3C.2a) reference viruses (rows 2–6 in Table), the potential glycosylation motif is lost due to 
reversion to clade 3C.2 K160.

Table 4
Reference haemagglutinin sequences from the GISAID EpiFlu database used to assess the 158–160 sequon in the southern 
hemisphere 2016 influenza A(H3N2) cell- and egg-passaged vaccine reference strain A/Hong Kong/4801/2014 (clade 3C.2a)
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motif as an artefact of in vitro cell culture isolation. 
This type of assessment has not been widely reported 
elsewhere, in part because most viral sequences, 
including those posted to public databases, are based 
on culture isolates and are not directly compared with 
primary specimens. However, understanding how viral 
culture impacts genetic identity before antigenic char-
acterisation is critical to interpreting and extrapolating 
relatedness among vaccine and circulating strains, for 
the purpose of anticipating vaccine performance and 
for vaccine strain selection.

Limitations of our analysis include the well-recognised 
variability in the HI assay [17], and the small number 
of viruses that could be antigenically characterised for 
sequence comparison. Antigenic characterisation of a 
greater number of A(H3N2) viruses, particularly those 
belonging to clade 3C.2a, may be possible through use 
of assays that do not rely on agglutination of eryth-
rocytes, such as neutralisation assays [14,18]. The 
ECDC and others have considered the N158-Y159-T160 
sequon to be a potential gain of glycosylation in the 
majority of clade 3C.2a viruses [1,5,6]; the glycosyla-
tion potential of this motif based on the clade 3C.2a 
consensus sequence is 0.65 using NetNGlyc 1.0, where 
the threshold for glycosylation potential is 0.5 [19]. 
To further delineate the N-glycosylation effect of the 
K160T mutation, in vitro studies should be done to 
specifically assess the interplay between this muta-
tion, its resulting glycosylation potential and antibody 
binding at antigenic sites. We show statistically signifi-
cant effects of the N158-Y159-T160 sequon on the abil-
ity to characterise viruses by HI assay, but it is unclear 
how much this potential glycosylation motif contrib-
utes to challenges in antigenic characterisation using 
antibody titration assays. A proportion of clade 3C.2a 
viruses (43/199; 22% in this analysis, Table 2), as well 
as other A(H3N2) genetic subgroups, that lack or are 
polymorphic for this glycosylation motif have also been 
difficult to antigenically characterise by HI assay, sug-
gesting that other factors, such as viral load and avid-
ity to sialic acid receptors, are also likely to contribute 
[20]. Our goal, however, was not to investigate those 
factors but to assess the representativeness of clade 
3C.2a viruses that could be characterised by HI assay 
in relation to the majority that could not be character-
ised, with respect to the potential glycosylation motif 
at pivotal antibody binding positions 158–160 of anti-
genic site B.

Our findings suggest that caution is warranted in 
extrapolating antigenic relatedness based on limited 
HI results for A(H3N2) clade 3C.2a viruses. Clade 3C.2a 
viruses have continued to predominate among A(H3N2) 
detections throughout the 2015 southern hemisphere 
influenza season and early into the 2015/16 northern 
hemisphere season [1,18]. Despite vaccine reformula-
tion, clade 3C.2a viruses still differ from the north-
ern hemisphere 2015/16 clade 3C.3a vaccine strain 
by 10–12 amino acids at antigenic sites, including 
the same N158-Y159-T160 glycosylation motif that 

distinguished them from the 2014/15 vaccine [2]. For 
the southern hemisphere’s 2016 influenza season, 
the WHO has recommended change to an A/Hong 
Kong/4801/2014(H3N2)-like (clade 3C.2a) representa-
tive vaccine virus [18], for which the egg-passaged 
reference strain bears K160 rather than T160 and thus 
also seems to have lost the potential glycosylation 
motif (Table 4). Clarifying the significance of the N158-
Y159-T160 potential glycosylation motif in circulating 
clade 3C.2a strains thus remains critical to the interpre-
tation of antigenic relatedness and to expectations of 
vaccine-induced antibody protection, for which ongo-
ing epidemiological monitoring of VE will be important.

Acknowledgements
Funding was provided by the Canadian Institutes of Health 
Research (CIHR grant # TPA-90193), the British Columbia 
Centre for Disease Control, Alberta Health and Wellness, 
Public Health Ontario, Ministère de la santé et des services 
sociaux du Québec and the Institut national de santé pub-
lique du Québec and the Public Health Agency of Canada. The 
authors gratefully acknowledge the contribution of sentinel 
sites whose regular submission of specimens and data pro-
vide the basis of our analyses. We wish to acknowledge the 
coordination and technical support provided by epidemio-
logical and laboratory staff in all participating provinces. 
We thank those who provided laboratory support at the 
British Columbia Public Health Microbiology and Reference 
Laboratory, the Alberta Provincial Laboratory , the Public 
Health Ontario Laboratory and the Laboratoire de santé pub-
lique du Québec.

Conflict of interest
Research grants for unrelated studies: GDS - GlaxoSmithKline 
(GSK); JG - Pfizer; MK - Roche, Merck, Gen-Probe and Siemens. 
SS funded by Canadian Institutes of Health Research Grant 
(TPA-90193).

Authors’ contributions
Principal investigator (epidemiology): GDS (Québec); 
JAD (Alberta); DMS (National and British Columbia); ALW 
(Ontario). Principal investigator (laboratory): SD (Alberta); 
JBG (Ontario); MK (British Columbia); CM (Québec); NB and 
YL (national). Data analysis: CC, AE, SS, DMS. Preparation of 
first draft: DMS. Draft revision and approval: all.

References
1. European Centre for Disease Prevention and Control (ECDC). 

Influenza virus characterisation. Summary Europe, September 
2015. Stockholm: ECDC; 2015. Available from: http://ecdc.
europa.eu/en/publications/Publications/influenza-virus-
characterisation-september-2015.pdf

2. Skowronski DM, Chambers C, Sabaiduc S, De Serres G, 
Dickinson JA, Winter AL, et al.  Interim estimates of 2014/15 
vaccine effectiveness against influenza A(H3N2) from Canada’s 
Sentinel Physician Surveillance Network, January 2015. 
Euro Surveill. 2015;20(4):21022. DOI: 10.2807/1560-7917.
ES2015.20.4.21022 PMID: 25655053

3. Ndifon W, Wingreen NS, Levin SA. Differential neutralization 
efficiency of hemagglutinin epitopes, antibody interference, 
and the design of influenza vaccines.Proc Natl Acad Sci USA. 
2009;106(21):8701-6. DOI: 10.1073/pnas.0903427106 PMID: 
19439657

4. Popova L, Smith K, West AH, Wilson PC, James JA, Thompson 
LF, et al.  Immunodominance of antigenic site B over site A of 
hemagglutinin of recent H3N2 influenza viruses. PLoS ONE. 



17www.eurosurveillance.org

2012;7(7):e41895. DOI: 10.1371/journal.pone.0041895 PMID: 
22848649

5. An Y, McCullers JA, Alymova I, Parsons LM, Cipollo JF. 
Glycosylation analysis of engineered H3N2 influenza A virus 
hemagglutinins with sequentially added historically relevant 
glycosylation sites.J Proteome Res. 2015;14(9):3957-69. DOI: 
10.1021/acs.jproteome.5b00416 PMID: 26202417

6. Tate MD, Job ER, Deng YM, Gunalan V, Maurer-Stroh S, Reading 
PC. Playing hide and seek: how glycosylation of the influenza 
virus hemagglutinin can modulate the immune response to 
infection.Viruses. 2014;6(3):1294-316. DOI: 10.3390/v6031294 
PMID: 24638204

7. Koel BF, Burke DF, Bestebroer TM, van der Vliet S, Zondag 
GC, Vervaet G, et al.  Substitutions near the receptor binding 
site determine major antigenic change during influenza virus 
evolution. Science. 2013;342(6161):976-9. DOI: 10.1126/
science.1244730 PMID: 24264991

8. Chambers BS, Parkhouse K, Ross TM, Alby K, Hensley SE. 
Identification of hemagglutinin residues responsible for H3N2 
antigenic drift during the 2014-2015 influenza season.Cell 
Reports. 2015;12(1):1-6. DOI: 10.1016/j.celrep.2015.06.005 
PMID: 26119736

9. Centers for Disease Control and Prevention,Flannery B, 
Clippard J, Zimmerman RK, Nowalk MP, Jackson ML, Jackson 
LA, et al. . Early estimates of seasonal influenza vaccine 
effectiveness - United States, January 2015.MMWR Morb 
Mortal Wkly Rep. 2015;64(1):10-5.PMID: 25590680

10. Pebody RG, Warburton F, Ellis J, Andrews N, Thompson C, von 
Wissmann B, et al.  Low effectiveness of seasonal influenza 
vaccine in preventing laboratory-confirmed influenza in 
primary care in the United Kingdom: 2014/15 mid-season 
results. Euro Surveill. 2015;20(5):21025. DOI: 10.2807/1560-
7917.ES2015.20.5.21025 PMID: 25677050

11. World Health Organization (WHO). Recommended composition 
of influenza virus vaccines for use in the 2015-2016 northern 
hemisphere influenza season. Geneva: WHO; 2015. [Accessed: 
10 Dec 2015]. Available from: http://www.who.int/influenza/
vaccines/virus/recommendations/2015_16_north/en/

12. Smith S, Blanton L, Kniss K, Mustaquim D, Steffens C, Reed 
C, et al.  Update: influenza activity - United States, October 
4—November 28, 2015. MMWR Morb Mortal Wkly Rep. 
2015;64(48):1342-8. DOI: 10.15585/mmwr.mm6448a4

13. Public Health Agency of Canada (PHAC). FluWatch: Weekly 
influenza reports. Ottawa: PHAC; Available from: http://
healthycanadians.gc.ca/publications/diseases-conditions-
maladies-affections/fluwatch-2015-2016-51-52-surveillance-
influenza/index-eng.phphttp://

14. European Centre for Disease Prevention and Control (ECDC). 
Influenza virus characterization. Summary Europe, February 
2015. Stockholm: ECDC; 2015. Available from: http://ecdc.
europa.eu/en/publications/Publications/ERLI-Net-report-
February-2015.pdf

15. Lin YP, Gregory V, Collins P, Kloess J, Wharton S, Cattle N, et al.  
Neuraminidase receptor binding variants of human influenza 
A(H3N2) viruses resulting from substitution of aspartic acid 
151 in the catalytic site: a role in virus attachment? J Virol. 
2010;84(13):6769-81. DOI: 10.1128/JVI.00458-10 PMID: 
20410266

16. Oh DY, Barr IG, Mosse JA, Laurie KL. MDCK-SIAT1 cells show 
improved isolation rates for recent human influenza viruses 
compared to conventional MDCK cells.J Clin Microbiol. 
2008;46(7):2189-94. DOI: 10.1128/JCM.00398-08 PMID: 
18480230

17. Katz JM, Hancock K, Xu X. Serologic assays for influenza 
surveillance, diagnosis and vaccine evaluation.Expert Rev Anti 
Infect Ther. 2011;9(6):669-83. DOI: 10.1586/eri.11.51 PMID: 
21692672

18. World Health Organization. Recommended composition 
of influenza virus vaccines for use in the 2016 southern 
hemisphere influenza season. Geneva: WHO; 2015. Available 
from: http://www.who.int/influenza/vaccines/virus/
recommendations/2016_south/en/

19. Gupta R, Jung E, Brunak S. Prediction of N-glycosylation 
sites in human proteins. NetNGlyc 1.0. Denmark: Center 
for Biological Sequence Analysis. [Accessed: 10 Dec 2015]. 
Available from: http://www.cbs.dtu.dk/services/NetNGlyc/

20. Lin YP, Xiong X, Wharton SA, Martin SR, Coombs PJ, Vachieri 
SG, et al.  Evolution of the receptor binding properties of the 
influenza A(H3N2) hemagglutinin. Proc Natl Acad Sci USA. 
2012;109(52):21474-9. DOI: 10.1073/pnas.1218841110 PMID: 
23236176      
      
 

License and copyright
This is an open-access article distributed under the terms of 
the Creative Commons Attribution (CC BY 4.0) Licence. You 
may share and adapt the material, but must give appropriate 
credit to the source, provide a link to the licence, and indi-
cate if changes were made.

This article is copyright of the authors, 2016.



18 www.eurosurveillance.org

Research article

Genotyping and strain distribution of Mycobacterium 
avium subspecies hominissuis isolated from humans and 
pigs in Belgium, 2011–2013

C Vluggen 1 , K Soetaert 1 , L Duytschaever 2 3 , J Denoël 2 , M Fauville-Dufaux 1 , F Smeets 2 , N Bruffaerts 4 , K Huygen 4 , D Fretin 3 , 
L Rigouts 5 6 , C Saegerman 2 , V Mathys 1 
1.  Bacterial Diseases Service, Operational Direction Communicable and Infectious Diseases, Scientific Institute of Public Health 

(WIV-ISP), Brussels, Belgium
2. Research Unit for Epidemiology and Risk Analysis applied to Veterinary Sciences (UREAR-ULg), Fundamental and Applied 

Research for Animal and Health (FARAH), Liège, Belgium
3. Bacterial Zoonoses of Livestock Unit, Operational Direction Bacterial Diseases, Veterinary and Agrochemical Research Centre 

(CODA-CERVA), Brussels, Belgium
4. Immunology Service, Operational Direction Communicable and infectious Diseases, Scientific Institute of Public Health (WIV-

ISP), Brussels, Belgium
5. Mycobacteriology Unit, Institute of Tropical Medicine, Antwerp, Belgium
6. Department Biomedical Sciences, University of Antwerp, Belgium
Correspondence: Vanessa Mathys (vmathys@wiv-isp.be)

Citation style for this article: 
Vluggen C, Soetaert K, Duytschaever L, Denoël J, Fauville-Dufaux M, Smeets F, Bruffaerts N, Huygen K, Fretin D, Rigouts L, Saegerman C, Mathys V. Genotyping and 
strain distribution of Mycobacterium avium subspecies hominissuis isolated from humans and pigs in Belgium, 2011–2013. Euro Surveill. 2016;21(3):pii=30111. 
DOI: http://dx.doi.org/10.2807/1560-7917.ES.2016.21.3.30111 

Article submitted on 09 December 2014 / accepted on 05 July 2015 / published on 21 January 2015

Mycobacterium avium represents a health concern 
for both humans and pigs. The characterisation of its 
subspecies is an important step improving the under-
standing of the epidemiology and the control of this 
pathogen. Ninety-two human M. avium strains were 
selected for a retrospective study. Subspecies determi-
nation by rpoB sequencing and IS1245/IS901 analysis 
showed that 98.9% of Belgian human M. avium strains 
belong to the subspecies hominissuis (MAH). Some of 
these MAH strains present particular IS1245/IS901 pro-
files (absence of IS1245 and false IS901 detection pro-
voked by the presence of ISMav6). In addition, 54 MAH 
strains isolated from submandibular lymph nodes of 
Belgian pigs with lymphadenitis were included in this 
study. Genotyping of human and porcine isolates was 
performed using multispacer sequence typing (MST). 
In total, 49 different MST types were identified among 
pig (n = 11) and human (n = 43) MA isolates, with only 
five shared by both hosts. Among these MST types, 34 
were newly identified. Our findings demonstrate the 
extensive genetic diversity among MAH isolates. Some 
genotypes were more prevalent in human or pigs but 
no correlation was observed between MST type and 
place of residence or the farm of origin for human and 
porcine isolates respectively, suggesting an environ-
mental source of infection.

Introduction
Among non-tuberculous mycobacteria (NTM), 
Mycobacterium avium complex (MAC), composed of 
two major species M. avium and M. intracellulare, is 
the most frequently isolated from patients [1,2] and 

the most common NTM identified as responsible of 
pulmonary disease [3]. In humans, lymphadenitis due 
to NTM primarily affects children and is caused by a 
variety of species, with predominance of M. avium [4]. 
In industrialised countries, in the absence of antiretro-
viral therapy, MAC is also recognised as the most com-
mon opportunistic bacterial infection in patients with 
advanced AIDS [1,3], often with disseminated disease, 
rather than the typical lung involvement seen in immu-
nocompetent patients [1].

The species M. avium, is divided into four subspe-
cies; M. avium subsp. avium (MAA), M. avium subsp. 
silvaticum (MAS), M. avium subsp. paratuberculosis 
(MAP) and M. avium subsp. hominissuis (MAH) [5-7]. 
Recently, a phylogenetic study showed that MAH rep-
resents diverse groups of organisms from which two 
distinct groups, MAP and MAA/MAS, have evolved 
independently [8]. These subspecies of M. avium are 
genetically close, yet differ widely in their host range 
and pathogenicity. MAP is responsible for an intesti-
nal illness in ruminants known as Johne’s disease [9] 
and could be implicated in human Crohn’s disease [10]. 
MAA and MAS mainly infect birds causing a tuberculo-
sis-like disease, whereas MAH is a frequent agent of 
human and pig mycobacterioses [6,11]. Although MAH 
can infect a wide variety of animals, pigs are its primary 
animal host species, causing granulomatous lesions 
mainly in the lymph nodes of the digestive tract, which 
can reduce the value of carcasses [12]. Moreover, an 
association between MAH and human lymphadenitis 
has been described [13]. MAH represents an increasing 
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public health concern given its pathogenicity for both 
humans and pigs, and so precise characterisation of 
MA subspecies and genotypes is essential for epide-
miological studies, identification of the source of infec-
tion, and to establish or exclude its possible zoonotic 
role [14-16].

In the period from 2010 to 2013, 2,964 NTM cultures 
were sent for identification to the Belgian National 
Reference Centre for Tuberculosis and Mycobacteria 
(WIV-ISP), of which 1,104 belonged to the M. avium 
complex, with the following distribution between the 
two species: 574 (19.4% of the total) M. avium and 530 
(17.9% of the total) M. intracellulare.

According to these data, M. avium is the predominant 
NTM isolated from Belgian patients. As the identifica-
tion of M. avium isolates in Belgium is usually carried 
out by sequencing of the gene coding for 16SrRNA or by 
line probe assay (based on the analysis of the 23SrRNA 
gene), the distribution of the four M. avium subspecies 
remains largely unknown. In order to better charac-
terise the M. avium strains circulating in Belgium, we 
selected clinical M. avium isolates from the above men-
tioned M. avium isolates and performed subspecies 
identification by sequencing of the rpoB gene and anal-
ysis of the IS1245/IS901 elements. We also performed 
genotyping of the MAH isolates by using multispacer 
sequence typing (MST). As mycobacteriosis in pigs is 
mainly caused by MAH [16-18], we also genotyped pre-
viously identified MAH isolates from submandibular 
lymph nodes of Belgian pigs with lymphadenitis. The 
MST types of strains of human and porcine origin were 
compared.

Materials and methods

Bacterial isolates and study design
A total of 146 Belgian M. avium isolates from human 
patients (n = 92) and pigs (n = 54) were characterised in 
this study.

One hundred clinical M. avium isolates were selected 
from the collection maintained at WIV-ISP, Belgium. 
The isolates came from patients who had been diag-
nosed with M. avium in the last trimester of 2011 and 
in 2012, and for whom drug susceptibility testing (DST) 
had been requested after clinical, radiological and 
microbiological evaluation. Isolates were considered 
clinically relevant based on the criteria specified by the 
American Thoracic Society/Infectious Disease Society 
of America (ATS/IDSA) statement [19]. We aimed to 
exclude isolates representing environmental contami-
nation of the samples. The selection represents 63% 
(100/159) of all M. avium isolates received at WIV-ISP 
for identification during the study period. WIV-ISP is 
the only Belgian laboratory performing DST for NTM. 
The M. avium species identification, carried out dur-
ing routine activities at the reference laboratory, was 
performed by sequencing of the gene coding for the 
16SrRNA, as previously described [20]. Eight isolates 
were eliminated from the study because of poor con-
servation quality, leaving a final sample of 92 human 
isolates.

The pig isolates were obtained from another ongoing 
study analysing submandibular lymph nodes from pigs 
with lymphadenitis sampled after veterinary inspec-
tion by the UREAR-ULg in all Belgian slaughterhouses. 
Isolates within the present study were sampled in 2012 
and 2013. The first 54 M. avium isolates obtained were 

Figure 
Distribution of multispacer sequence typing types among porcine (n = 52) and human (n = 87) isolates, Belgium, 2011–2013
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included. They were isolated by the Belgian veterinary 
centre CODA-CERVA which supplied them for the study. 
rpoB gene sequencing was used to confirm the subspe-
cies identification that had been made by the CODA-
CERVA using the IS1245/IS901 detection method. MST 
genotyping of these porcine isolates was performed as 
described above.

Clinical data and patient information
All clinical data recorded in the context of the present 
study had been collected not for research purposes but 
as part of the routine data collection for diagnosis. We 
collected the following data: origin of specimens (site 
of infection), date of collection, sex and age of patients 
and their city of residence (or postal code). Anonymity 
of data was ensured before analysis. The study was 
approved by the ethical committee of Hôpital Erasme 
(ULB) (reference P2014/028).

IS901/IS1245 detection
M. avium species identification of the selected 
strains was confirmed by PCR detection of the inser-
tion sequence (IS) 1245 (present in M. avium strains), 
and the M. avium subspecies determined by analys-
ing the presence/absence of IS901. Avian MAA and 
MAS strains contain IS901, whereas mammalian MAH 
and MAP strains lack it. The following primers were 
used for the analysis of IS1245 and IS901 respec-
tively: IS1245F (5’ AGGTGGCGTCGAGGAAGAC 3’) and 
IS1245R (5’ GCCGCCGAAACGATCTAC 3’), IS901F (5’ 
GCAACGGTTGTTGCTTGAAAGGAAT 3’) and IS901R (5’ 
GCGCACGCATGATGAGTGGACTTAC 3’). Both PCR assays 
were performed as previously described [21,22]. PCR 
products were analysed by electrophoresis on a 2% 
agarose gel and visualised by staining with ethidium 
bromide and UV illumination. Sequencing of some 
IS901 amplicons was performed using the primers 
used for the PCR amplification.

Gene sequencing
Subspecies identification among M. avium isolates 
was also performed by sequencing of the rpoB gene as 
described by Ben Salah et al. [23]. Briefly, the primers 
Myco-F (5’ GGCAAGGTCACCCCGAAGGG 3’) and Myco-R 
(5’ AGCGGCTGCTGGGTGATCATC 3’) were used to amplify 
a variable region of the rpoB gene [23]. PCR products 
(10 µl) were visualised on a 2% agarose gel after stain-
ing with ethidium bromide. The remaining PCR prod-
ucts were purified using a QIAquick 96 PCR Purification 
Kit (Qiagen) and sequenced with primers Myco-F 
and Mycoseq-R (5’ GGACATCATCCTGAACACCCACG 
3’). Sequencing was performed by using the BigDye 
Terminator Cycle Sequencing kit (Applied Biosystems) 
and analysed on an ABI 3130xl Sequencer (Applied 
Biosystems). The obtained forward and reverse 
sequences were re-assembled using the bioinformat-
ics software Lasergene SeqMan Pro and used for 
sequence comparisons by BLAST with the NCBI data-
base (National Centre for Biotechnology Information).

For a few strains, the subspecies identification was 
also confirmed by sequencing of the hsp65 gene using 
the classification proposed by Turenne et al. [24] and 
the method described by Dirac et al. [25].

Multispacer sequence typing
Genotyping of the M. avium isolates was performed by 
MST. The PCR amplification of the spacers MST2, MST4, 
MST15 and MST16 was performed as described by 
Cayrou et al. [26]. Amplicon purification and sequenc-
ing were performed as described above, with the same 
forward and reverse primers as used for the different 
MST PCRs.

The MST type was determined by consulting the MST 
database [27].

Interpretation based on 
IS1245/IS901 detection

Interpretation based on 
rpoB sequencing

No. of 
isolates IS1245/IS901 profile Subspecies conclusion No. of 

isolates Perfect match with rpoB sequence of

87 IS1245 + / IS901- M. avium subsp. 
hominissuis

72 
1 
1 
 
4 
 
9

M. avium subsp. hominissuis 
Mycobcterium sp. 09–7368 

Mycobacterium sp. 11–0068 (KP098592) 
Mycobacterium sp. 11–006596, 10–5763 or 09–4604 

rpoB PCR amplification impossible

3 IS1245 + / IS901 + M. avium subsp. avium / 
silvaticum

1 
 
2

Mycobacterium avium subsp. avium 
Mycobacterium avium subsp. hominissuis

2 IS1245 - / IS901 + Not M. avium 2 M. avium subsp. hominissuis strain TH135

IS: insertion sequence; M. avium: Mycobacterium avium; subsp.: subspecies; - : absence of the fragment; + : presence of the fragment.

Table 1
Mycobacterium avium subspecies identification of clinical isolates using IS1245/IS901 and rpoB sequencing, Belgium, 
2011–2012, (n=92)
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Statistical analysis
A 95% confidence interval (CI) of prevalence of clinical 
M. avium isolates according to the affected organ was 
estimated using an exact binomial distribution. The 
comparison of age between lymphadenitis and non-
lymphadenitis patients was assessed using a two-sam-
ple t-test with unequal variances, whereas comparison 
of the sex ratio was assessed using the chi-squared 
test (Chi 2), and comparison of province of origin by 
the Fisher exact test [28]. The number of porcine M. 
avium strains according to the MST type and farm was 
assessed using a Poisson regression. A p value of 0.05 
was considered as significant and all analyses were 
performed in Stata (StataCorp. 2011. Stata Statistical 
Software: Release 12. College Station, TX: StataCorp 
LP).

Results

Clinical isolates
The subspecies of M. avium isolates is not determined 
routinely in Belgium. In order to better characterise 
these M. avium isolates, a retrospective study was car-
ried out (n = 92).

Information on the biological origin of the isolate was 
available for 71 patients. The vast majority of these 
were isolated from the respiratory tract (n = 51; 95% CI: 
59.9–81.9) followed by lymph nodes (n = 13; 95% CI: 
10.1–29.3), abscesses (n = 4; 95% CI: 1.6–13.8), blood 
(n = 2; 95% CI: 0.3–9.8) and peritoneal fluid (n = 1; 95% 
CI: 0.04–7.6).

The mean age of the selected patients was 58 years 
(data available for 90 of 92 patients). However, a 
significant difference in age was observed between 
lymphadenitis (n = 13; mean = 15.3 years, standard 
deviation (SD) = 22.8 years) and non-lymphadenitis 
patients (n = 77; mean = 65.1 years, SD = 18.7 years) 
(p < 0.0001). The overall sex ratio was 1.04 (47 males 
and 45 females) but no significant difference was 
observed between patients with or without lymphad-
enitis (p value = 0.70). In addition, lymphadenitis and 
non-lymphadenitis patients did not differ in geographic 
origin (p value = 0.125).

Subspecies identification
Based on presence of IS1245 and absence of IS901 
determined by PCR analysis, 87 isolates among the 92 
analysed were identified as MAH, and three as MAA/
MAS (Table 1). For the two remaining strains, conflict-
ing results were observed between the IS1245 PCR 
(absence of the fragment usually present in M. avium 
strains) and sequencing of the 16sRNA used for the 
selection of the M. avium strains included in the study.

Subspecies identification based on the rpoB sequence 
confirmed MAH subspecies for 72 of 87 isolates (Table 
1). For the 15 remaining strains, nine were negative in 
rpoB PCR amplification (repeated three times), five 
strains were identified as M. species (M. sp. 11–006596 

(JF804804), M. sp. 10–5763 (JF327744) or M. sp. 
09–4604 (JF327745) with same blast score, and M. sp. 
09–7368 (JF437546)), and one had no perfect match 
with the rpoB sequences currently recorded. The four 
M. species were isolated from a macaque, a pig, a cow 
and a steer, and characterised as close to M. avium 
subspecies in a study evaluating the usefulness of rpoB 
sequencing for identification of Mycobacterium iso-
lates of veterinary origin [29]. The new rpoB sequence 
discovered in this study was deposited in the GenBank 
database under accession number KP098592. This 
strain was isolated from a lymph node of a 64-year-old 
patient with lymphadenitis.

Of the three strains identified as MAA/MAS based on 
the presence of both IS1245 and IS901, one was con-
firmed by rpoB analysis as MAA, and the other two 
were identified as MAH. We therefore sequenced the 
IS901 amplicons obtained for these three strains. 
Blast analysis of 173 nt sequenced confirmed the pres-
ence of the IS901 in the isolate identified as MAA but 
revealed that one of the two MAH actually had the 
insertion sequence ISMav6, presenting 95% similarity 
with IS901 [30].

Finally, for the two strains presenting negative results 
for the IS1245 amplification, the rpoB sequence was 
identical to the MAH strain TH135 of the NCBI bank. 
hsp65 sequencing yielded codes 1 and 2 according to 
the classification of Turenne et al. [24]. These hsp65 
codes have been described in MAH strains. It should 
be noted that these strains were also positive for the 
IS901 element, which is unusual for MAH strains. 
Sequencing of IS901 revealed the presence of insertion 
sequence ISMav6 instead of the standard IS901.

Molecular typing
The 92 human M. avium isolates included in this study 
were genotyped by MST in order to establish their 
genetic diversity (unrelated clinical isolates) or related-
ness (clustered clinical isolates). MST types were inter-
pretable for 87 strains. The distribution of the obtained 
genotypes is presented in the Figure. Overall, 43 differ-
ent MST types were identified. Some genotypes were 
more prevalent such as MST type 12 found in 16 iso-
lates, MST15 in seven isolates, MST22 in five isolates 
and MST28 in four isolates. Among the human isolates, 
twenty-nine MST types (86, 87, 88, 89, 90, 91, 92, 93, 
94, 95, 96, 97, 98, 99, 100, 101, 105, 106, 107, 108, 109, 
111, 112, 113, 114, 115, 116, 117, 118) were identified for 
the first time and recorded in the MST database devel-
oped by the Université de la Méditerranée. The MAA 
strain belonged to MST type 3, which was previously 
described as specific for MAA [26]. No association was 
observed between the MST types and sites of infec-
tion. Moreover, analysis of the geographical repartition 
of the patients revealed no correlation between the 
MST types and the patient’s places/cities of residence.
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Porcine isolates
Within the ongoing Belgian project begun in 2012, the 
inspection of 125,000 randomly selected pig carcasses 
was performed by the UREAR-ULg. All submandibular 
lymph nodes from pigs with lymphadenitis were sam-
pled and transmitted to CODA-CERVA. In the labora-
tory, a smear of all lymph nodes were stained by the 
Ziehl-Neelsen method and observed microscopically. 
The samples with acid-fast resistant stain, as well as 
a randomised selection of 266 samples selected to be 
able to detect an expected prevalence of gross lesions 
of 0.5% with an acceptable error of 0.06% and a con-
fidence interval of 95%, were cultivated on Coletsos 
(Biorad) and Löwenstein-Jensen (Biomérieux) media. 
The first 54 porcine MAH isolates were transmitted to 
the WIV-ISP, where 52 could be MST-typed, yielding 11 
different MST types, of which five were also detected in 
human isolates. The most frequent porcine genotypes, 
MST type 12 (28 isolates) and MST type 22 (seven iso-
lates), were also among the most frequently detected 
in humans. On the other hand, the second most prev-
alent human type (MST 15) was not detected in pigs. 
As for the clinical isolates, new MST types (n = 6) were 
identified (85, 91, 102, 103, 104, 110) and recorded in 
the MST database. The Figure shows the distribution of 
the MST types among porcine and human strains.

Analysis at fattening farm level (18 farms) was per-
formed for all pigs infected with a MAH strain belong-
ing to a MST type for which at least two strains were 
detected in this study. This analysis showed in all 
cases (six different MST types), that strains with the 
same MST type could be isolated from pigs originating 
from at least two different Belgian farms (Table 2). For 
example, the 28 porcine MST12 strains were isolated 
from pigs fattened at seven different farms. Farms of 
origin (farms of birth) supplying piglets to the fattening 
farms were also different in all cases. Moreover, MAH 
strains with different MST types were found among 
pigs originating from the same fattening farm. In addi-
tion, the number of different MAH strains isolated in a 
farm was not related to the MST type or the farm origin 
(Poisson regression; p value > 0.12).

Discussion
MAC strains are the most frequently isolated NTM, and 
mycobacterial infections caused by these MAC strains 
are on the rise in both animals and humans. According 
to data from Belgium’s National Reference Laboratory, 
M. avium currently represents about 20% (167/857) of 
all NTM isolated from patients. In 2000, this percent-
age was only 12% (63/506 NTM analysed) suggesting 
an increasing number of M. avium infections.

Although a true relative increase in M. avium infections 
is suspected, this observation could also be partially 

Farm
No. of porcine isolates 

MST 12 MST 51 MST20 MST 103 MST 22 MST 104 MST 102 MST 51

1 6 1
2 2 1 1
3 1
4 2
5 1
6 6
7 10
8 1
9 1
10 1
11 1
12 1
13 6
14 1
15 1 1
16 1 1
17 1
18 1
Total 18 28 3 2 2 7 3 2 2

MST: multispacer sequencing type.
This table includes only MST types found in two or more isolates/pigs.

Table 2
Repartition of the porcine Mycobacterium avium subspecies hominissuis isolates by multispacer sequencing type and farm, 
Belgium, 2012–2013
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attributed to the increased awareness of NTM disease 
in recent years and the increased availability and sen-
sitivity of laboratory techniques [3]. Indeed, the devel-
opment of rapid liquid culture methods and molecular 
tests, such as species-specific PCR or reverse hybridi-
sation assay, has improved and facilitated the detec-
tion and identification of NTM infections [3].

The present study was undertaken to characterise M. 
avium isolated from patients living in Belgium. First, 
the subspecies of a collection of clinical M. avium 
isolates was determined by detection of IS1245 and 
IS901, which is the most widely used technique for 
the (sub-)species identification of MAC. By using the 
strict IS1245/IS901 interpretation model, the major-
ity (87/92, 94.6%) of human isolates were identified 
as MAH. When applying multiple identification strate-
gies, however, conflicting data were obtained. Three 
of the five remaining isolates were detected as posi-
tive for IS901 and IS1245, which is the usual profile for 
MAA, but the MAA subspecies identification was only 
confirmed by rpoB sequencing for one of these three 
isolates, whereas the other two yielded a typical MAH 
rpoB profile. Moreover, the two other remaining iso-
lates, showing positive results for IS901 but absence 
of amplicon for the IS1245 (usually used as a marker for 
M. avium strains) gave the identification MAH by hsp65 
sequencing and MAH strain TH135 by rpoB sequencing.

Strain TH135 was isolated in Japan from a HIV-negative 
patient with pulmonary disease. Genome analysis of 
this strain, carried out by Uchiya et al., revealed the 
presence of a new [31] insertion sequence, designated 
ISMav6, which presents 95% sequence identity with 
the subspecies marker IS901 [30]. PCR amplification of 
ISMav6 with primers designed for IS901 was previously 
reported, explaining the positive IS901 PCR results 
obtained for our two TH135 strains [32]. Moreover, 
M. avium isolates lacking IS1245 were also reported 
[29,31,32]. The existence of M. avium strains lacking 
IS1245 and MAH strains harbouring an IS homologous 
to IS901 complicates the interpretation of IS1245/901 
results. In this study, we show that the presence of 
strains with this particular IS profile appears to be 
quite limited in Belgium with 2.2% (2/92) of M. avium 
strains lacking IS1245 and 4.4% (4/91) of MAH strains 
giving false IS901 PCR amplification. A more problem-
atic situation was described in Japan with 16% and 
67%, respectively [32].

Taking into account the MAH identification by rpoB 
sequencing for the four isolates presenting an unu-
sual (but already described) IS1245/IS901 profile, 91 
(98.9%) of the 92 M. avium analysed isolates belong 
to the hominissuis subspecies, leaving only one isolate 
being identified as MAA. Contrary, subspecies identifi-
cation based on rpoB sequencing alone, would result 
in a lower percentage of MAH (82.6%; 76/92). The dif-
ferences between the two techniques are caused by 
rpoB amplification problems [9] and isolates that are 
identified as M. species by rpoB sequencing [6].

Regarding to the sampling design, different time peri-
ods in human (last trimester of 2011 and 2012) and pig 
(2012–2013) studies were applied for logistic reasons: 
availability of historical human samples and the oppor-
tunity of the ongoing pig study. These non-overlapping 
time frames may have caused a bias in inter-species 
strain diversity. To address this issue, human isolates 
from 2012 to 2013 should be analysed and compared 
with the current pig set.

Regardless of the technique used, we can conclude 
that the vast majority of M. avium strains isolated 
in Belgium belong to the subspecies hominissuis as 
described in other countries [13,32]. Our analysis also 
shows that application of either the IS1245/IS901 or 
rpoB based strategy resulted in the determination of 
most M. avium subspecies, but it was the combination 
of the two techniques that allowed us to firmly con-
clude the species and/or subspecies identification for 
nineteen (20.6%) cases.

Concerning the MAH genotypes, 48 different MST types 
were identified among pig and human MAH isolates, 
comprising five types shared by both hosts. Moreover, 
among these MST types, 34 were newly identified 
within this study (28 in human, five in porcine and 
one in both hosts) showing that the genotypes of the 
Belgian MAH strains are quite different from those 
isolated in other countries and previously recorded in 
the MST database. This clearly demonstrates the large 
genetic diversity of MAH isolates.

There was no correlation between the place of resi-
dence of the patients and the MST types of the MAH 
strains. Indeed, strains with same MST types were 
isolated from patients living in dispersed places in 
the country, and for patients living in the same city 
often various MST types were identified. Also for 
the porcine strains there was no correlation of MST 
type with the geographical localisation of the farms. 
Indeed, analysis of the MST types compared with the 
pig farms showed that MAH strains with identical MST 
types could be isolated from pigs originating from dif-
ferent fattening farms, while pigs on the same farms 
can be infected by MAH strains of various MST types. 
This genetic diversity of the MAH strains has also been 
described in other epidemiological studies (using other 
genotyping tools like IS1245-RFLP or MIRU-VNTR), sug-
gesting an environmental source of infection rather 
than direct transmission between the hosts [14,16,33]. 
Alternatively, transmission from pigs to humans by 
consumption of meat could be considered. Indeed, in 
this situation, no correlation between pig farms and 
the patients’ place of residence is needed. Although 
this route of transmission cannot be excluded, there is 
as yet no clear evidence of meat-borne transmission of 
M. avium to humans [34].

While considerable attempts were made to include only 
M. avium human isolates responsible for disease (and 
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to avoid environmental contamination of the speci-
mens) by selecting isolates of patients for whom DST 
had been requested by a physician, we consider it 
likely that the selection of pathogenic isolates studied 
may be underrepresented as some physicians prob-
ably treat their patients after species identification 
without asking the laboratory to perform DST. Another 
limitation of our study could be the small sample size, 
particularly due to the large genetic diversity detected 
among the MA strains. For instance, our data suggest 
that some MST types are only detected in M. avium iso-
lated from humans or pigs. Analysis of a larger sample 
is required to formally test this hypothesis.

In conclusion, we report on the predominance of MAH 
among Belgian patients infected by a M. avium strain, 
and characterisation of Belgian MAH porcine isolates. 
Genotyping revealed a large genetic diversity of strains 
(whatever their origin; human or porcine) and the 
absence of a link between genotypes and the place 
of residence (human) or the farm of origin (pigs), sug-
gesting an environmental source of infection. Some 
genotypes are however more frequent in human or 
in pigs, and some are only found in one of these two 
hosts. Moreover, the ISMav6 element was detected in 
some human isolates as described in another study 
[15]. As MAH represents an increasing public health 
concern, these host-strain particularities deserve more 
investigations.
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