
www.eurosurveillance.org

Vol. 21  |  Weekly issue 35  |  1 September 2016

E u r o p e ’ s  j o u r n a l  o n  i n f e c t i o u s  d i s e a s e  e p i d e m i o l o g y,  p r e v e n t i o n  a n d  c o n t r o l

 Rapid communications

Culex mosquitoes are experimentally unable to transmit Zika virus 2
by F Amraoui, C Atyame-Nten, A Vega-Rúa, R Lourenço-de-Oliveira, M Vazeille, AB Failloux

Experimental investigation of the susceptibility of Italian Culex pipiens mosquitoes to 
Zika virus infection 6
by D Boccolini, L Toma, M Di Luca, F Severini, R Romi, ME Remoli, M Sabbatucci, G Venturi, G Rezza, C Fortuna

Surveillance report

Descriptive epidemiology of Escherichia coli bacteraemia in England, April 2012 to 
March 2014 9
by S Bou-Antoun, J Davies, R Guy, AP Johnson, EA Sheridan, RJ Hope

Isolation of H5N6, H7N9 and H9N2 avian influenza A viruses from air sampled at live 
poultry markets in China, 2014 and 2015 18
by J Zhou, J Wu, X Zeng, G Huang, L Zou, Y Song, D Gopinath, X Zhang, M Kang, J Lin, BJ Cowling, WG 
Lindsley, C Ke, JSM Peiris, H Yen

Research Articles

Hepatitis E in blood donors: investigation of the natural course of asymptomatic 
infection, Germany, 2011 32
by T Vollmer, J Diekmann, M Eberhardt, C Knabbe, J Dreier



2 www.eurosurveillance.org

Rapid communication

Culex mosquitoes are experimentally unable to transmit 
Zika virus

F Amraoui 1 2 , C Atyame-Nten 1 2 , A Vega-Rúa 3 , R Lourenço-de-Oliveira 4 , M Vazeille 1 , AB Failloux 1 
1. Institut Pasteur, Arboviruses and Insect Vectors, Department of Virology, Paris, France
2. These authors contributed equally to this manuscript
3. Institut Pasteur of Guadeloupe, Laboratory of Medical Entomology, Environment and Health Unit, Les Abymes, Guadeloupe
4. Instituto Oswaldo Cruz, Laboratório de Mosquitos Transmissores de Hematozoários, Rio de Janeiro, Brazil
Correspondence: Anna-Bella Failloux (anna-bella.failloux@pasteur.fr)

Citation style for this article: 
Amraoui F, Atyame-Nten C, Vega-Rúa A, Lourenço-de-Oliveira R, Vazeille M, Failloux AB. Culex mosquitoes are experimentally unable to transmit Zika virus. Euro 
Surveill. 2016;21(35):pii=30333. DOI: http://dx.doi.org/10.2807/1560-7917.ES.2016.21.35.30333

Article submitted on 16 August 2016 / accepted on 1 September 2016 / published on 1 September 2016

We report that two laboratory colonies of Culex 
quinquefasciatus and Culex pipiens mosquitoes were 
experimentally unable to transmit ZIKV either up to 21 
days post an infectious blood meal or up to 14 days 
post intrathoracic inoculation. Infectious viral par-
ticles were detected in bodies, heads or saliva by a 
plaque forming unit assay on Vero cells. We therefore 
consider it unlikely that Culex mosquitoes are involved 
in the rapid spread of ZIKV.

Outbreaks due to Zika virus (ZIKV) are expanding and 
affecting most tropical regions [1]. The rapid spread 
may be related to the efficiency of human-biting Aedes 
aegypti and Aedes albopictus mosquitoes, which are 
ZIKV vectors. However, both mosquito species were 
unexpectedly poorly competent vectors for ZIKV as 
shown by our laboratory in a previous study [2]. Other 
factors have been suggested to explain the rapid 
spread of ZIKV across the Americas [2]: a human popu-
lation immunologically naive for the newly introduced 
virus, higher densities of Ae. aegypti or the involve-
ment of other anthropophilic vectors such as Culex 
mosquitoes. In light of this, we experimentally infected 
two laboratory colonies of Culex species, Cx. quinque-
fasciatus and Cx. pipiens, with an Asian genotype of 
ZIKV and showed an absence of transmission up to 21 
days post infection.

Mosquito experimental infections
In May and June 2016, we performed mosquito experi-
mental infections on two laboratory mosquito colonies 
used in this study: Cx. pipiens collected in Tabarka, 
Tunisia, in 2010 [3] and Cx. quinquefasciatus collected 
in San Joaquin Valley in California, United States, in 
1950 [4]. The latter is a colony of reference in studies 
on this mosquito [5]. Testing these colonies experi-
mentally should allow us to determine whether the two 
species are genetically capable of transmitting ZIKV. 

About 200 female mosquitoes of each species were 
successfully fed, with a total of 188 Cx. pipiens 

mosquitoes and 170 Cx. quinquefasciatus examined for 
vector competence. Mosquitoes were orally infected 
with an Asian genotype ZIKV (strain NC-2014–5132), 
originally isolated from a patient in New Caledonia in 
April 2014. The ZIKV strain is phylogenetically closely 
related to those currently circulating in Brazil [6]. One 
week-old female mosquitoes were provided with a 
blood meal containing a suspension of ZIKV [2] at a 
titre of 107.2 plaque-forming units (PFU)/mL. Engorged 
females were kept in cardboard containers and main-
tained at 28 °C with 10% sucrose solution as food. We 
analysed 40–48 mosquitoes each time at 3, 7, 14 and 
21 days post-infection (dpi), to estimate three param-
eters describing vector competence: (i) infection rate, 
which measures the proportion of mosquitoes with an 
infected body (including the midgut) among the num-
ber of analysed mosquitoes; this parameter indicates 
if the mosquito is able to be infected after the infec-
tious blood meal; (ii) dissemination efficiency, which 
corresponds to the percentage of mosquitoes with an 
infected head among the number of analysed mosqui-
toes; it measures the ability of the virus to cross the 
midgut barrier, penetrate the mosquito haemocoel and 
infect internal organs; and (iii) transmission efficiency, 
which estimates the overall proportion of mosquitoes 
presenting virus in saliva among the number of tested 
mosquitoes. Head/body homogenates and saliva were 
titrated by PFU assay on Vero E6 cell monolayers as 
previously described [7].

Vector competence analysis
To confirm that the mosquitoes had ingested the virus, 
two engorged mosquitoes from each species were 
homogenised and the virus was titrated just after blood 
feeding: the two Cx. pipiens mosquitoes had ingested 
6.4 × 104 viral particles and Cx. quinquefasciatus, 9 × 
104. 

Viral infection rate
Viral infection rates were similar for both Culex popula-
tions at 3, 7 and 21 dpi (Fisher’s exact test: p > 0.05); 
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they were respectively 0/42, 1/47 and 5/40 for Cx. 
quinquefasciatus and 1/48, 3/47 and 6/46 for Cx. pipi-
ens. However, at 14 dpi, 7/41 of the Cx. quinquefascia-
tus mosquitoes were infected, whereas none of the 
47 Cx. pipiens mosquitoes were (Fisher’s exact test, 
p = 0.003). When estimating the number of viral parti-
cles in the mosquito body, no difference was detected 
between the two mosquito species at each time point 
(Kruskal–Wallis test, p > 0.05) with higher viral loads 
detected in both species at 21 dpi: mean of 44 (stand-
ard deviation (SD): 60) for Cx. quinquefasciatus and 56 
(SD: 90) for Cx. pipiens. Viral loads ranged from 10 to 
36 particles for other time points.

Viral dissemination efficiency
Only a few Cx. quinquefasciatus mosquitoes were able 
to disseminate the virus at 14 dpi (1/41 mosquitoes 
analysed) and at 21 dpi (3/40). Upon examination of 
these mosquitoes, no more than 15 viral particles were 
detected in mosquito heads. For Cx. pipiens, no mos-
quitoes were detected with virus in the heads.

Viral transmission efficiency
No mosquitoes were found with ZIKV in saliva. 
Therefore, the tested Cx. quinquefasciatus and Cx. pipi-
ens were able to be infected, Cx. quinquefasciatus only 
was able to disseminate virus at a low level, and both 
species were unable to transmit ZIKV up to 21 dpi.

Intrathoracic inoculation of mosquitoes
One batch of 100 one-week-old females of each mos-
quito species, Cx. quinquefasciatus and Cx. pipiens 
were inoculated intrathoracically with ca 2,530 PFU of 
the same ZIKV strain (NC-2014–5132). This dose cor-
responds to 10 times the maximum number of viral 
particles detected in mosquitoes analysed for vec-
tor competence. Viral dissemination was analysed by 
estimating viral load in mosquito heads at 3, 7 and 14 
dpi. Viral dissemination was observed at 3 dpi (1/23) 
for Cx. quinquefasciatus, and at 7 dpi (3/21) and 14 
dpi (1/24) for Cx. pipiens. No viral transmission (ZIKV 
in saliva) was detected in either species up to 14 dpi. 
Thus bypassing the midgut barrier by inoculating a 
high dose of ZIKV suspension in mosquitoes favoured 
neither viral dissemination nor transmission.

Background
First discovered in 1947 in Uganda, ZIKV became a 
major public health concern after its emergence in Yap 
Island, Micronesia, in 2007 [8] and French Polynesia in 
2013–14 [9]. Its arrival in Latin America in 2015 led to 
a rapid regional spread of outbreaks of ZIKV infection 
associated with unusually severe effects, Guillain–
Barré syndrome [10] and microcephaly in newborns 
[11]. Up to the first six months of 2016, more than two 
million people have been infected, in at least 45 coun-
tries in Latin America and the Caribbean [12].

The virus (genus Flavivirus, family Flaviviridae) circu-
lated originally in an enzootic cycle between arboreal 
canopy-dwelling Aedes mosquitoes and non-human 

primates [13]. In addition to forested habitats, ZIKV has 
also been isolated in urban settings, with Ae. aegypti 
being the main vector [14]. Ae. aegypti mainly colonises 
tropical areas and can share the same regions with Ae. 
albopictus, which has also succeeded in invading some 
temperate countries [15]. 

The aim of our study was to assess the putative role 
of two mosquito species from the Culex pipiens com-
plex, namely Cx. pipiens and Cx. quinquefasciatus, in 
ZIKV transmission. Because they are commonly found 
in temperate and tropical regions [16], respectively, 
they could strongly increase the risk of urban ZIKV out-
breaks occurring.

Discussion
Members of the Cx. pipiens species complex are among 
the most widely distributed mosquitoes in the world 
and can act as disease vectors [17]. The species com-
plex comprises several members including Cx. pipiens 
and Cx. quinquefasciatus, which are the most abundant 
Culicinae mosquitoes in temperate and tropical regions, 
respectively [16]. Cx. pipiens is the most ubiquitous 
mosquito species in temperate regions, occurring in 
rural and domestic environments [16] and can be found 
in nature in two biological forms, pipiens and moles-
tus, which are morphologically indistinguishable [18]. 
The Tabarka strain, used in this study, is a mix of both 
forms [3] and has been shown to be a primary vector of 
West Nile virus (WNV) in the Mediterranean basin [19]. 
Cx. quinquefasciatus is mainly associated with human 
habitats and can experimentally transmit WNV, making 
it an ideal vector for domestic/urban transmission of 
WNV in tropical regions [20]. Our results show that lab-
oratory colonies of Cx. quinquefasciatus and Cx. pipi-
ens were unable to transmit an Asian genotype of ZIKV. 
Using mosquito colonies for vector competence studies 
can be considered as a proxy for measuring the genetic 
ability of one species to transmit a given pathogen 
[21]. In addition, the experimental ability to transmit 
a pathogen – vector competence – can vary according 
to specific combinations of virus and mosquito geno-
types, which can be affected by environmental factors 
such as temperature [22]. The mosquito midgut barrier 
is the site where the initial steps such as viral attach-
ment, penetration and replication take place before the 
release of newly produced virions into the mosquito 
haemocoel. We have shown that bypassing this midgut 
barrier, by inoculating viral particles into the haemo-
coel, did not favour viral dissemination nor transmis-
sion. Thus, our results strongly suggest that the Cx. 
quinquefasciatus and Cx. pipiens colonies were unable 
to transmit ZIKV, as has already been suggested for 
natural populations of Cx. quinquefasciatus collected 
during an outbreak of ZIKV infection in Mexico [23] and 
demonstrated for laboratory colonies of Culex mosqui-
toes [24,25].

Both mosquito species can tolerate environments 
highly charged with organic matter and high levels 
of chemical pollutants including insecticides [26]. 
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Repeatedly confronted with insecticidal molecules, 
mosquito populations have developed resistance 
to insecticides, making vector control more difficult 
[27]. As Aedes and Culex mosquitoes do not share the 
same breeding sites, control measures targeting each 
of them are basically different. On the basis of our 
results, we consider that vector control should con-
tinue to focus on larval and adult habitats specific to 
Aedes mosquitoes, in order to efficiently control ZIKV 
vectors. While a vaccine is pending, surveillance and 
vector control should be reinforced against Ae. aegypti 
and Ae. albopictus, species that are able to transmit 
dengue virus, chikungunya virus and ZIKV.
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We investigated the susceptibility of an Italian popula-
tion of Culex pipiens mosquitoes to Zika virus (ZIKV) 
infection, tested in parallel with Aedes aegypti, as a 
positive control. We analysed mosquitoes at 0, 3, 7, 
10, 14, 20 and 24 days after an infectious blood meal. 
Viral RNA was detected in the body of Cx. pipiens up to 
three days post-infection, but not at later time points. 
Our results indicate that Cx. pipiens is not susceptible 
to ZIKV infection.

Since its emergence in South and Central America in 
2014, Zika virus (ZIKV) has spread rapidly, resulting in 
an unprecedentedly large number of infections [1-4]. It 
is well accepted that Aedes species are the main vec-
tors of ZIKV [5-7]. However, in order to assess the risk 
of spread of this infection to new areas, it is pivotal 
to investigate the possibility that mosquito species 
belonging to other genera could contribute to sustain-
ing virus transmission. Culex pipiens is widespread 
in Mediterranean countries [8], and little is known 
at present about its potential role as ZIKV vector. We 
report here our findings on experimental infection of 
an Italian population of Culex pipiens mosquitoes with 
ZIKV, using Ae. aegypti mosquitoes as a positive con-
trol. Using quantitative reverse transcription PCR (qRT-
PCR) to detect viral RNA, our findings indicate that 
Cx. pipiens is not susceptible to ZIKV infection.

Experimental infection of mosquitoes
Experimental infection of the mosquitoes, start-
ing in April 2016, was performed using the ZIKV H/
PF/2013 strain, of the Asian genotype (kindly provided 
by Dr Isabelle Leparc-Goffart of the French National 
Reference Centre for Arboviruses in Marseille) isolated 
from a patient returning from French Polynesia in 2013 
[9]. We exposed 10 day-old female mosquitoes from 
an Italian Cx. pipiens population (collected in Rome, 
Latium Region, in the summer of 2015) and from a 
long-established colony of Ae. aegypti (collected in 
Reynosa, Mexico, in 1998) to an infectious blood meal 
for one hour, through a membrane feeding apparatus.

The virus was diluted in rabbit blood (final virus con-
centration: 6.46 log10 plaque-forming units (PFU)/mL) 
and maintained at 37 °C by a warm-water circulation 
system. After the blood meal, fully engorged females 
were transferred to other cages and maintained on a 
10% sucrose solution in a climatic chamber (26 ± 1 °C; 
70% relative humidity; 14 hour light:10 hour dark cycle) 
for 24 days. A total of 8–10 mosquitoes from both spe-
cies were processed individually at 0, 3, 7, 10, 14, 20 
and 24 dpi.

To evaluate viral infection, dissemination and trans-
mission, body (head, thorax and abdomen), legs 
plus wings, and saliva were analysed, as previously 
described [10]. The viral titre was evaluated by qRT-
PCR. Specific primers ZIKV 1086 and ZIKV 1162c were 
used, with 5-FAM as the reporter dye for the probe 
(ZIKV 1107-FAM) [11]. Crossing point values were com-
pared with a standard curve obtained from 10-fold 
serial dilutions of virus stock of known concentration 
[7]. 

Mosquito bodies were analysed in order to evaluate 
the infection rate, calculated as the number of ZIKV-
positive mosquito bodies out of the total number of 
fed females. Legs plus wings were tested to assess the 
dissemination rate, calculated as the number of the 
specimens with ZIKV-positive legs plus wings among 
the tested mosquitoes. The saliva of the potentially 
infected females was processed to assess the trans-
mission rate, defined as the number of mosquitoes 
with ZIKV-positive saliva among the number of tested 
mosquitoes [7,10].

Vector competence analysis
All the Cx. pipiens (n=10) and Ae. aegypti (n=8) bodies 
analysed at day 0 (i.e. immediately after the infectious 
blood meal) showed positive results, with mean viral 
titres of 4.23 (standard deviation (SD): 0.07) log10 PFU/
mL and 3.7 (SD: 0.18) log10 PFU/mL, respectively, con-
firming the ingestion of viral particles.
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At 3 dpi, only one of 10 Cx. pipiens mosquitoes ana-
lysed was infected. In the Cx. pipiens body, viral RNA 
was detected at a low concentration (0.17 log10 PFU/
mL), whereas no viral RNA was detected at the later 
collection times. Viral RNA was never detected in legs 
plus wings and in the saliva of the Cx. pipiens (Table).

These findings differed greatly with those obtained 
with Ae. aegypti. As expected, in Ae. aegypti, the viral 
titres detected in the mosquito bodies increased gradu-
ally, reaching a mean value of 5.12 (SD: 0.06) log10 PFU/
mL at 14 dpi, as well as in legs plus wings and in the 
saliva, showing an extrinsic incubation period similar 
to that previously described [7]. The infection rate at 7 
dpi was 6/12 as was found for the dissemination rate. 
At the same collection time, ZIKV was detected also in 
the saliva with a transmission rate of 2/12 and a mean 
viral titre of 1.80 (SD: 0.14) log10 PFU/mL. In the later 
collection points, ZIKV was detected in body, legs plus 
wings and saliva confirming the expected vector com-
petence of this mosquito species (Table).

Discussion
In countries where ZIKV has recently spread, Ae. 
aegypti and Ae. albopictus have been recognised as 
the most efficient vectors [5-7]. There is limited evi-
dence that ZIKV can infect other mosquito species 
naturally: the presence of the virus has been reported 
in species of the Culex genus in Senegal and in Brazil 
[12,13]. Following our study on ZIKV competence of 

an Italian Ae. albopictus population [7], we investi-
gated the susceptibility of an Italian population of the 
widespread indigenous species Cx. pipiens [8] to ZIKV 
infection under laboratory conditions. Increasing con-
cern about the spread of ZIKV and its epidemic poten-
tial [1-4] makes it particularly important to fill gaps in 
knowledge about the role that mosquitoes other than 
Ae. albopictus and Ae. aegypti may have in the circula-
tion and transmission of this virus in the Mediterranean 
area.

We focused our attention on Cx. pipiens mosquitoes 
as a potential ZIKV vector, since these mosquitoes are 
ubiquitous in temperate and tropical areas, where they 
are involved in the transmission of a range of human 
and zoonotic pathogens, such as West Nile virus, 
St  Louis encephalitis virus, Rift Valley Fever virus, 
filarial worms and avian malaria [14,15]. The important 
vector role of Cx. pipiens arises from its opportunistic 
host feeding behaviour and on the high abundance it 
can reach in rural as well as in urban settings [14,15].

Our results show that the Italian Cx. pipiens population 
tested was not susceptible to ZIKV; the short persis-
tence of the virus in the mosquito’s body does not allow 
viral replication and, consequently, viral dissemination 
in the salivary glands. Conversely, our results showed 
Ae. aegypti to be competent for ZIKV transmission, as 
previously reported [7].

Table 
Competence for Zika virus (infection, dissemination and transmission rates)a and Zika virus titres in body, legs plus 
wings and saliva of Culex pipiens and Aedes aegypti colonies fed orallyb,c
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0e 10/10 4.23 
(0.07) 0/10 0 0/10 0 8/8 3.73 

(0.18) 0/8 0 0/8 0

3 1/10 0.17 0/10 0 0/10 0 ND ND ND ND ND ND

7 0/10 0 0/10 0 0/10 0 6/12 3.76 
(1.25) 6/12 2.57 

(0.32) 2/12 1.80 
(0.14)

10 0/10 0 0/10 0 0/10 0 ND ND ND ND ND ND

14 0/10 0 0/10 0 0/10 0 4/8 5.12 
(0.06) 4/8 3.11 

(0.36) 3/8 2.05 
(0.97)

20 0/10 0 0/10 0 0/10 0 4/10 4.60 
(0.21) 3/10 3.08 

(0.28) 3/10 2.10 
(0.39)

24 0/10 0 0/10 0 0/10 0 ND ND ND ND ND ND

ND: not detected; SD: standard deviation.
a Infection rate: number of virus-positive bodies/number of tested females; dissemination rate: number of virus-positive legs plus wings/

number of tested females; transmission rate: number of virus-positive saliva samples/number of tested females.
b The mosquitoes were kept at 26 °C and collected at various days post-infection.
c The viral titre was evaluated by quantitative reverse transcription PCR (qRT-PCR). Crossing point values were compared with a standard 

curve obtained from 10-fold serial dilutions of virus stock of known concentration [7].
d Expressed as log10 plaque-forming units/mL.
e Immediately after the infectious blood meal.
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Similar results were reported in a recent study on ZIKV 
susceptibility of a Cx. pipiens population from the 
United States [16], showing that this species is not a 
competent vector for ZIKV. However, in Brazil, current 
studies have reported ZIKV detection in the salivary 
glands of Cx. quinquefasciatus that were artificially 
fed with ZIKV-infected blood, and tested 7 and 15 days 
post-feeding [13,17].

We did not carry out viral titration by plaque formation 
as we observed in a previous study a high correlation 
between titration by this method and viral RNA detec-
tion [10]: this may constitute a limitation of this study.

In conclusion, the findings of the studies conducted 
on Italian and United States populations of Cx. pipiens 
mosquitoes have important public health implications, 
and help to optimise the vector control activities in 
Italy, should autochthonous ZIKV transmission occur. 
Cx. pipiens mosquito populations in Italy are unlikely to 
be competent vectors for ZIKV. Thus, to date, Ae. albop-
ictus is the only mosquito established in Italy for which 
vector competence for ZIKV has been demonstrated [7]. 
However, even if a low epidemic potential risk of ZIKV 
in Italy was estimated [18], it should be considered that 
arboviruses have the potential to rapidly change their 
vector–host associations [19]. Therefore further vector 
competence studies should be undertaken in order to 
plan evidence-based interventions.
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We determined the incidence, risk factors and anti-
microbial susceptibility associated with Escherichia 
coli bacteraemia in England over a 24 month period. 
Case data were obtained from the national manda-
tory surveillance database, with susceptibility data 
linked from LabBase2, a voluntary national micro-
biology database. Between April 2012 and March 
2014, 66,512 E. coli bacteraemia cases were reported. 
Disease incidence increased by 6% from 60.4 per 
100,000 population in 2012–13 to 63.5 per 100,000 
population in 2013–14 (p < 0.0001). Rates of E. coli bac-
teraemia varied with patient age and sex, with 70.5% 
(46,883/66,512) of cases seen in patients aged ≥ 65 
years and 52.4% (33,969/64,846) of cases in females. 
The most common underlying cause of bacterae-
mia was infection of the genital/urinary tract (41.1%; 
27,328/66,512), of which 98.4% (26,891/27,328) were 
urinary tract infections (UTIs). The majority of cases 
(76.1%; 50,617/66,512) had positive blood cultures 
before or within two days of admission and were 
classified as community onset cases, however 15.7% 
(10,468/66,512) occurred in patients who had been 
hospitalised for over a week. Non-susceptibility to 
ciprofloxacin, third-generation cephalosporins, piper-
acillin–tazobactam, gentamicin and carbapenems 
were 18.4% (8,439/45,829), 10.4% (4,256/40,734), 
10.2% (4,694/46,186), 9.7% (4,770/49,114) and 0.2% 
(91/42,986), respectively. Antibiotic non-susceptibil-
ity was higher in hospital-onset cases than for those 
presenting from the community (e.g. ciprofloxacin 
non-susceptibility was 22.1% (2,234/10,105) for hos-
pital-onset vs 17.4% (5,920/34,069) for community-
onset cases). Interventions to reduce the incidence of 
E. coli bacteraemia will have to target the community 
setting and UTIs if substantial reductions are to be 
realised.

Introduction
Data from voluntary laboratory-based surveillance 
in England, Wales and Northern Ireland has consist-
ently shown Escherichia coli to be the most prevalent 
pathogen causing bacteraemia, with sustained annual 

increases [1]. In 2013 E. coli accounted for approxi-
mately 32% of all bacteraemia reports, an increase 
from 27% in 2009 [1]. Year-on-year increases in cases 
of bacteraemia due to E. coli have been observed 
across Europe [2]. This is reinforced by studies from 
Austria, China and the United States, which have impli-
cated E. coli as the first and second most common 
cause of community-acquired and hospital-acquired 
bloodstream infection (BSI) respectively [3-5]. A fur-
ther study from England estimated the all-cause mor-
tality rate in E. coli bacteraemia patients to be 18.2% 
between July 2011 and June 2012 [6]. In addition to a 
high mortality burden, E. coli bacteraemia has been 
associated with increases in length of hospital stay 
and difficulties with antibiotic treatment due to infec-
tions caused by resistant strains [2,7]. All of these fac-
tors increase healthcare costs and have a substantial 
clinical and economic impact [8].

In June 2011 in England, centralised reporting of cases 
of E. coli bacteraemia by National Health Service (NHS) 
hospital Trust (groups of hospitals under the same 
management) was made mandatory with the aim of 
better elucidating the increases and patterns observed 
in the voluntary surveillance programme. The present 
study is an analysis of the first two years of mandatory 
surveillance data, providing a comprehensive review of 
the current situation across the entire English NHS.

Methods

Data collection
The study period comprised two years from 1 April 
2012 to 31 March 2014, during which time all NHS acute 
Trusts (n = 167) in England reported all cases of bacte-
raemia due to E. coli to Public Health England (PHE, 
formerly the Health Protection Agency). Cases were 
reported via a web-based system originally developed 
for the mandatory surveillance of Clostridium difficile 
infection and bacteraemia caused by Staphylococcus 
aureus. Only the first blood culture positive for E. coli 
was reported, with further positive blood cultures 
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taken from the same patient within 14 days of the first 
sample regarded as the same episode of bacteraemia 
and not reported. Data items collected included the 
specimen date, patient demographics and care details 
at the time the blood culture was taken.

Patient identifiers from the mandatory E. coli dataset 
(i.e. patient name, date of birth, NHS number and hos-
pital number) were used to link with antibiotic suscep-
tibility data for the same bacteraemia case reported 
by Trust laboratories on a voluntary basis to a national 
database, LabBase2, maintained by PHE.

Data analyses
Data processing and analyses were performed using 
Stata12 (Stata Corporation, College Station, TX, US). 
E. coli population-level incidence rates were calculated 
using the Office for National Statistics (ONS) mid 2012 
and 2013 resident population estimates, based on the 
results of the 2011 census [9]. National or regional rates 
of E. coli bacteraemia were presented per 100,000 pop-
ulation. Trust-level incidence rates were presented per 
100,000 bed days, with the denominator being derived 
using 2013–14 KH03 data (organisational-level average 
daily number of occupied beds) [10]. Relevant KH03 
information for each NHS acute Trust was multiplied by 
the number of days in the study period to provide the 
total bed day denominator. Incidence risk ratios (RR) 
were expressed as risks with 95% confidence inter-
vals (CIs). Differences in categorical variables were 
assessed using a chi-squared test and considered sta-
tistically significant if two-tailed p < 0.05. Subnational 
analyses mapped cases to the four regions of England, 
and the fifteen PHE Centres (PHECs).

To compare E. coli rates between similar types of hos-
pitals, Trusts were grouped into five categories: small, 
medium or large acute Trusts, acute Specialist Trusts 

and acute Teaching Trusts. The groupings were based 
on a cross-tabulation of Estates Return Information 
Collection (ERIC) Trust categorisations and KH03 hos-
pitals bed day capacity information [10,11]. Acute 
Specialist and acute Teaching Trusts were identified 
solely using the ERIC classifications. The remain-
ing Trusts were divided into large, medium and small 
Trusts by ordering the ERIC categorisations and the 
total occupied hospital bed KH03 (2013–14) data, and 
applying a 75% inclusion of the Trusts which fell under 
the same classification in both datasets.

Cases were deemed to be hospital-onset (HO) cases if 
a patient’s specimen date was on or after the third day 
of hospital admission (where the day of admission was 
day one). Patients who had a bacteraemia detected 
before or within 2 days of admission were classified as 
community-onset (CO) [12]. Cases were categorised as 
an unknown onset if admission date was not recorded.

Antibiotic susceptibility
Following the linkage of the mandatory surveillance to 
the LabBase2 datasets, the susceptibility of E. coli to 
key antibiotic groups was evaluated, namely the beta-
lactam/beta-lactamase inhibitor combination pipera-
cillin–tazobactam, third-generation cephalosporins 
(ceftazidime and cefotaxime), a fluoroquinolone (cip-
rofloxacin), carbapenems (imipenem, meropenem 
and ertapenem) and an aminoglycoside (gentamicin). 
LabBase2 collects routinely generated antimicrobial 
susceptibility test results from hospital laborato-
ries, 95% use European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) methodology [13]. For 
the purposes of analysis, intermediate and resistant 
isolates were combined and classified as ‘non-suscep-
tible’. An isolate was considered non-susceptible to 
any of the groups above if at least one of the antibiot-
ics within the group was found to be non-susceptible.

Figure 1
Temporal incidence of Escherichia coli bacteraemia based on the voluntary and mandatory surveillance schemes, England, 
April 2000–March 2014
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Results

National and regional trends of Escherichia coli 
bacteraemia
A total of 66,512 cases of E. coli bacteraemia were 
reported between April 2012 and March 2014. There 
was a 6% increase in the annual incidence over the two 
consecutive years (32,309 cases in 2012–13, incidence 
60.4/100,000 population, 95% CI: 59.7–61.1 vs 34,203 
cases in 2013–14, incidence 63.5/100,000 population, 
95% CI: 62.8–64.2; p < 0.0001). A comparable increase 
in cases reported on a voluntary basis to LabBase2 
was also noted. A slight seasonal peak during the sec-
ond quarter (July–September) of each year was seen in 
both datasets (Figure 1).

The variation in incidence among different geographical 
areas of England (based on PHECs and regions) is shown 
in Figure 2. There were statistically significant differ-
ences in regional rates (p < 0.0001) between the highest 
rate in the North of England region (73.2/100,000 pop-
ulation/year) and the lowest in the South of England 
region (54.5/100,000 population/year), accompanied 
by a noticeable decreasing incidence gradient from the 
north to the south PHECs. When stratified by HO or CO 
of bacteraemia, both were highest in the North region 
(25.0 and 73.8/100,000 population/year, respectively), 

with 36% (5,604/15,393) of HO cases reported in the 
North region.

Disease incidence among different patient 
groups
The overall annual incidence of infection stratified 
by patient age and sex (sex data provided for 97.5%, 
64,846 cases) is shown in Figure 3. The incidence of 
E. coli bacteraemia increased with patient age for both 
females and males, with the exception of children < 1 
year of age, where the incidence was higher than in 
patients aged 1 to 64 years (Figure 3). Approximately 
a quarter (25.8%; 283/1,096) of those aged < 1 year 
were neonates aged ≤ 7 days. The overall median age 
was 75 years (interquartile range (IQR): 61–83 years), 
with 70.5% (46,883/66,512) of cases occurring in 
patients ≥ 65 years. Overall, 52.3% (33,969/64,846) 
of cases where sex was recorded were female (inci-
dence 62.3 per 100,000 female population/year) and 
47.6% (30,877/64,846) were male (incidence 58.4 per 
100,000 male population/year), which translates to 
a 7% decreased RR in males compared with females 
(p < 0.0001). Despite this, rates were higher among men 
across the majority of age groups. Rates were only 
higher among females in the following three age cat-
egories ‘1 to 14 years’ (2.9 vs 2.0 per 100,000 popu-
lation/year), ‘15 to 44 years’ (19.6 vs 6.5 per 100,000 

Figure 2
Region-specific average year rate of Escherichia coli bacteraemia in England, April 2012–March 2014 (n=66,324 patients)a
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a Wirral University Teaching Hospital NHS Foundation Trust did not report E. coli bacteraemia cases for the entire duration between April 

2012–March 2013. Hence, associated Cheshire and Merseyside PHEC average rate across the two years will not include April 2012–March 
2013 data for this acute Trust and may have caused an underestimation of the rate of infection for this PHEC.
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population/year) and ‘45 to 54 years’ (31.6 vs 27.7 
per 100,000 population/year). All three age category 
rates by sex were statistically significantly different 
(p < 0.005). Notably the female rate in the ‘15 to 44 
years’ category was threefold that of the males and 
presented the highest RR in comparison to the other 
age categories (RR: 3.0; 95% CI: 2.8–3.3). The highest 
age and sex specific rate was among men aged ≥ 85 
years, with an increased RR of 36% in males vs females 
(males: 749.2 per 100,000 population/year vs females: 
486.7 per 100,000 population/year; RR: 0.6; 95% CI: 
0.6–0.7; p < 0.0001).

Presentation of Escherichia coli bacteraemia
Seventy-four per cent (48,953/66,512) of E. coli bac-
teraemia cases were classified as CO, compared with 
23.1% (15,393/66,512) HO; 3.3%, (2,166/66,512) of 

cases were with unknown onset. Approximately 15.7% 
(10,468/66,512) were classed as late HO, i.e. occurred 
seven or more days following hospital admission.

Ninety per cent (60,135/66,512) of E. coli bacteraemia 
reports included information on patient provenance. 
Approximately three quarters of reports indicated that 
the patient was admitted from home (50,610/66,512) 
(Table 1), 46.5% (23,517/50,610) of whom were patients 
aged ≥ 75 years.

The median incidence of bacteraemia classified as 
HO was 20.5 per 100,000 bed days. The incidence of 
HO E. coli bacteraemia increased with Trust size, with 
annual median rates of 17.5, 19.7 and 22.6/100,000 
bed days for the small, medium and large acute Trusts, 
respectively. These rates were not significantly differ-
ent (Figure 4). The highest median HO rate of infection 
was seen in acute Teaching Trusts (24.6/100,000 bed 
days). The lowest median incidence (16/100,000 bed 
days) was in acute Specialist Trusts. The distribution 
of acute Specialist Trusts HO rates was wide, with the 
IQR for this Trust type entirely overlapping that of the 
small acute Trusts. There were a total of six outliers, 
the most extreme were related to ‘Specialist’ cancer 
centres (44.0 and 94.6 /100,000 bed days).

The boxes represent the 25th and 75th percentiles; the 
median line is present within the box. The lower and 
upper whiskers represent the 5th and 95th percentiles. 
Outliers are represented by dots.

The largest proportion (41.0%; 27,254/66,512) of 
reported E. coli bacteraemia cases occurred under 
the specialty of ‘general medicine’ (Table 1). ‘Surgery’ 
accounted for the second highest proportion of cases 
(12.8%; 8,506/66,512) followed by ‘care of the elderly’ 
at 8.7% (5,760/66,512).

Figure 3
Escherichia coli bacteraemia age and sex specific average 
year rates, England, April 2012–March 2014 (n=64,846 
patients)a
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a Of 66,512 cases of bacteraemia included in the study, 
information on sex was available for 64,846. Rates in the figure 
are based on the total of 64,846 patients

Table 1
Patient provenance, speciality and primary focus of Escherichia coli bacteraemia, England, April 2012–March 2014 
(n = 66,512 patients)a

Patient provenance n (%) Specialty n (%) Primary focus of infection n (%)
Home 50,610 (76.1) General medicine 27,254 (41.0) Genital/urinary tract 27,328 (41.1)
Nursing/residential home 5,352 (8.0) Otherb 9,525 (14.3) Unknown 11,971 (18.0)
Not known 2,051 (3.1) Surgery 8,506 (12.8) Hepatobiliary 7,611 (11.4)
Hospital (UK or abroad, incl. private) 1,380 (2.1) Care of the elderly 5,760 (8.7) Gastrointestinal (not hepatobiliary) 3,493 (5.3)
Otherc 469 (0.7) A and E 5,381 (8.1) Respiratory tract 2,065 (3.1)
PCT Hospital 156 (0.2) Urology related 2,005 (3.0) Otherd 1,932 (2.9)
Non-UK resident 117 (0.2) Oncology 1,644 (2.5) Indwelling intravascular device 828 (1.2)

Blank 6,377 (9.6)
Paediatrics 1,351 (2.0) Skin/soft tissue 610 (0.9)
Not known 424 (0.6)

Blank 10,674 (16.0)
Blank 4,662 (7.0)

A and E: Accident and Emergency; Incl.: including; PCT: Primary Care Trust; UK: United Kingdom.
a Of 66,512 cases of bacteraemia included in the study, information on patient provenance was available for 60,135 cases, on speciality for 

61,850 and on the underlying primary focus for 55,838. Percentages in the table are based on the total of 66,512 patients.
b Specialities which were not commonly reported were grouped as ‘other’.
c Including temporary accommodation and penal establishment.
d Including: no clinical signs, bone and joint, central nervous system.
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The underlying primary focus of the bacteraemia was 
reported in 84.0% (55,838/66,512) of cases. ‘Genital/
urinary tract’ was thought to be the source for just 
under half of case (41.1%; 27,328/66,512); 98.4% 
(26,891/27,328) of these were urinary tract infections 
(UTIs). For 18.0% (11,971/66,512) of cases the primary 
focus was unknown. Genital/urinary tract source of 
infections were associated with 44.0% (21,526/48,953) 
of patients with a CO E. coli bacteraemia and 34.1% 
(5,247/15,393) of patients with HO.

E. coli bacteraemia with a urinary primary focus of 
infection were associated with a higher proportion of 
females than males (56.0% 15,058/26,891 vs 42.0% 
11,274/26,891 respectively). Notably, the disparities 
according to sex were most evident between the three 
age groups which spanned 1 to 54 years of age (1–14 
years: females 67.4% (62/92) vs males 29.3% (27/92), 
p < 0.0001; 15–44 years: females 82.8% (2,094/2,528) 
vs males 14.7% (371/2,528), p < 0.006; 45–54 years: 
females 62.8% (1,050/1,672) vs males 34.8% 
(582/1,672), p < 0.0009).

Where the primary focus of infection was given as UTI, 
69.5% (5,255/7,559) of the records with a response 
indicated the presence of a urinary catheter. However, 
this field was poorly completed and not representative, 
with 72% of cases missing this information.

Antibiotic susceptibility
Eighty-two per cent (54,301/66,512) of E. coli bac-
teraemia records from the mandatory surveillance 
were successfully linked to antibiotic susceptibility 
data. Non-susceptibility was highest for ciprofloxacin 

(18.4%; 8,439/45,829) and lowest for the carbapenems 
(0.2%; 91/42,986) (Table 2).

Although the proportions of isolates non-susceptible 
to the various antibiotics were similar between the two 
successive years, there was an increase in the number 
of isolates non-susceptible to these antibiotics. In par-
ticular, piperacillin–tazobactam non-susceptible cases 
increased by 10.9% (2,226 cases in 2012–13; 2,468 
cases in 2013–14).

Similar levels of non-susceptibility were observed at 
the regional level compared with nationally, i.e. non-
susceptibility to ciprofloxacin was the highest and 
carbapenem non-susceptibility was the lowest across 
all the PHECs. Although the ranking was similar there 
were nonetheless regional variations in the propor-
tions of E. coli that were non-susceptible to antibiotics. 
Unlike the North–South variation seen with the inci-
dence of E. coli bacteraemia, non-susceptibility was 
generally highest in the London region. The London 
PHEC had the highest proportion of non-susceptibility 
to ciprofloxacin (25.4%; 1,742/6,868), piperacillin–
tazobactam (12.8%; 893/6,977), gentamicin (15.2%; 
1,098/7,216), and one of the highest to third-genera-
tion cephalosporins (14.9%; 951/6,400). These were 
significantly different (p < 0.0001) to the lowest levels 
of non-susceptibility seen in the North East PHEC (cip-
rofloxacin 13.4% 434/3,237; third-generation cephalo-
sporins 6.3% 201/3,187; gentamicin 5.5% 183/3,342). 
Yorkshire and Humber, and Thames Valley PHECs were 
excluded from the analysis as only 61% and 56% of 
cases were successfully linked.

When stratified by onset, non-susceptibility to all study 
antibiotics was higher in HO cases (Table 2). Non-
susceptibility in HO cases have marginally decreased 
over the two study years, particularly for ciprofloxa-
cin and third-generation cephalosporins (10% and 11% 
decrease), whereas the CO have increased; 10% and 
9% rise in non-susceptibility to third-generation ceph-
alosporins and piperacillin–tazobactam, respectively 
(p < 0.05). Piperacillin–tazobactam presented the larg-
est disparity between HO and CO, with nearly twofold 
difference in the proportion of isolates showing non-
susceptibility in HO cases (15.1%, 1,562/10,363) com-
pared with the CO (8.7%, 2,986/34,175).

There were statistically significant differences in the 
proportion of antibiotic non-susceptibility in males 
compared with females for all antibiotics apart from 
the carbapenems, particularly for ciprofloxacin (males: 
20.9% 4,433/21,236; female: 16.2%, 3,783/23,320; 
p < 0.0001). Within the 15 to 44 year age group, the 
proportion of males with E. coli not susceptible to cip-
rofloxacin was significantly higher than the propor-
tion for females (males: 20% 183/899; females: 11% 
298/2,812; p < 0.0001). Non-susceptibility for each 
antibiotic class, apart from carbapenems, increased 
with age, with the highest non-susceptibilities seen in 
infections in patients aged ≥ 65 years.

Figure 4
Box-and-whisker plots showing hospital-onset Escherichia 
coli bacteraemia annual rates, by Trust size and type, 
England, April 2012–March 2014
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Discussion
The linkage of E. coli bacteraemia cases, reported by 
Trusts as part of a mandatory surveillance scheme to 
susceptibility data reported by laboratories on a volun-
tary basis, has enabled a comprehensive analysis that 
gives insight into the national epidemiology and bur-
den of E. coli bacteraemia across England. Mandatory 
surveillance of E. coli bacteraemia was implemented in 
June 2011 hence long-term trends over time have not 
been fully established; however the rise in incidence 
across the two years has mirrored the year-on-year 
increase in incidence seen in the voluntary surveil-
lance dataset. The results presented here, along with 
an emerging body of evidence, suggest that there is 
seasonal variation in E. coli bacteraemia rates, with a 
peak during the summer [14,15].

Analysis of geographical variation in infection rates 
showed a North–South divide, with the South of 
England having a lower and the North a higher E. coli 
bacteraemia rate than the average for England. Various 
other regional data resonate with this division, with 
the North having higher health inequalities and poorer 
health outcomes [16]. There were differences in the 
proportion of HO rates, suggesting that the geographi-
cal heterogeneity may be associated with provision of 
healthcare.

E. coli bacteraemia incidence rates generally increased 
with age, across both sexes, with a high proportion 
of E. coli bacteraemia occurring in patients aged ≥ 65 
years (85.5%). We identified a larger incidence among 
patients aged ≤ 1 year compared with those a few years 

Table 2
Number and percentage of non-susceptible Escherichia coli bacteraemia strains to selected antibiotics, England, April 
2012–March 2014

Criteria Ciprofloxacin Third generation 
cephalosporinsa

Piperacillin–
Tazobactam Gentamicin Carbapenemsb

2012–14

Number tested 45,829 40,734 46,186 49,114 42,986
Number of 

non-susceptible 8,439 4,256 4,694 4,770 91

Non-susceptible (%) 18.4 10.4 10.2 9.7 0.21

Age group 
in years  
n/Nc (%)

< 1 56/673 (8.3) 34/661 (5.1) 32/671 (4.8) 55/749 (7.3) 0/615 (0.00) 
1–14 53/250 (21.2) 40/229 (17.5) 35/250 (14.0) 37/263 (14.1) 5/202 (2.48)

15–44 493/3,821 (12.9) 268/3,380 (7.9) 311/3,842 (8.1) 333/4,105 (8.1) 10/3,521 (0.28)
45–54 546/3,130 (17.4) 264/2,772 (9.5) 284/3,162 (9.0) 336/3,309 (10.2) 11/2,940 (0.37)
55–64 1,027/5,376 (19.1) 501/4,779 (10.5) 554/5,391 (10.3) 551/5,742 (9.6) 12/5,024 (0.24)
65–74 1,844/9,362 (19.7) 887/8,302 (10.7) 941/9,439 (10.0) 1,006/9,997 (10.1) 13/8,816 (0.15)
75–84 2,379/13,003 (18.3) 1,238/11,511 (10.8) 1,404/13,101 (10.7) 1,358/13,964 (9.7) 23/12,215 (0.19)

>84 2,041/10,214 (20.0) 1,024/9,100 (11.3) 1,133/10,330 (11.0) 1,094/10,985 (10.0) 17/9,653 (0.18)

Sex  
n/Nc (%)

Female 3,783/23,320 (16.2) 2,013/20,685 (9.7) 2,235/23,462 (9.5) 2,252/25,025 (9.0) 40/21,817 (0.18)
Male 4,433/21,236 (20.9) 2,102/18,845 (11.2) 2,322/21,443 (10.8) 2,403/22,749 (10.6) 51/19,948 (0.26)

Unknown 223/1,273 (17.5) 141/1,204 (11.7) 137/1,281 (10.7) 115/1,340 (8.6) 0/1,221 (0.00)

Focus  
n/Nc (%)

Genital/urinary tract 3,915/19,543 (20.0) 1,952/16,595 (11.8) 1,991/19,161 (10.4) 2,387/20,566(11.6) 34/18,086 (0.19)
Indwelling 

intravascular device 122/529 (23.1) 57/471 (12.1) 73/534 (13.7) 78/553 (14.1) 2/477 (0.42)

Skin/soft tissue 86/430 (20.0) 43/361 (11.9) 50/436 (11.5) 44/450 (9.8) 2/394 (0.51)
Onset 
setting  
n/Nc (%)

Hospital 2,234/10,105 (22.1) 1,306/9,099 (14.4) 1,562/10,363 (15.1) 1,469/10,901 (13.5) 33/9,585 (0.34)

Community 5,920/34,069 (17.4) 2,802/30,072 (9.3) 2,986/34,175 (8.7) 3,154/36,497(8.6) 56/31,816 (0.18)

Trust 
category  
n/Nc (%)

Large acute 584/2,877 (20.3) 313/2,660 (11.8) 485/3,216 (15.1) 402/3,394 (11.8) 6/2,959 (0.20)
Medium acute 489/2,417 (20.2) 280/2,040 (13.7) 307/2,352 (13.1) 320/2,563 (12.5) 7/2,331 (0.30)

Small acute 270/1,179 (22.9) 184/1,051 (17.5) 176/1,163 (15.1) 184/1,314 (14.0) 4/1,094 (0.37)
Acute Teaching 808/3,261 (24.8) 472/3,003 (15.7) 548/3,258 (16.8) 503/3,236 (15.5) 15/2,867 (0.52)

Acute Specialist NAd NAd NAd NAd NAd

NA: not applicable.
a Third-generation cephalosporins were represented by ceftazidime and cefotaxime. Isolates non-susceptible to any of these two antibiotics 

were considered as non-susceptible to third generation cephalosporins.
b Carbapenems were represented by imipenem, meropenem and ertapenem. Isolates non-susceptible to any of these three antibiotics 

were considered as non-susceptible to carbapenems. The proportions of isolates that are non-susceptibile to carbapenems in England is 
currently very low. To visualise differences between the groups (age/sex/focus/onset setting/trust type), the proportions of isolates that 
are non-susceptible to this particular antibiotic group are presented with a two decimal point precision.

c The numbers supporting the percentages presented are provided, whereby the denominators represent the total number of isolates tested 
per category within each group considered (age/sex/focus/onset setting/trust type).

d Only 52% of cases occurring in Specialist Trust were successfully linked to antibiotic susceptibility data; as a result of this further analysis 
was not performed on this Trust group.
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older. These findings are in agreement with previous 
studies [5,16-20], and are related to the vulnerability 
of these groups to infection, with the very young being 
immunologically naive and older age patients having 
progressively deteriorating immune systems, increas-
ing comorbidities and invasive healthcare procedures 
[21,22]. There was increasing infection with decreasing 
neonatal age, particularly in neonates aged less than 
a week, indicative of vertical transmission events. E. 
coli infections in preterm neonates, along with group 
B streptococcal infection, contribute a substantial bur-
den of disease in this patient group [23].

Evident sex differences in the distribution of E. coli 
bacteraemia by age were present; rates were higher 
in females between 1 and 54 years of age and greater 
in males in the older age groups (> 54), this is consist-
ent with previous findings [17,18]. E. coli bacteraemia 
frequently occurs as a complication following a UTI. 
Indeed, the greater bacteraemia rate among females 
were likely due to a higher proportion of UTIs occurring 
among females aged between 1 and 54 years. Females 
have a higher predisposition for UTIs compared with 
males due to their urethras being shorter and in closer 
proximity to the rectum [24].

The most common source of infection leading to E. coli 
bacteraemia was the genital/urinary tract. This was 
associated with increasing age, with older patients 
becoming more susceptible to UTIs perhaps due to 
increasing urological co-morbidities and the increased 
use of catheters. Older males are more prone to pros-
tate problems which can lead to urinary retention and 
UTIs; the performance of prostate biopsies is an addi-
tional risk factor for bacteraemia in males aged over 54 
years [17]. 

A large percentage of cases were reported with an 
‘unknown’ focus of infection (18.0%). Treatment of such 
infections may prove problematic, as without identifi-
cation of the source it is difficult to target interventions 
that will remove or nullify it. An unresolved infection 
source risks the repeated seeding of the bacteria into 
the blood, leading to repeated episodes and prolonged 
patient exposure to antibiotics, increasing the risk of 
selecting for antibiotic resistant strains.

The study indicates that approximately three-quarters 
of E. coli bacteraemias were of CO. Other studies have 
also found higher rates in community-acquired bac-
teraemia [20,25]. Approximately 16% were late-HO 
patients and had been under the care of the Trust for 
a week or more before their bacteraemia establishing, 
thus they represent cases likely to be hospital acquired 
and therefore the most amenable to prevention via 
hospital based infection control measures.

A limitation which warrants further investigation is 
the need to differentiate CO infections that are com-
munity-acquired versus those that have an associa-
tion with prior healthcare i.e. healthcare-associated 

infections. The simplistic categorisation of ‘pre-day 2 
of hospital admission’ cases as ‘community’ fails to 
account for infections acquired as a result of outpatient 
care, or those occurring immediately after discharge 
[12,18,25,26]. A proportion of the ‘community’ cases 
observed in the study may, in part, be the result of this 
lack of precision. There was a high proportion of cases 
reported to have been admitted from home. These 
findings reflect the complexity of procedures which 
are now being delivered in the community or where the 
patient has been discharged from hospital to continue 
convalescing at home.

Larger acute Trusts were associated with a higher rate 
of infection. A larger Trust has a corresponding larger 
pool of susceptible individuals, immunocompromised 
patients, higher patient per nurse ratio, wider use of 
antimicrobials which could lead to selection pressures, 
and greater challenges in maintaining infection control 
measures [27,28]. The highest median HO rate of infec-
tion was seen in acute Teaching Trusts, these Trusts 
generally have more complex, tertiary care patients 
than general acute Trusts [29]. The acute Specialist 
Trusts had the highest variance, the outliers seen in 
this group were in two specialist cancer Trusts. Most 
cancer treatments affect a patient’s susceptibility to 
infection [30]. The use of invasive devices (e.g. intrave-
nous lines), prior exposure to antimicrobial therapy and 
multiple hospitalisations would increase a patient’s 
risk of acquiring a bacteraemia [31]. The heterogeneity 
of case mix within and across Trust types, particularly 
Specialist Trusts, and the lack of statistical differences 
limits our ability to determine whether the findings 
were genuine or due to artefact.

The proportions of isolates non-susceptible to the anti-
biotics tested did not vary greatly between the two 
years. However, while the stability of resistance in E. 
coli over recent years has been highlighted in the lit-
erature [20,32], the increased incidence of bacteraemia 
caused by E. coli, means that the burden of resistant 
infections has nonetheless continued to rise [33].

Non-susceptibility to carbapenems remains low in 
England. The isolates non-susceptible to carbapen-
ems were more closely associated with HO cases, than 
for any of the other antibiotic classes. Carbapenems 
are often considered as ‘last-line’ antibiotics for 
Enterobacteriaceae, as carbapenem-resistant isolates 
often exhibit resistance to multiple antibiotic classes, 
severely limiting the number of effective therapies 
available. Although carbapenems account for a minor-
ity of total antibiotic consumption, we have seen the 
consumption of carbapenems increase by 31.3% in 
England between 2010 and 2013 [33].

Non-susceptibility to ciprofloxacin was higher than 
for any of the other antimicrobials (18.4%). Resistance 
to a fluoroquinolone is often associated with resist-
ance to other antibiotics frequently indicated for UTIs 
(e.g. trimethoprim), with ciprofloxacin itself currently 
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stated as the first line treatment for complicated UTIs 
[13]. English prescribing guidance over the past dec-
ade has reduced the recommended duration of tri-
methoprim treatment for uncomplicated cystitis and 
shifted to nitrofurantoin as the first-line option [34]. 
Previous suboptimal antibiotic consumption could have 
impacted on an increase in recurrent UTIs, propensity 
of bacteraemia and non-susceptibility [34].

During the last decade in England, there has been 
a prescribing shift away from fluoroquinolones and 
third-generation cephalosporins, towards higher use 
of beta-lactamase/inhibitor combinations and carbap-
enems; this may in part explain the rise in piperacillin–
tazobactam non-susceptibility, however laboratories 
changing over from Clinical and Laboratory Standards 
Institute (CLSI) to EUCAST breakpoint and methods, 
could also explain the increases [13,33].

Unlike the geographical variation seen with E. coli inci-
dence, non-susceptibility was generally highest in the 
London region. As the susceptibility data are collected 
by voluntary reporting, it could be that variations 
reflect differences in reporting. However this finding is 
in accordance with the higher prevalence of antimicro-
bial consumption reported in London [33].

Antibiotic non-susceptibility was generally higher in 
the HO cases, notably piperacillin–tazobactam. This is 
most probably due to greater selection pressures in the 
hospital environment. Piperacillin–tazobactam, is also 
predominantly used in the hospital setting [33]. Across 
the two years there has been a marginal increase in 
antibiotic non-susceptibility in CO cases. Recent stud-
ies show a rise in community prescribing, particularly 
in general practices [33].

E. coli bacteraemia in males were more likely to be 
non-susceptible than in females, agreeing with obser-
vations from other studies [32,35]. Since the propor-
tion of non-susceptible E. coli is higher with older age 
(≥ 65 years) and older age categories are known to have 
higher rates of bacteraemia in males compared with 
females, it is likely that a higher proportion of males 
have more complicated infections, frequently with hos-
pital strains, are exposed to more antimicrobial ther-
apy, which increases selection pressure and results in 
higher proportions of non-susceptibility.

Increases in rates of E. coli bacteraemia are multi-
factorial and may in part be explained by an ageing 
population, increased international travel and con-
sumption of antibiotics. The present study suggests 
that interventions targeting the source of infection, 
particularly UTIs, may be effective in reducing rates. 
Reduction in prescribing of broad-spectrum antibi-
otics also has the potential to decrease the rates of 
bacteraemia due to resistant bacterial strains. Further 
investigation into the true onset of bacteraemia would 
be beneficial. Similarly, research into the geographical 
variations observed would be advantageous. Ongoing 

surveillance will assist with the majority of the above 
and will help identify and assess potential interven-
tions to ultimately reduce the emerging threat of anti-
microbial resistance.
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Zoonotic infections by avian influenza viruses occur at 
the human–poultry interface, but the modes of trans-
mission have not been fully investigated. We assessed 
the potential for airborne and fomite transmission at 
live poultry markets in Guangzhou city and in Hong 
Kong Special Administrative Region (SAR), China, dur-
ing 2014 and 2015. Viral genome and infectious avian 
influenza A viruses of H5N6, H7N9, and H9N2 subtypes 
were detected predominantly from particles larger 
or equal to 1 μm in diameter in the air sampled with 
cyclone-based bioaerosol samplers at the live poul-
try markets in Guangzhou. Influenza A(H9N2) viruses 
were ubiquitously isolated every month during the 
study period from air and environmental swabs, and 
different lineages of H9N2 virus were isolated from 
markets where chickens and minor land-based poultry 
were sold. The use of de-feathering devices increased 
the quantity of virus-laden airborne particles while 
market closure reduced the amount of such particles. 
The results highlight the possibility of airborne trans-
mission of avian influenza viruses among poultry or 
from poultry to humans within such settings. This may 
explain epidemiological observations in which some 
patients with H7N9 infection reported being in mar-
kets but no direct contact with live poultry or poultry 
stalls.

Introduction
Influenza A viruses infect a wide range of animal 
species and are transmitted via virus-laden parti-
cles through multiple non-exclusive modes. Interplay 
between multiple viral, host and environmental factors 
determine influenza viral transmission efficiency [1-5]. 
Virus–host compatibility establishes viral tropism 
and the quantity of virus-laden particles that may be 
released from infected hosts [1,2]. Gravity limits the 
distance that virus-laden particles can travel; large 

droplets settle rapidly and contribute to fomite trans-
mission while droplet nuclei less than 5 μm in diameter 
may remain suspended in the air and mediate airborne 
transmission [3,4]. Humidity and temperature may 
impact on particle size and viability of the virus [5].

Zoonotic infections by avian influenza viruses occur at 
the human–avian interface [6] and live poultry markets 
play a critical role in maintaining, amplifying and dis-
seminating avian influenza viruses between poultry 
species and from poultry to humans [7]. Exposure to 
live poultry has been reported by many patients with 
illness due to H5N1 and H7N9 infection, but sometimes 
such exposure has been indirect, for example visiting 
a vegetable stall within a large market where live poul-
try were sold [8]. Thus the modes of transmission are 
not well defined. The importance of contact or fomite 
transmission is supported by the detection of avian 
influenza viruses from various environmental swabs 
(e.g. counter surfaces, cages, water) at live poultry 
markets [9,10]. In addition, virus-laden particles that 
may mediate droplet or airborne transmission could be 
released from infected birds or as a result of aerosol-
generating procedures during poultry slaughtering at 
markets. Currently, however, there is no information on 
the quantity, particle size and viability of virus-laden 
particles at live poultry markets.

To systematically assess the potential modes of trans-
mission of avian influenza viruses at the human–poultry 
interface, we conducted monthly air and environmen-
tal sampling during July 2014 and October 2015 at 
three types of live poultry markets in Guangzhou city, 
Guangdong Province, China, and at one wholesale mar-
ket in Hong Kong Special Administrative Region (SAR), 
China. In Hong King SAR, a ban on keeping live poultry 
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overnight at retail live poultry markets has been imple-
mented since 2008 [7]. 

Methods
Samples were obtained from three different market 
types in Guangzhou: one wholesale market (two sites), 
one mixed animal market (two sites) and one retail 
market (one site). In Hong Kong SAR, we sampled at 
one wholesale poultry market. 

Sampling in the Guangzhou wholesale market and 
mixed animal market was carried out from July 2014 
to October 2015. In the retail market, sampling was 
conducted from January to October 2015; in the Hong 
Kong SAR market, sampling was carried out in October 
and November in 2014 and March, April, July, August, 
September and October in 2015.

Bioaerosol and environmental sampling at live 
poultry markets
Two types of cyclone-based bioaerosol samplers were 
used. The NIOSH bioaerosol sampler (BC251) col-
lects particles based on their aerodynamic diameters 
into > 4, 1–4, and < 1 µm fractions at a flow rate of 3.5 L 
per minute [11]. The NIOSH samplers were set 1.2 m 
above ground and 0.5 m distance from poultry hous-
ing; samplers without connection to a vacuum pump 
were similarly placed as negative controls. After 30 
min, a total of 0.105 m3 air was sampled; 1 mL of mini-
mum essential media with 4% bovine serum albumin 
was added to each of the collection tubes and polyte-
trafluorethylene filters and transported on ice packs 
to the laboratories at Guangdong Provincial Center for 
Disease Control and Prevention or at the University of 
Hong Kong. 

The Coriolis μ air sampler (referred hereafter to as 
Coriolis) (Bertin Technologies) collects air at 100–300 L 
per minute. After 10 min sampling using 300 L per min-
ute, a total of 3.0 m3 air was sampled into a conical vial 
containing 5 mL MEM, which was concentrated using 
the 100 kDa Amicon Ultra-15 (Millipore) to a final vol-
ume of 1.5 mL. The sampler was placed 1 m above the 
ground and 0.5 m distance from poultry housing. 

In parallel, environmental swabs were also collected 
from drinking water, fresh faecal droppings, or sur-
faces (cages, de-feathering machine and waste bins) at 
the markets. Temperature and humidity were recorded 
using a hygro-thermometer (Extech).

Detection and quantification of influenza viral 
RNA genome 
Viral RNA for testing by quantitative real-time reverse 
transcription polymerase chain reaction (qRRT-PCR) 
was extracted from 400 µL of the specimen using the 
QIAGEN EZ Robot or the RNeasy Mini Kit (Qiagen) and 
eluted into 60 µL H2O. Influenza viral RNA was detected 
using AgPath-ID One-Step RT-PCR Reagents (Life 
Technologies) with specific primers and probes [12], 
using 5 µL of the eluted RNA. The number of influenza 

A virus M gene copies per m3 air was calculated, where 
Vw is the volume of medium added to the sampler, Vr is 
the volume of specimen used for RNA extraction, U is 
the airflow rate (m3 per minute) and t is the sampling 
time.

Formula 1
M gene copies per cubic metre air = 
copies per µL × 60 µL × VwVr ÷ (U × t)

The minimum linear range of quantification (LoQ) was 
two copies M gene per µL, and the LoQs were deter-
mined as 2,857 and 150 copies/m3 air for the NIOSH 
and Coriolis samplers, respectively. Influenza A virus 
M gene-positive samples were subtyped using H5-, H7- 
or H9-specific primers and probes by qRRT-PCR [9].

Virus isolation in embryonated chicken eggs
All samples with threshold cycle (Ct) values ≤ 35 for 
influenza A virus M gene by qRRT-PCR were propa-
gated in embryonated chicken eggs by injecting 0.2 mL 
of specimen into the allantoic cavity and incubated at 
37 °C for 48–72 hours. Allantoic fluid that agglutinated 
chicken or turkey red blood cells were further char-
acterised by qRRT-PCR; samples with increasing copy 
numbers for influenza viral H5, H7 or H9 gene (reduced 
Ct values relative to the original field samples) after 
egg propagation were considered positive by virus 
isolation.

Genome sequencing and phylogenetic analysis
Viral RNA from an isolated virus was extracted using 
the RNeasy Mini Kit (Qiagen), amplified by RT-PCR [13] 
and was subjected to dideoxynucleotide sequencing or 
next-generation sequencing using the Ion PGM System 
with PathAmp FluA Reagents (Life Technologies). The 
sequences were submitted to the Global Initiative on 
Sharing All Influenza Data (GISAID) [14] (EPI674320, 
EPI674374 to EPI674424, EPI676397 to EPI676400, 
EPI676490, EPI676491, EPI696727 and EPI696728). 
Phylogenetic analysis was performed with the H9 hae-
magglutinin (HA) coding sequence (1,093 nt, 115–1,207 
nt from ATG) aligned with reference strains from GISAID 
(Table 1). Phylogenetic trees were constructed by 
maximum likelihood method with bootstrap analysis 
(n = 1,000) by MEGA (version 6.0).

Statistical analysis
Correlation analyses were done by determining 
Spearman’s rank-correlation coefficients (rs). Fisher’s 
exact test was applied to assess if the subtypes 
detected were statistically significantly different. 
Statistical analyses were performed using Graphpad 
Prism 6.0.

Ethics statement
Permission from the vendors at the poultry markets 
was obtained before the bioaerosol and environmen-
tal sampling. All sampling was performed without 
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directly handling the poultry, thus animal ethics were 
not applicable for our study.

Results

Sampling at a wholesale market in Guangzhou
The wholesale market was organised into areas for 
holding live poultry, slaughtering and selling dressed 
poultry (poultry carcasses). Two sites were sampled. 
Site A1 was within the live poultry holding area of ca 
5,500 m2, where 10,000–20,000 poultry (predomi-
nantly chickens) were kept at any one time. Chickens 
were kept on a litter-bedded floor and were often sold 
to other retail markets within three days. Site A2 was 
a stall for chicken slaughtering with a de-feathering 
machine. There was one routinely scheduled mar-
ket rest day per month; additional rest days may be 

scheduled in response to reports of human zoonotic 
infections.

Site A1
Using the NIOSH sampler, influenza A virus M gene was 
detected by qRRT-PCR from particles > 4 µm in 14/16 
samples at 3,300–79,357 copies/m3 air, with 2/14 sam-
ples positive for the M gene but below the LoQ. In addi-
tion, the M gene was detected from particles 1–4 µm 
in 11/16 samples at 5,578–15,536 copies/m3 air (7/11 
below LoQ) and from particles < 1 µm (1/16 sampling, 
1/1 below LoQ) (Figure 1). In parallel, NIOSH samplers 
without a connection to a vacuum pump (as negative 
controls) were consistently negative for influenza A 
virus M gene by qRRT-PCR from particles > 4, 1–4 or < 1 
µm. H9 was the predominant HA subtype detected by 
qRRT-PCR, while mixed H7 and H9 or non-H5/H7/H9 
RNA were also detected (Figure 1, Table 2).

The quantity and subtypes of influenza virus-laden 
particles detected in the air using a NIOSH bioaerosol 
sampler, at particle sizes of > 4, 1–4 and < 1 μm diameter 
are shown. The horizontal dotted lines indicate the 
linear range of quantification for the influenza A virus 
M gene by quantitative real-time reverse transcription 
polymerase chain reaction (qRRT-PCR) assay. Samples 
in which virus was isolated after egg passage are indi-
cated by an asterisk (*).

H9N2 viruses (five isolates) and mixture of H7N9/H9N2 
viruses (one isolate) were further isolated from the air 
samples collected by the NIOSH sampler at the fraction 
of > 4 μm, with an isolation rate (number of isolates/
number of PCR-positive samples) of 6/14 (Tables 2 and 
3). From the fraction of 1–4 μm, one H9N2 virus was 
isolated from 11 influenza A virus M gene-positive sam-
ples after egg propagation (Table 2).

The HA and neuraminidase (NA) genes of the sample 
with mixed H7N9 and H9N2 (A/Environment-air/GZ/
NIOSH-395/2015) from our study showed 99.3% and 
99.6% homology to that of the A/Chicken/Guangdong/
GZ068/15 (H7N9) virus (GISAID:EPI_ISL_176834), 
respectively. 

The Coriolis air sampler showed comparable efficiency 
to the NIOSH sampler in detecting influenza A virus 
M gene in the air samples, with Spearman’s rs = 0.68 
(p = 0.01). Influenza A virus M gene was detected from 
12 of 14 samples at 310–21,413 copies/m3 air (Table 2). 
Four H9N2 viruses were isolated after one passage in 
embryonated eggs from 12 influenza A virus M gene-
positive Coriolis samples, including one that was origi-
nally positive for both H9 and H7 RNA by qRRT-PCR 
(Tables 2 and 3).

Influenza A virus M gene was detected in 36 of 59 envi-
ronmental swabs – with a total isolation rate of 15/36 
– including drinking water, faecal droppings and sur-
faces (Table 2). Of samples that were influenza A virus 
M gene-positive, further subtyping demonstrated the 

Figure 1
Influenza A virus M gene copy number from particles 
in air sampled at a wholesale live poultry market in 
Guangzhou city, China, July 2014–October 2015
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H9 subtype (19/36), mixed H7/H9 (14/36) and non-H5/
H7/H9 specimens (3/36). A total of 12 H9N2 viruses 
and three mixtures of H7N9/H9N2 viruses were iso-
lated (Table 2 and 3). The distribution of virus subtypes 
detected in the environmental swabs and the NIOSH 
air samplers were not significantly different (p = 0.51, 
Fisher’s exact test).

We analysed if viral load or environmental conditions 
might be associated with virus isolation from the air 
samplers; however, the M gene copy numbers, tem-
perature, and relative humidity were not significantly 
different between months in which virus was isolated 
and those in which it was not, using the NIOSH sampler 
(p = 0.17, 0.07 and 0.72, respectively, Mann–Whitney 

Table 2
Influenza A viruses detected and isolated from air and environmental samples at live poultry markets, Guangzhou, 
China (3 markets), and Hong Kong SAR (1 market), July 2014–October 2015a

Market and sample type

Number of 
influenza A 

virus M gene-
positiveb/ 

total sampled

Number of isolates/
number of influenza A 

virus  
M gene-positive 

samplesc

HA subtype of influenza A virus M gene-positive samplesd 
(number of isolates)

H5 H7 H9
H5 

and 
H9

H7 
and 
H9

H5 
and 
H7

Non-H5/H7/H9

Wholesale market, Guangzhou e 
Air (NIOSH sampler)
      Particles > 4 µm 14/16 6/14 0 0 10 (3) 0 3 (3) 0 1
      Particles 1–4 µm 11/16 1/11 0 0 7 (1) 0 0 0 4
      Particles < 1 µm 1/16 0/1 0 0 0 0 0 0 1
Air (Coriolis μ) 12/14 4/12 0 0 9 (3) 0 3 (1) 0 0
Drinking water 8/11 4/8 0 0 3 (1) 0 5 (3) 0 0
Faecal droppings and surfaces 28/48 11/28 0 0 16 (9) 0 9 (2) 0 3
Mixed animal market, Guangzhouf 
Air (NIOSH sampler, site B1)
      Particles > 4 µm 15/16 5/15 0 0 11 (3) 2 (2) 0 0 2
      Particles 1–4 µm 9/16 0/9 0 0 7 0 0 0 2
      Particles < 1 µm 1/16 0/1 0 0 0 0 0 0 1
Air (NIOSH sampler, site B2)
      Particles > 4 µm 15/16 4/15 0 0 12 (2) 2 (2) 0 0 1
      Particles 1–4 µm 11/16 0/11 0 0 7 0 0 0 4
      Particles < 1 µm 3/16 0/3 0 0 0 0 0 0 3
Air (Coriolis μ) 14/14 6/14 0 0 10 (4) 3 (2) 0 0 1
Drinking water 11/30 3/11 1 (1) 1 5 (2) 1 0 1 2

Faecal droppings and surfaces 54/79 15/54 4 (2) 1 32 
(12) 3 1 2 11 (1)

Retail market, Guangzhou 
Air (NIOSH sampler)
      Particles > 4 µm 10/10 1/10 0 0 5 (1) 2 1 0 2
      Particles 1–4 µm 6/10 0/6 0 0 2 0 0 0 4
      Particles < 1 µm 1/10 0/1 0 0 0 0 0 0 1
Drinking water 4/13 0/4 0 1 1 0 1 0 1
Faecal droppings and surfaces 14/23 1/14 0 1 11 (1) 0 1 0 1
Wholesale market, Hong Kong SARg 
Air (NIOSH sampler) 0/22 0/0 0 0 0 0 0 0 0
Air (Coriolis μ) 6/13 0/6 0 0 3 0 0 0 3
Faecal droppings and surfaces 0/39 0/0 0 0 0 0 0 0 0

HA: haemagglutinin; qRRT-PCR: quantitative real-time reverse transcription polymerase chain reaction.
a In the retail market in Guangzhou, sampling was conducted from January to October 2015; in the market in Hong Kong SAR, sampling was 

conducted in October and November in 2014 and in March, April, July, August, September and October in 2015.
b Influenza A virus M gene was detected using qRRT-PCR.
c The virus isolation rate was defined as the number of positive isolates after one passage in embryonic chicken eggs among influenza A 

virus M gene-positive samples. 
d The M gene-positive samples were further subtyped by qRRT-PCR using primers and probes for H5, H7, H9 HA.
e The sampling site was located at the poultry holding area within the wholesale live poultry market (see site A1 in the text).
f Sites B1 and B2 were two separate vendors’ stalls within the mixed animal market.
g No drinking water was provided in the wholesale market in Hong Kong SAR.
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test) or the Coriolis sampler (p = 0.86, 0.49 and 0.32, 
respectively). 

In December 2014 and October 2015, neither air sam-
pler detected the influenza A virus M gene. In December 
2014, sampling was coincidentally performed on the 
market rest day (when the market was closed); all 
chickens were removed from the market but the envi-
ronment had not yet been disinfected. In October 2015, 
sampling was performed the day after market closure. 
These results suggest that market closure may effec-
tively reduce the viral load at the markets for a short 
time period.

Site A2
We performed air sampling while the de-feathering 
machine at site A2 was in operation (five samples) or 
not in use (three samples). While the machine was in 
operation, influenza A virus M gene was detected by 
qRRT-PCR from particles > 4 µm in 5/5 samples at 4,157–
28,929 copies/ m3 air (2/5 below LoQ) and from parti-
cles 1–4 µm in 2/5 samples (2/2 below LoQ); no viral 
RNA was detected from particles < 1 µm (0/5 samples). 
H9 RNA was detected in 4/5 samples and mixed H5/H9 
RNA was detected in 1/5 samples from particles > 4 µm; 
one H9N2 virus was isolated from the air sample.

In contrast, influenza A virus M gene was not detected 
in air sampled while the de-feathering machine was not 

in use (0/3 samples). At the same time, environmental 
swabs collected from the de-feathering machine were 
consistently positive for the M gene by qRRT-PCR, 
regardless of whether the machine was in use or not. 
Overall, the results suggest that infectious influenza A 
virus-laden particles can be generated during the de-
feathering process.

Sampling at a mixed animal market in 
Guangzhou
This mixed animal market sold live poultry, reptiles 
and mammals, although poultry were kept in a sepa-
rate area. The predominant poultry species sold were 
aquatic birds (ducks and geese) and minor land-based 
poultries (pheasants, guinea fowls, chukar partridges, 
quails). Each vendor may have a few hundred birds of 
different species, which were kept in separate cages or 
pens of various sizes. There was no clear all-in/all-out 
policy or known routine market rest days.

NIOSH samplers were set up at two separate vendors’ 
stalls (sites B1 and B2). At site B1, influenza A virus M 
gene was detected by qRRT-PCR from particles > 4 µm 
in 15/16 samples at 6,179–1,650,000 copies/m3 air 
(2/15 below LoQ), from particles 1–4 µm in 9/16 sam-
ples at 3,450–210,714 copies/m3 air (3/9 below LoQ) 
and from particles < 1 µm in 1/16 samples (1/1 below 
LoQ) (Figure 2). At site B2, influenza A virus M gene 
was detected from particles > 4 µm in 15/16 samples at 

Table 3
Influenza A virus isolation from samples with mixed H5, H7, H9 haemagglutinin subtypes from two live poultry markets in 
Guangzhou, China, July 2014–October 2015 

Sample type Sample ID Date
HA subtype(s) detected

In market samples by qRRT-PCR After egg passagea

Wholesale market, Guangzhoub 

NIOSH air sample
GZ331 Jun 2015 H7 and H9 H9
GZ395 Aug 2015 H7 and H9 H7 and H9
GZ437 Sep 2015 H7 and H9 H9

Coriolis μ air sample GZ449 Sep 2015 H7 and H9 H9

Drinking water
GZ376 Aug 2015 H7 and H9 H7 and H9
GZ378 Aug 2015 H7 and H9 H7 and H9
GZ417 Sep 2015 H7 and H9 H9

Faecal droppings
GZ319 Jun 2015 H7 and H9 H7 and H9
GZ420 Sep 2015 H7 and H9 H9

Mixed animal market, Guangzhouc 

NIOSH air sample (site B1)
GZ089 Oct 2014 H5 and H9 H5 and H9
GZ184 Jan 2015 H5 and H9 H5

NIOSH air sample (site B2)
GZ124 Nov 2014 H5 and H9 H5 and H9
GZ187 Jan 2015 H5 and H9 H5 and H9

Coriolis μ air sample (both sites B1 and B2)
GZ259 Mar 2015 H5 and H9 H9
GZ289 Apr 2015 H5 and H9 H9

HA: haemagglutinin; qRRT-PCR: quantitative real-time reverse transcription polymerase chain reaction.
a A sample with copy numbers of influenza A virus H5, H7, or H9 genes (reduced threshold cycle (Ct) values by qRRT-PCR) higher than those of 

the original filed sample after egg propagation was considered positive by virus isolation.
b The sampling site was located at the poultry holding area within the wholesale live poultry market (see site A1 in the text).
c Sites B1 and B2 were two separate vendors’ stalls within the mixed animal market.
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3,590–204,286 copies/m3 air (4/15 below LoQ), from 
particles 1–4 µm in 11/16 samples at 3,050–20,857 
copies/m3 air (6/11 below LoQ) and from particles < 1 µm 
in 3/16 sampling (3/3 below LoQ) (Figure 2).

H9 and mixed H5/H9 RNA were detected from the M 
gene-positive samples by qRRT-PCR. H9N2 (n = 6) and 
mixed H9N2/H5N6 (n = 3) viruses were isolated from 
the fraction of particles > 4 µm, with isolation rates of 
5/15 and 4/15 at sites B1 and B2, respectively (Tables 2 
and 3). Higher M gene copy numbers (p = 0.01, Mann–
Whitney test) and lower relative humidity (p = 0.04) 
were noted in the months when influenza virus was 

isolated in air sampled by the NIOSH sampler. Using 
the Coriolis sampler, influenza A virus M gene was 
detected from 14/14 samples at 201–29,888 copies/
m3 air (1/14 below LoQ), which were subsequently 
confirmed as H9 or mixed H5/H9 subtypes. Six H9N2 
viruses were isolated from 14 air samples collected by 
the Coriolis sampler (Table 2).

Influenza A viral RNA was detected from 60% (65/109) 
environmental swabs (water, faecal droppings and sur-
faces), with an isolation rate of 18/65. H9 (37/65), H5 
(5/65), H7 (2/65), mixed H5/H9 (4/65), mixed H5/H7 
(3/65), mixed H7/H9 (1/65) or non-H5/H7/H9 (13/65) 

Figure 2
Influenza A virus M gene copy number from particles in air sampled at two separate vendors in a mixed animal market in 
Guangzhou city, China, July 2014–October 2015
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were further identified by qRRT-PCR (Table 2). H9N2 
(n = 14), H5N6 (n = 2), H5N2 (n = 1), and H4N8 (n = 1) 
viruses were isolated. The subtypes detected in sam-
ples obtained using the NIOSH bioaerosol sampler and 
in environmental swabs were not statistically differ-
ent (p = 0.27, Fisher’s exact test). Overall, five H5N6 
viruses (three mixed with H9N2) and one H5N2 virus 
were isolated from the air and environmental sam-
ples. The H5 isolates belonged to clade 2.3.4.4 with 
94.0–99.0% homology to the human H5N6 virus A/
Guangzhou/39715/2014 (GISAID: EPI_ISL_180669) [15]. 

Sampling at a retail market in Guangzhou
This retail market had 10 stalls that sold live poultry. 
Sampling was performed in one stall of 4 m2, which 
held 30–50 birds daily (co-housed chickens, ducks, 
pigeons, geese and quails). There were no clear all-in/
all-out policy or known regular market rest days for dis-
infection. Sampling at the retail market was conducted 
from January to October 2015.

Using the NIOSH sampler, influenza A virus M gene was 
detected by qRRT-PCR from particles > 4 µm in 10/10 
samples at 9,243–455,714 copies/m3 air (6/10 below 
LoQ), particles 1–4 µm in 6/10 samples at 3,130–14,071 
copies/m3 air (4/6 below LoQ) and particles < 1 µm (1/10 
samples, 1/1 below LoQ). H9 RNA was predominantly 
detected while mixed H7/H9 and H5/H9 RNA were also 
detected by qRRT-PCR. One H9N2 virus was isolated 
from particles > 4 µm among 10 samples positive for 
influenza A virus M gene.

The viral M gene was detected in 18/36 environmental 
swabs from drinking water, faecal droppings and sur-
faces; further subtyping identified H9 RNA (12/18), H7 
RNA (2/18), mixed H7/H9 RNA (2/18) and non-H5/H7/H9 
RNA (2/18), with one H9N2 virus isolated (Table 2). The 
subtypes detected by qRRT-PCR from the environmen-
tal swabs were not significantly different from those 
detected in the air samples obtained using the NIOSH 
sampler (p = 0.45, Fisher’s exact test).

Sampling at a wholesale poultry market in 
Hong Kong SAR
This wholesale poultry market served as a temporary 
holding site for chickens imported from mainland China 
or raised locally. The chickens stayed for no longer 
than 48 hours until sold to retail markets, with a first-
in/ first-out policy, segregation and strict biosecurity 
measures. Since 2013, chickens imported from main-
land China and those raised locally have been housed 
separately at different locations.

Sampling was conducted in the area holding local 
poultry in October and November in 2014 as well as in 
March, April, July, August, September and October in 
2015. At each sampling, NIOSH (n = 2–3) and Coriolis 
(n = 1–2) samplers were set up and there were varying 
numbers of chickens (between 50 and 500) in the hold-
ing area. Influenza A virus M gene was not detected 
by qRRT-PCR in any of the 22 NIOSH samples but was 

detected in 6/13 Coriolis samples at 203–470 copies/
m3 air (3/6 below LoQ). Further subtyping identified 
H9 (3/6) or non-H5/H7/H9 (3/6) RNA from the M gene-
positive samples (Table 2). Furthermore, none of the 39 
environmental swabs were positive for the influenza 
A virus M gene (Table 2). The quantity of influenza A 
virus-laden particles in the air by the Coriolis sampler 
at this wholesale live poultry market in Hong Kong SAR 
(203–470 copies/m3, M gene-positive rate: 6/13, 3/6 
below LoQ) was lower than that for the wholesale live 
poultry market (310–21,413 copies/m3, M gene-positive 
rate: 12/14) or the mixed animal market (201–29,888 
copies/m3, M gene-positive rate: 14/14, 1/14 below 
LoQ) in Guangzhou city.

Genetic analysis of H9N2 viruses isolated from 
the live poultry markets
The H9N2 virus was the most frequently isolated sub-
type from the markets in Guangzhou we sampled, with 
a total of 58 isolates of H9, H9/H7, or H9/H5 subtypes 
(Table 2). We performed a phylogenetic analysis of the 
HA gene of 46 selected H9N2 viruses isolated from the 
wholesale market (10 air samples, 15 environmental 
swabs) and the mixed animal market (10 air samples, 
11 environmental swabs) in Guangzhou city. The H9N2 
viruses isolated from the air and environment from the 
same market were genetically related. Furthermore, 
the H9N2 viruses isolated from the wholesale and the 
mixed animal markets were separately clustered into 
two clades (Figure 3).

The H9N2 viruses isolated in the wholesale market 
shared high nucleotide homology (93.5–100%) and all 
clustered with the A/chicken/Zhejiang/HJ/2007 virus 
(G57 genotype), which evolved from A/Duck/Hong 
Kong/Y280/1997 (Y280 genotype) and has become 
dominant among chickens in China since 2010 [16]. 
At the mixed animal market, where minor land poul-
try were sold, the majority of H9N2 isolates (17/19) 
clustered together with the the A/quail/Hong Kong/
G1/1997 (G1-like) virus, with high nucleotide homol-
ogy (91.4–99.9%), except for two isolates collected in 
January 2015 by the NIOSH and Coriolis air samplers, 
which were clustered with the G57 genotype. The 
G1-like H9N2 viruses have been commonly detected in 
China since the late 1990s from minor poultry species 
such as quails and chukar partridges [17,18]. 

Discussion
Influenza viruses are transmitted via different but non-
mutually exclusive modes [4]. Infections are mediated 
via virus-laden particles of various sizes that confer 
fomite, droplet or airborne transmission [19-21], but 
the modes of transmission for human zoonotic infec-
tions by avian influenza viruses at the human–poul-
try interface are not well defined. In our study, we 
determined the quantity, viability, subtype and size of 
influenza virus-laden particles in the air at three types 
of live poultry markets in Guangzhou city. Although 
our study is limited to a small number of markets in 
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Figure 3
Phylogenetic analysis of the haemagglutinin gene of avian influenza A(H9N2) viruses isolated from a wholesale market and 
a mixed animal market in Guangzhou, China, July 2014–October 2015 (n=46)
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HA: haemagglutinin; G1-like: A/quail/Hong Kong/G1/97-like H9N2 virus; Y280-like: A/Duck/Hong Kong/Y280/97-like H9N2 virus.
The coding sequence of the HA gene (1,093 nucleotides, 115–1,207 nucelotides from ATG) was aligned for the phylogenetic analysis. H9N2 
viruses isolated from the wholesale market and mixed animal market in Guangzhou are shown in blue and green, respectively. The black 
circles indicate the representative strains of distinct H9 lineages and the vaccine strains.
The phylogenetic tree was constructed by maximum likelihood method with bootstrap analysis (n = 1,000) using MEGA (version 6.0) software.
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Guangzhou city and Hong Kong SAR and the results 
should be interpreted with caution, we show that viral 
RNA or viable avian influenza viruses of H5, H7 and H9 
subtypes with human zoonotic infection potential are 
readily detectable in the air, suggesting the feasibil-
ity of airborne transmission of avian influenza viruses 
at the human–poultry interface. Furthermore, human 
activities, such as operation of de-feathering machines 
commonly used at live poultry markets in China, may 
facilitate generation of viable virus-laden particles in 
the air. In contrast, the negative air sampling results 
obtained at the wholesale market in Guangzhou on or 
after market closure day suggest that appropriate inter-
ventions may reduce the viral load effectively in the 
environment. While poultry markets are not common in 
Europe, the result is consistent with the detection of 
influenza viral RNA in the air at poultry farms sampled 
during avian influenza outbreaks in the Netherlands 
[22]. Our study provides experimental evidence show-
ing that viable avian influenza viruses can be detected 
in the air where live poultry are kept, which is consist-
ent with previous reports that detected viral RNA and 
infectious influenza viruses at swine barns or at live 
pig markets in the United States [23,24]. Although it 
is difficult to compare our results with those reported 
previously due to differences in the air samplers used, 
the concentrations of viral RNA we detected in the air 
at the live poultry markets were comparable with those 
detected at the swine barns in the United States in 
2011 [24].

Our results suggest that poultry workers in the live 
poultry markets are constantly exposed to high viral 
loads in the air and the environment, but human symp-
tomatic infections caused by avian influenza viruses 
in this population remain uncommon. Excluding the 
samples collected at the slaughtering area of the 
Guangzhou wholesale market (site A2) and from the 
live poultry market in Hong Kong, using the NIOSH bio-
aerosol sampler, viral RNA or viable virus was identi-
fied predominantly from particles > 4 µm (16 viable 
isolates of 58 samples collected), occasionally from 
1–4 µm (1/58), and none from particles < 1 µm (0/58). 
Previous studies that analysed particle deposition 
suggest particles < 3 μm are more likely to deposit in 
the deep lungs [25] where avian influenza viruses with 
binding specificity for α2,3-linked sialic acids prefer-
entially replicate [26]. In addition, seroepidemiological 
studies have reported a limited number of cases with 
low levels of neutralising antibody titres using hemag-
glutination inhibition assay or neutralisation assay [27-
29]; however, the mechanism of cross-protection may 
be via non-neutralising antibodies or T-cell response. 
Further studies are needed to evaluate the percent-
age of subclinical infections and to assess the cross-
protective adaptive immune response between poultry 
workers and the general population.

The H9N2 avian influenza virus ubiquitously present 
among land-based poultry in China and other countries 
[30] was the predominant subtype detected from the 

air and environmental samples in our study. Genetically 
diverse H9N2 viruses have been shown to possess 
human-like receptor binding specificity [31], transmis-
sion potential among ferrets [32] and have provided the 
internal genes for the H7N9 or H10N8 viruses that have 
caused fatal human infections since 2013 [33]. Unlike 
highly pathogenic viruses of H5 subtype that replicate 
systematically and cause high mortality, the low path-
ogenic H9N2 and H7N9 viruses generally do not cause 
apparent clinical signs in infected poultry [30,34]; this 
poses a challenge in identifying the infected birds for 
infection control and facilitates the spread of the H9N2 
and H7N9 viruses in live poultry markets. H9N2 and 
H7N9 viruses are known to replicate more efficiently in 
the respiratory tract than the gastrointestinal tract of 
the land-based poultry [34,35], and the highly prevalent 
H9N2 virus has been the dominant subtype detected 
in the air at the poultry markets, as shown in the pre-
sent study. Determining the viral loads and subtypes 
from oropharyngeal and cloacal swabs from different 
poultry species may help to understand the effect of 
viral respiratory tropism versus the quantity of virus-
laden particles released in the air. We also observed 
segregation of species-adapted H9N2 lineages at dif-
ferent markets; further studies should investigate if 
the segregation is due to repeated re-introduction of 
a species-adapted virus as a result of selling different 
species at different markets or if insufficient cleaning 
of the environment facilitated the persistence and seg-
regation of the H9N2 virus.

Among the three different types live poultry markets 
in Guangzhou, we noted higher virus isolation rates 
from air samples collected at the wholesale market and 
the mixed poultry market than that of the retail mar-
ket, suggesting the number of poultry sold on site may 
affect the quantity of viable virus detected in the air. 
Cleaning practices, such as the market rest day, may 
have an impact as well. In addition, we noted a higher 
detection rate and isolation rate from particle > 4 μm, 
regardless of the viral subtype, suggesting that there 
is no correlation between avian influenza A subtype 
and virus detection at specific particle sizes. Since the 
subtypes detected in the air correlate well with the 
subtypes detected from the environment (water, faecal 
droppings and surfaces), the prevalence of a subtype 
in poultry (e.g. H9N2) may be a major contributing fac-
tor to the subtype detected in the air; however, other 
factors including viral tropism in poultry should also 
be considered. Temperature and relative humidity can 
affect viral viability and the sizes of virus-laden parti-
cles in the air. However, we did not observe a strong 
impact of temperature and humidity on viral detection 
at specific particle sizes; a longer observation period 
and/or frequent sampling will be needed to address 
this question.

Taken together, our results indicate the possibility of 
airborne transmission for avian influenza A viruses 
and may explain some human cases who appear to 
have acquired H7N9 infection by visiting live poultry 
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markets but without direct or indirect contact to poultry 
[8]. Furthermore, the observation that known zoonotic 
infections have been in people with transient contact 
with, or passing the vicinity of live poultry markets – 
rather than those working within them, who are clearly 
exposed to avian influenza viruses on almost a daily 
basis – suggests a role for host susceptibility as one of 
the key determinants of zoonotic infection.
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Asymptomatic hepatitis E virus (HEV) infections have 
been found in blood donors from various European 
countries, but the natural course is rarely specified. 
Here, we compared the progression of HEV viraemia, 
serostatus and liver-specific enzymes in 10 blood 
donors with clinically asymptomatic genotype 3 HEV 
infection, measuring HEV RNA concentrations, plasma 
concentrations of alanine/aspartate aminotransferase, 
glutamate dehydrogenase and bilirubin and anti-HEV 
IgA, IgM and IgG antibodies. RNA concentrations 
ranged from 77.2 to 2.19×105 IU/mL, with viraemia last-
ing from less than 10 to 52 days. Donors showed a typi-
cal progression of a recent HEV infection but differed 
in the first detection of anti-HEV IgA, IgM and IgG and 
seropositivity of the antibody classes. The diagnostic 
window between HEV RNA detection and first occur-
rence of anti-HEV antibodies ranged from eight to 48 
days, depending on the serological assay used. The 
progression of laboratory parameters of asymptomatic 
HEV infection was largely comparable to the progres-
sion of symptomatic HEV infection, but only four of 
10 donors showed elevated liver-specific parameters. 
Our results help elucidate the risk of transfusion-asso-
ciated HEV infection and provide a basis for develop-
ment of screening strategies. The diagnostic window 
illustrates that infectious blood donors can be effi-
ciently identified only by RNA screening.

Introduction
The hepatitis E virus is a single-stranded RNA virus; 
there are currently four human pathogenic genotypes 
1 to 4 [1]. Genotypes 1 and 2 are hyperendemic in 
developing countries, restricted to humans, and trans-
mission occurs by the faecal-oral route [2,3]. In indus-
trialised countries, genotypes 3 and 4 are responsible 
for sporadic cases of HEV infection. However, the inci-
dence of non-travel-associated HEV infections has 
increased and hepatitis E is now recognised as an 
emerging and often undiagnosed disease [1,4,5]. The 
genetic similarity of strains isolated from humans and 
other mammalian species suggests zoonotic or food-
borne transmission [6,7].

Hepatitis E presents asymptomatically or symptomati-
cally. Symptomatic infection presents as an acute, 
mostly self-limiting hepatitis with clinical characteris-
tics similar to hepatitis A [2]. Clinical manifestations of 
HEV infections caused by the different genotypes are 
indistinguishable. Genotype 3 and 4 patients are usu-
ally middle-aged and elderly men, whereas genotypes 
1 and 2 also cause acute hepatitis in healthy children 
and adolescents [8]. The pathogenic impact of geno-
type 1 and 2 and genotype 3 and 4 differ considerably. 
HEV genotype 1 and 2 infections lead to a high mor-
tality among pregnant women in developing countries 
(8–20% [9,10]) while no serious infections among preg-
nant women with genotypes 3 and 4 were described in 
industrialised countries. HEV genotype 3 and 4 infec-
tion proceed asymptomatically in immunocompetent 
individuals [8], but severe or fatal HEV infections have 
been observed in individuals with chronic liver disease 
[11,12], in transplant patients [13,14] and in immuno-
suppressed individuals [8]. Asymptomatic HEV infec-
tion has often been observed in blood donors [15-17], 
with reported prevalence rates of HEV RNA-positive 
donors of 1:2,848 (England [18]), 1:1,240 (Germany [17]) 
and 1:1,761 (the Netherlands [19]). 

The progression of viraemia and the serological course 
of anti-HEV antibodies during clinically apparent HEV 
infection is well characterised [2,20,21], but so far little 
is known about the progression of infection in asymp-
tomatic individuals, in whom HEV infection usually 
remains undetected. Therefore, we conducted a pro-
spective study to characterise the duration of viraemia, 
the antibody response (IgA, IgM and IgG), and the pro-
gression of liver-specific enzymes in 10 HEV genotype 
3-infected German blood donors [17].

Methods

Specimens
From July to September 2011, a total of 16,125 individ-
ual German blood donors were routinely screened for 
the presence of HEV RNA by the Uni.Blutspendedienst 
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Ostwestfalen-Lippe. Their geographical origins were 
North Rhine-Westphalia, Lower Saxony and Hesse; 
57.5% (n = 9,271) were male, with a median age of 33 
years (± 13; range: 18–72), and 42.5% were female (n 
= 6,867), with a median age of 32 years (± 13; range: 
18–71) [17]. The screening recovered 13 HEV RNA-
positive donors. Retrospectively, residual plasma sam-
ples of one donation preceding and several donations 
following the initial HEV RNA-positive donation, taken 
within a short time distance from each other, (Table 
1) were available for 10 donors (D1 to D10, all male). 
The day of the detection of HEV RNA by PCR screening 
was defined as day 0, but HEV infection is most likely 
to have occurred before the beginning of our study 
period. This aspect limits the exact calculation of the 
diagnostic window between the detection of HEV RNA 
and anti-HEV antibodies. In addition, the period of 
detectability of antibodies may have started before the 
first positive sample and lasted beyond the last posi-
tive sample. To take this into account, we calculated 
two intervals of HEV-RNA positivity: Interval  1 started 
on the day of the first positive and ended on the day of 
the last positive sample, whereas interval 2 started at 
half of the interval between the last negative and first 
positive sample and lasted until half of the interval 
between the last positive and first negative sample. 
The duration of anti-HEV seropositivity was calculated 
according to interval 2.

All HEV-infected donors underwent pre-donation medi-
cal examination and negated current diseases or any 
known risk factors for viral infection. Post-donation 
questionnaires to elucidate risk factors for HEV infec-
tion were returned by six donors. The study protocol 
followed the ethical guidelines of the Ruhr University, 
Bochum, and was approved by the institutional review 
board. All donors provided informed consent.

RNA extraction and real-time RT-PCR
Total RNA from individual samples was extracted from 
500 µl plasma using the NucliSens easyMAG (bioMer-
ieux, Nürtingen, Germany) automated RNA/DNA extrac-
tion system. Amplification using the RealStar HEV 
RT-PCR Kit (Altona Diagnostic Technologies (ADT), 
Hamburg, Germany) was performed on the Rotor-Gene 
3000 system (Corbett Life Sciences, Sydney, Australia). 
HEV virus titre in positive plasma was quantified using 
the first World Health Organization (WHO) interna-
tional standard for hepatitis E virus RNA for NAT-based 
assays (Paul-Ehrlich institute, Langen, Germany) [22].

Serological testing and measurement of liver-
specific parameters
All plasma samples were screened for the presence 
of HEV-specific antibodies using the recomWell HEV 
IgM and recomWell IgG immunoassays (quantitative, 
Mikrogen GmbH, Neuried, Germany) and the Anti-HEV-
IgA-ELISA (qualitative, Euroimmun, Lübeck, Germany). 
Analyses and serostatus interpretation were performed 

Table 1 
Hepatitis E virus RNA progression in blood donors, Germany, 2011 (n = 10)

Donor
Maximum 

concentration 
(IU/mL)

Daya with 
maximum 

concentration

Maximum 
concentration in 
window period 

(IU/mL)

Distance 
to last 

negative 
sample 
(days)

Distance to 
last positive 

sample 
(days)

Mean time 
between 

serial 
samples  
in days 
(range)

Duration 
interval 1b 

(days)

Duration 
interval 2c 

(days)

D1 2.63 × 104 0 5.13 × 103 43 10 5 (3–10) 20 (47)
D2 1.02 × 105 25 1.02 × 105 46 26 11 (5–26) 52 (88)
D3 1.51 × 103 0 No window period 30 8 8 (8) 1 20
D4 4.74 × 104 28 4.74 × 104 9 6 10 (6–15) 42 50
D5 1.86 × 101 0 No window period > 1 year 3 7 (3–11) 11 (195)
D6 1.63 × 104 21 1.63 × 104 7 7 7 (7) 35 42
D7 2.13 × 104 33 2.13 × 104 7 3 6 (3–12) 46 51
D8 2.19 × 105 28 2.19 × 105 28 7 6 (3–12) 52 80
D9 1.36 × 103 7 1.36 × 103 54 42 16 (3–42) 7 (55)
D10 2.48 × 103 21 2.48 × 103 129 38 21 (21) 21 (105)

Range 1.86 × 101 – 2.19 × 105 0–33 1.36 × 103 
– 2.19 × 105 NC NC NC 1–52 20–80

Mean 4.38 × 104 20 5.19 × 104 NC NC NC 29 49
Median 1.88 × 104 23 1.88 × 104 NC NC NC 28 50

NC: not calculated.
a Day x post detection of HEV RNA by PCR screening. 
b Duration interval 1: first positive to last positive sample.
c Duration interval 2: starting at half of the interval between the last negative and the first positive sample and ending at half of the interval 

between the last positive and the first negative sample. Data in parenthesis were excluded from the calculation of mean and median values 
because the last hepatitis E virus RNA-negative samples went back more than 30 days.
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according to the manufacturers’ recommendations, 
results were classified into three categories: (i) no anti-
bodies detectable (< 20 U/mL: negative), (ii) evidence 
for the presence of antibodies (≤ 20 to ≤ 24 U/mL: bor-
derline) and (iii) antibodies detectable (> 24 U/mL: posi-
tive). Results (as the ratio extinction sample/calibrator) 
of the Anti-HEV-IgA-ELISA were classified as follows: (i) 
no antibodies detectable (ratio < 0.8: negative), (ii) evi-
dence for the presence of antibodies (ratio > 0.8 to ≤ 1.1: 
borderline) and (iii) antibodies detectable (ratio > 1.1: 
positive).

Comparative testing was performed using the Wantai 
HEV IgM and IgG ELISA  (Sanbio B.V., Uden, the 
Netherlands), and results were classified into three 
categories: (i) no antibodies detectable (cut-off < 0.9: 
negative), (ii) evidence for the presence of antibodies 
(cut-off 0.9–1.1: borderline) and (iii) antibodies detect-
able (cut-off > 1.1: positive). Confirmatory testing with an 
immunoblot assay was performed on 22 samples using 
the recomLine HEV-IgM/IgG immunoassay according 
to the manufacturer’s instructions (Mikrogen GmbH, 
Neuried, Germany). Sample selection included those 
samples taken at the first positive detection of anti-
HEV antibodies and up to two consecutive samples.

Concentrations of glutamate dehydrogenase (GLDH), 
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT) and total bilirubin were measured in 
plasma samples using the respective enzymatic assays 
(Abbott Diagnostics Europe, Wiesbaden, Germany) 
on the Architect ci8200 system (Abbott Diagnostics 
Europe).

Results

Progression of hepatitis E virus RNA and anti-
hepatitis E virus antibodies
The progression of RNA concentration in follow-up sam-
ples from infected patients is shown in Figure panel A, 
and the key observations of HEV RNA progression are 
summarised in Table 1. HEV viraemia persisted up to 52 
days (D2 and D8, interval 1) with considerably differ-
ent RNA concentrations in individual donors, ranging 
from 1.86×101 to 2.19×105 IU/mL. High RNA concentra-
tions were observed in the window period ranging from 
1.36×103 to 2.19×105 IU/mL. Taking the second interval 
into account, the duration of viraemia was as long as 
20 to 80 days. The maximum viraemia was observed 
after 20 days, with a mean duration of 29 days for 
interval 1 and 49 days for interval 2 (Table 1).

Figure panels B–D show the course of anti-HEV 
IgM, anti-HEV IgG (only results determined by the 
Mikrogen assay) and anti-HEV IgA. In samples of 
donor D3, HEV RNA and IgM antibodies were detect-
able in parallel. Likewise, HEV RNA, IgA and IgG anti-
bodies were detected in parallel in samples of donor 
D5. This was probably due the fact that HEV infection 
occurred before the beginning of our HEV screening 
study period. The progression of anti-HEV IgA and IgM 

antibodies was virtually equal (Figure, panels B and 
D). Donor D8 did not have IgA antibodies at any time, 
and had a very limited increase of IgM antibodies that 
was only detectable on day 32 after the first detection 
of HEV RNA. In addition, IgA and IgM antibodies were 
not detectable in donors D9 and D10, but no samples 
were available between day 10 and 50 for donor D9 and 
between day 20 and 60 for donor D10, most probably 
including the time point where IgA/IgM seroconversion 
occurred. For the remaining donors, IgA, IgM and IgG 
antibodies were first detected between days 8 and 42 
for IgA and IgM and between days 13 and 59 for IgG 
(Table 2, results Mikrogen assays).

In four donors (D1, D3, D7 and D8), IgM levels increased 
before IgG levels, and four donors (D2, D4, D5 and 
D6) showed a parallel increase of IgA, IgM and IgG. 
Detection of IgA before IgM was not observed, but IgA 
antibodies were detectable until the end of the obser-
vation period in donor D2 in the absence of IgM anti-
bodies. In contrast, the detection period for anti-HEV 
IgM was longer than for IgA in donor D1 and donor D3. 
Three donors had detectable IgM (D3, D4 and D6) or 
IgA antibodies (D2, D4 and D6) more than 150 days 
after first detection of HEV RNA. The progression of 
IgG antibodies in donors D2 and D4 showed an almost 
equal rapid increase to high values of more than 100 U/
mL 35 days after the first detection of HEV RNA (Figure, 
panel C). Donor D6 demonstrated a prolonged constant 
IgG increase to values higher than 100 U/mL, while the 
other donors showed a continuous moderate antibody 
increase (D1, D7, D8, D9 and D10) or a constant anti-
body titre (D5). A continuous decrease of anti-HEV IgG 
antibodies was observed in samples of donor D3.

Table 2 further summarises the key observations on 
the progression of anti-HEV IgA, IgM and IgG. Here we 
concentrate on the Mikrogen anti-HEV IgM/IgG results; 
the Wantai results will be described further down. The 
diagnostic window before the detection of HEV-specific 
antibodies was up to 42 days for IgA and IgM (D4) and 
up to 59 days for IgG (D10); the mean values including 
all donors were 31 days for IgA and IgM and 34 days 
for IgG. The mean duration of seropositivity was 80 
days for IgA antibodies and 69 days for IgM antibod-
ies. The maximum IgM and IgG titres differed consider-
ably between different donors (IgM mean: 71.83 U/mL, 
range: 26.23–123.9; IgG mean: 108.20 U/mL, range: 
47.74–167.64).

Progression of liver specific enzymes
Elevated values of ALT were observed only for five 
donors (D1, D2, D7, D8 and D10). The ALT values 
showed a two- to fourfold (D1, D7, D8, D10) and an 
11-fold (D2) increase compared with the reference 
value of 50 U/L. In donor D1, ALT levels showed two 
peaks, first on day 5, in the period when HEV RNA was 
detectable, and a second minor peak on day 55 in the 
absence of detectable HEV RNA. The three donors D2, 
D7 and D8 had elevated ALT values within the first 
40 days after first HEV-RNA detection, with HEV RNA 
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Figure 
Progression of hepatitis E virus RNA, IgM, IgG and IgA antibodies and alanine aminotransferase in blood donors with 
autochthonous hepatitis E virus genotype 3 infection, Germany, 2011 (n = 10)

A. RNA progression

C. Anti-HEV lgG progression

E. Progression of alanine aminotransferase

D. Anti-HEV lgA progression

B. Anti-HEV IgM progression
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detected at the same time. AST and GLDH values fol-
lowed the progression of ALT in these three donors, all 
other donors had normal AST and GLDH values (Figure 
and data not shown). Total bilirubin was within the ref-
erence range for all donors (data not shown).

Comparison of the diagnostic window using 
different serological assays
We further compared the timing of the first detection 
of different antibody classes during the window period 
when only HEV RNA was detectable and the duration 
of seropositivity of HEV-specific IgM and IgG antibod-
ies using two different serological assays (Table 2). For 
IgM and IgG antibodies, the diagnostic window differed 
depending on the assay used (Table 2), with a mean 
of 31 days (IgM) and 34 days (IgG) for the Mikrogen 
assay and a mean of 30 days (IgM) and 32 days (IgG) 
for the Wantai assay. In addition, the duration of IgM 
seropositivity depended on the serological assay: the 
Mikrogen assay had a longer detection period than 
the Wantai assay (mean: 69 days and 63 days, respec-
tively) with a range of with 23 to 130 days (Wantai) 
vs seven to 159 days (Mikrogen). Overall, the Wantai 
assay showed a higher sensitivity than the Mikrogen 
assay and often detected IgM or IgG seropositivity at 
least one sampling point earlier (IgM: D8, IgG: D1, D3 
and D7, Table 2). 

Samples taken at the first positive IgM and/or IgG 
detection by the two different assays and up to two 
consecutive samples were further analysed by immu-
noblot (Table 3). Borderline results were counted as 
positive. The Mikrogen ELISA, Wantai ELISA and immu-
noblot revealed concordant IgM results for 12 samples 
and concordant IgG results for 15 samples. For two IgM 
and two IgG samples, only the Wantai ELISA gave posi-
tive results. In eight IgM samples and five IgG samples, 
both ELISAs gave positive results but the interpretation 
of the immunoblot was negative.

Discussion
HEV viraemia in symptomatic cases usually lasts 
from four to six weeks but can remain more than 100 
days in some cases [23]. Liver enzyme values reach a 
peak about six weeks post exposure before decreas-
ing towards normal levels by week 10 [20]. The typical 
serological course of an HEV infection shows an ini-
tial rise in short-lived anti-HEV IgM after three to four 
weeks that decline to baseline levels within three to six 
months, followed by an increase of IgG which remains 
detectable for up to 15 years [2,20,21]. However, the 
knowledge about the natural course of HEV infection in 
asymptomatic HEV-infected individuals is limited.

The clinically asymptomatic cases analysed in this 
study represent the preselection of apparently healthy 
individuals voluntarily donating blood and lacking 
physically detectable symptoms of infection. The ret-
rospective character of this study limited the avail-
ability of consecutive samples from the same donor 
taken less than 30 days apart and the accuracy of the 

calculated durations (viraemia, seropositivity). The 
observed differences in the sensitivity of the sero-
logical assays further influenced the calculation of the 
diagnostic window. For example, it has been shown 
that the performance of anti-HEV IgG assays strongly 
influences the estimation of hepatitis E seropreva-
lence [24]. The progression of HEV RNA in a Japanese 
cohort of 15 patients with acute symptomatic hepati-
tis E was largely comparable with what we observed in 
our study [25]. In contrast to our results, anti-HEV IgA 
and IgM (first detection: day 8–42) and IgG antibod-
ies (first detection: day 13–59) in the Japanese cohort 
were detectable in symptomatic cases in parallel to 
the presence of HEV RNA at first sampling [25], point-
ing towards an earlier onset of viraemia in the patients 
without symptoms. Accordingly, anti-HEV IgA and IgM 
remained detectable until the end of the observation 
period in symptomatic cases in the Japanese cohort 
while two different progressions were observed in the 
asymptomatic cases in our study. Antibodies in some 
asymptomatic cases showed the same persistence 
as in symptomatic cases, whereas antibody levels in 
other asymptomatic cases continuously decreased 
and reached undetectable levels. Furthermore, we 
observed IgM positivity for a significantly longer period 
compared with the Japanese cohort with seropositiv-
ity (longer than 100 days in D3, D4 and D6). However, 
these differences between symptomatic and asympto-
matic cases could be related to the performance of the 
ELISAs used. There is no consensus on whether immu-
noblot assays (rather than ELISAs) are needed in order 
to detect anti-HEV antibodies accurately. The immuno-
blot results in our study did not add informative value; 
the immunoblot provided negative results for samples 
with divergent results in the two different ELISAs, most 
probably because of inferior sensitivity.

Unexpectedly, anti-HEV IgG antibodies declined under 
detectable levels in samples from donor D3. Previous 
studies have shown that the period when anti-HEV 
IgG remains detectable can vary individually from six 
months to 14 years, but HEV IgG antibodies have also 
been shown to disappear [26-28]. Remarkably, a rise 
in liver-specific enzymes was observed only in four of 
10 asymptomatic individuals, although high viral loads 
were detected in plasma. The elevation of ALT may 
have been missed in donors D9 and D10 because of the 
long delay of 42 and 38 days between two samples, 
respectively, but for the other eight donors, samples 
within the first 50 days after detection of HEV viraemia 
were taken at average intervals of less than 10 days.

There is an ongoing debate about HEV genotype 3 and 
4 infection and blood safety. Published reports of HEV 
infections transmitted by contaminated blood products 
[29,30] and of the detection of HEV genotypes 3 and 
4 in plasma fractionation pools [31] and blood donors 
[15-17] suggest that transfusion transmission of HEV is 
probably not uncommon, with many undiagnosed sub-
clinical infections [15,16]. In a recent study by Hewitt et 
al., transmission of HEV genotype 3 via contaminated 
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Table 3 
Hepatitis E virus-specific antigens in selected samples with different detection of anti-hepatitis E virus antibodies, Wantai 
vs Mikrogen ELISA, blood donors, Germany, 2011 (n = 8)

Donor 
(sex, age 
in years)

Day Anti-
HEV Mikrogen Wantai

Immunoblota

O2N (1) O2C (4) O2M 
(1)

O3 (2)
∑ (interpretation)

Gt1 Gt3 Gt1 Gt3 Gt1 Gt3

D1  
(M, 27)

5
IgM Negative Negative − − − − − − − 0 (negative)
IgG Negative Negative − − − − − − − 0 (negative)

13
IgM Positive Positive +/−  +  + − − +/− +/− 5 (positive)
IgG Positive Positive − − +/− +/− − − − 0 (negative)

D2 
(M, 37) 35

IgM Borderline Positive  +++  ++ +/− +/− − − − 1 (negative)
IgG Positive Positive  + +/− −  + −  +++  ++ 7 (positive)

D3 
(M, 26)

0
IgM Positive Positive +/−  +  + +/− − − − 5 (positive)
IgG Negative Positive − +/− +/− +/− − − − 0 (negative)

8
IgM Positive Positive +/−  +  + +/− − − − 5 (positive)
IgG Positive Positive − +/− +/−  + − − − 4 (positive)

D4 
(M, 53)

42
IgM Positive Positive − − − +/− − − − 0 (negative)
IgG Positive Positive − −  +  + −  +  + 6 (positive)

48
IgM Positive Positive − − − +/− − − − 0 (negative)
IgG Positive Positive − −  +  + −  +  + 6 (positive)

D5 
(M, 26)

0
IgM Positive Positive +/− +/−  + − −  + − 6 (positive)
IgG Positive Positive −  +  +  ++ −  +++ +/− 7 (positive)

11
IgM Positive Positive − − +/− +/− − +/− − 0 (negative)
IgG Positive Positive −  +  +  ++ −  +++ +/− 7 (positive)

D6 
(M, 27)

21
IgM Negative Negative − − − − − − − 0 (negative)
IgG Negative Negative − − − − − − − 0 (negative)

28
IgM Positive Positive +/− +/−  + − −  +++  +++ 6 (positive)
IgG Positive Positive − − − +/− −  ++  +++ 2 (negative)

35
IgM Positive Positive +/− +/− +/− +/− −  +++  +++ 2 (negative)
IgG Positive Positive  + +/− +/−  + −  ++  +++ 7 (positive)

D7 
(M, 22)

40
IgM Positive Positive  +  + +/− +/− −  + − 3 (borderline)
IgG Negative Positive  + +/− − − − +/ − − 1 (negative)

46
IgM Positive Positive +/− +/− − − − +/ − − 0 (negative)
IgG Borderline Positive  ++ − − +/− − − − 1 (negative)

49
IgM Borderline Positive +/− +/− − − − +/− − 0 (negative)
IgG Positive Positive  ++ +/− − +/− − +/− − 1 (negative)

D8 
(M, 26)

32
IgM Positive Positive − +/− +/− − − − − 0 (negative)
IgG Negative Negative +/− +/− − − − − − 0 (negative)

39
IgM Negative Positive − +/− +/− +/− − − − 0 (negative)
IgG Positive Positive +/− +/− +/− +/− − +/− − 0 (negative)

46
IgM Negative Positive − − − − − − − 0 (negative)
IgG Positive Positive +/− +/− + ++ − +/− − 4 (positive)

D9 
(M, 21)

49
IgM Negative Negative NT NT NT NT NT NT NT NT
IgG Positive Positive − +/− + + − − +/− 4 (positive)

52
IgM Negative Negative NT NT NT NT NT NT NT NT
IgG Positive Positive − +/− + + − − +/− 4 (positive)

D10 
(M, 20)

59
IgM Negative Negative +/− +/− − − − − − 0 (negative)
IgG Positive Positive ++ +/− + ++ − − − 5 (positive)

63
IgM Negative Negative − − − − − − − 0 (negative)
IgG Positive Positive ++ +/− + ++ − − − 5 (positive)

HEV: hepatitis E virus; M: male; NT: not tested.
a O2N, O2C, O2M, O3 (Gt1/Gt3: genotype 1 and 3): highly purified recombinant HEV antigens provided by the manufacturer; numeric score 

in parenthesis. −: no reaction; +/−: very weak intensity (< cut-off); +: weak intensity (= cut-off); ++: strong intensity (> cut-off); +++: very 
strong intensity. Interpretation: ≤ 2: negative; 3: borderline; ≥ 4: positive; only reactions with intensities higher than + were included in the 
interpretation. Numeric scores of antigens were summed up for final interpretation: once for samples with +, ++ or +++, and only once per 
antigen if Gt1 and Gt3 or both reacted. Calculation example for sample D2 IgG: 1 × score 1 (O2N Gt3 positive) + 1 × score 4 (O2C Gt3 positive) 
+ 1 × score 2 (O3 Gt1 and Gt3 positive)
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blood was demonstrated in 42% of transfusion recipi-
ents [18]. The clinical course (asymptomatic, mild 
hepatitis or acute liver failure) and severity of HEV 
infection in transfusion recipients are variable, most 
probably depending on predisposition or immune sta-
tus. The vast majority of HEV genotype 3 and 4 infec-
tions are most likely to result in an asymptomatic 
course [32] but, for instance, chronic manifestations of 
HEV genotype 3 infection in immunosuppressed per-
sons can become important in industrialised countries 
[33]. Feray et al. concluded that transfusion of blood 
products not screened for HEV RNA is associated with 
the risk of chronic infection in immunocompromised 
patients [34]. Nevertheless, the clinical relevance of 
transfusion-associated HEV infection is insufficiently 
understood and more data are needed regarding the 
duration of viraemia, the infective dose, the role of 
anti-HEV in the recipient and the frequency of clinically 
apparent transfusion-transmitted HEV infection [35]. 
Our results on the progression of HEV viraemia illu-
minate at least one of these questions. To our knowl-
edge, neither the length of HEV window periods nor the 
course of HEV viraemia during window periods in blood 
donors have been studied so far. The observed high 
level viraemia during window period infection could 
represent an underestimated risk of HEV transmission.

Post-donation questionnaires returned by six donors 
did not reveal a potential source of HEV infection. None 
of the infected donors had travelled within two months 
before the HEV-positive donation. The consumption 
of pork meat was described by five of the six donors. 
The number of returned questionnaires in our study 
is too small for a statistically significant analysis. We 
currently perform routine HEV blood donor screen-
ing and ask those with positive results to answer a 
questionnaire. 

Conclusion
We observed a diagnostic gap between the detection 
of high viral loads and the detection of anti-HEV anti-
bodies, independently of the antibody class (IgA, IgM 
or IgG), in our cohort of clinically asymptomatic HEV-
infected blood donors. The progression of viraemia and 
anti-HEV immunoglobulins was comparable to sympto-
matic cases, but a rise in liver-specific enzymes was 
infrequent in our blood donor cohort. Asymptomatic 
HEV infection make NAT screening methods necessary 
to detect infection and avoid transfusion of contami-
nated blood donations. However, the majority of infec-
tions are transmitted via the zoonotic or food-borne 
route. It is therefore important to focus public health 
measures both on blood safety and also on other infec-
tion routes for patients at risk, including immunosup-
pressed patients. 
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