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A B S T R A C T

The vertebrate innate immune system provides hosts with a rapid, non-specific response to a wide range of
invading pathogens. However, the speed and duration of innate responses will be influenced by the co-evolu-
tionary dynamics of specific host-pathogen combinations. Here, we show that low pathogenic avian influenza
virus (LPAI) subtype H1N1 elicits a strong but extremely transient innate immune response in its main wildlife
reservoir, the mallard (Anas platyrhynchos). Using a series of experimental and methodological improvements
over previous studies, we followed the expression of retinoic acid inducible gene 1 (RIG-I) and myxovirus re-
sistance gene (Mx) in mallards semi-naturally infected with low pathogenic H1N1. One day post infection, both
RIG-I andMx were significantly upregulated in all investigated tissues. By two days post infection, the expression
of both genes had generally returned to basal levels, and remained so for the remainder of the experiment. This is
despite the fact that birds continued to actively shed viral particles throughout the study period. We additionally
show that the spleen plays a particularly active role in the innate immune response to LPAI. Waterfowl and avian
influenza viruses have a long co-evolutionary history, suggesting that the mallard innate immune response has
evolved to provide a minimum effective response to LPAIs such that the viral infection is brought under control
while minimising the damaging effects of a sustained immune response.

1. Introduction

Avian influenza A virus (AIV) is an economically and medically
important pathogen, given that it can cause lethal outbreaks of disease
in poultry, humans and other species (Burns et al., 2006; McLeod, 2010;
McLeod et al., 2011). AIVs have a broad host range, with detections
reported in 12 orders and 105 species of birds (Munster et al., 2007;
Olsen et al., 2006; Stallknecht et al., 2008), as well as various mam-
malian species (Reperant et al., 2009). However, only waterfowl (An-
seriformes) and shorebirds (Charadriiformes) serve as maintenance
hosts for the majority of naturally circulating AIV subtypes and lineages
(Clark and Hall, 2006; Stallknecht, 2003a; Webster et al., 1992; Arnal
et al., 2015), with mallards (Anas platyrhynchos) being identified as the
primary reservoir host (Olsen et al., 2006; Runstadler et al., 2013). This
has been confirmed both through wild bird surveillance (Munster et al.,
2007; Stallknecht, 2003b; Hoye et al., 2010; Cheung et al., 2009;
Pannwitz et al., 2009) and studies of viral evolution (Spackman et al.,
2005; Wille et al., 2013; Dugan et al., 2008).

AIVs are classified as low pathogenic (LPAI) or highly pathogenic
(HPAI), based on their pathogenicity in gallinaceous birds (Alexander,
2000), whereby the majority of mortality and morbidity in poultry is
caused by HPAI viruses belonging to the H5, H7 and H9 subtypes (Olsen
et al., 2006; Alexander, 2000). In reservoir hosts, the majority of in-
fections are caused by LPAI viruses, but HPAI viruses can occur, either
as spill-over from domestic birds, or as sustained epizootics with large
geographic spread (Feare, 2010; Verhagen et al., 2015). Intriguingly,
HPAI infections in non-reservoir species can lead to dysregulation and
uncontrolled production of cytokines (a so-called ‘cytokine storm’,
Tisoncik et al., 2012; Yuen and Wong, 2005) which is a leading cause of
AIV-induced mortality in chickens (Vervelde et al., 2013; Ranaware
et al., 2016; Karpala et al., 2011a), mice (Bi et al., 2015) and humans
(Yuen and Wong, 2005; Cheung et al., 2002; Chen et al., 2013). In
contrast, HPAI infections in ducks can result in increased and sustained
expression of cytokines but dysregulation and subsequent over-pro-
duction is not observed (Huang et al., 2012). Thus, one can speculate
that reservoir hosts experience lower infection-induced
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immunopathology because they have a longer history of co-evolution
with the virus. For example, sustained coexistence may have promoted
evolution of optimised immune responses in reservoir hosts such that
they are largely asymptomatic carriers of AIV (van Dijk et al., 2015).
Given the physiological and immunopathological costs of mounting an
immune response (reviewed in Lochmiller and Deerenberg, 2000; Zuk
and Stoehr, 2002; Cressler et al., 2015), selection in hosts should favour
the evolution of a minimal immune response sufficient to avoid nega-
tive fitness costs of infection. Indeed, modelling has shown that when a
pathogen is common but has low virulence (defined as the ability to
cause disease-induced mortality), low investment in immune response
by hosts can be an evolutionarily stable strategy (van Baalen, 1998).

However, while a stable equilibrium between pathogen virulence
and host immune response may be reached at the organismal level,
evolution at the molecular level can still be an intense driver of co-
evolutionary dynamics (Hill and Runstadler, 2016). Antibody-mediated
immunity in the host is considered the main driver of AIV antigenic
evolution (Hensley et al., 2009; Koel et al., 2013; Wille et al., 2017). In
particular, antigenic drift – the accumulation of single nucleotide mu-
tations to the hemagglutinin (HA) and neuraminidase (NA) surface
glycoproteins – can allow AIVs to escape antibody-mediated neu-
tralisation (Koel et al., 2013). This, in turn, leads to evolution of an
array of HA- and NA-specific antibodies in hosts, which function to
block AIV infection by preventing attachment to host cell receptors
(HA) or viral particle release (NA) (Sylte et al., 2007; Clarke et al.,
1985). Mathematical modelling suggests that an intermediate host
immune response will promote the highest rate of pathogen adaption
(i.e. an intense co-evolutionary arms race) and that this is the most
parsimonious explanation for the antigenic shifts and rapid turnover of
strains observed in AIV dynamics (Grenfell et al., 2004). Unfortunately,
empirical tests of these hypotheses are largely lacking, including for the
waterfowl-LPAI system.

Overall, ducks mount a muted antibody-mediated immune response
to AIV when compared to chickens (Magor, 2011). Instead, tightly
regulated expression of innate immune genes in the early stages of in-
fection appear to allow ducks to control infection, mitigating the need
for sustained antibody production. For example, RIG-I and Mx have
been shown to be strongly upregulated in response to AIV (Barber et al.,
2010; Adams et al., 2013). Retinoic acid inducible gene 1 (RIG-I), is a
cytoplasmic DEx(D/H) box helicase pattern recognition receptor (PRR)
that is present in a variety of organisms such as birds, fish and mammals
(Shao et al., 2015). It acts as an RNA sensor, recognising pathogen-
associated molecular patterns (PAMPs) associated with intracellular
viral RNA (Kolakofsky et al., 2012; Sutejo et al., 2012) and is thus ac-
tive in the early stages after infection. RIG-I signalling is triggered
during infection by a wide variety of RNA viruses, as well as by the
presence of synthetic RNA transcribed in vitro (Kolakofsky et al., 2012;
Loo et al., 2008; Yoneyama et al., 2004; Pichlmair et al., 2006). The
presence of RIG-I in ducks but not chickens has been postulated as a
partial explanation for why chickens are more susceptible to the lethal
effects of HPAI infection than ducks, whereby a more efficient and rapid
stimulation of interferons, ultimately leading to viral clearance, is
achieved via the RIG-I pathway in ducks (Barber et al., 2010; Barber
et al., 2013; Vanderven et al., 2012) than the MDA-5 pathway in
chickens (Karpala et al., 2011b; Cornelissen et al., 2012; Liniger et al.,
2012). The myxovirus resistance gene (Mx) is a large GTPase belonging
to the family of interferon (IFN) stimulated genes, and is stimulated by
type I (α/β) and type III (γ) IFNs (Haller et al., 2007). It is present in
most vertebrates, as well as yeast (Ko et al., 2002) and occasionally in
invertebrates (De Zoysa et al., 2007). The antiviral activity of Mx is
mediated via inhibition of transcription and/or replication in various
viral species (Ko et al., 2002; Haller et al., 2009).

While both Mx and RIG-I have been implicated in the mallard im-
mune response to AIV infections (see Table 1 in Helin et al., 2018), a
number of methodological issues may hinder the generality and/or
interpretation of results. First, with one exception, all previous studies

have been conducted on Pekin ducks (Anas platyrhynchos domesticus),
which may provide a poor proxy for infection dynamics in the wild
reservoir host, because a long history of artificial selection in domestic
species may alter natural allele frequencies of immunologically im-
portant genes and hence alter the host’s capacity to respond to infec-
tion. Indeed, the Mx gene offers one such example, whereby a SNP
associated with antiviral activity in chickens was found to be in Hardy-
Weinberg (H-W) equilibrium in natural populations with the protective
allele occurring at high frequency (Li et al., 2006). In contrast, this SNP
was rare in domestic populations, with allele frequencies deviating
significantly from H-W expectations (Li et al., 2006). Second, previous
studies of the duck immune response to AIV have used artificial infec-
tion techniques whereby large doses of viral particles are flooded into
the nostrils and throats of experimental birds. The dosage used tends to
be chosen with little regard for the dose required to achieve infection
and far exceeds that faced by birds in the wild (Aldous et al., 2010).
This may cause unnatural gene expression patterns, especially in the
early stages of infection. For example, it is possible that a minimum
viral threshold needs to be crossed in order to activate immune de-
fences. If so, previous studies may have underestimated the time taken
for natural hosts to respond to infection. Third, in many previous stu-
dies the AIV subtype used was chosen without reference to its frequency
in the wild. Studies have largely focussed on HPAI, or low pathogenic
H5 strains, none of which are common in the reservoir host (Latorre-
Margalef et al., 2014; Olson et al., 2014). Fourth, all previous studies of
the duck immune response to AIV have used a single, non-validated
reference gene (RG) (Table 1 in Helin et al., 2018), which is in-
appropriate for the normalisation of qPCR results (reviewed in
Chapman and Waldenström, 2015). Here, we used a controlled semi-
natural infection technique to transmit a LPAI H1N1 virus, which cir-
culates at high frequency in waterfowl in Northern Europe (Latorre-
Margalef et al., 2014; Olson et al., 2014), to mallards. This allowed us
to assess individual responses to a commonly circulating virus, using
natural transmission patterns, in the reservoir host. qPCR results were
normalised with multiple RGs previously proven stable for the experi-
mental treatment under consideration (Chapman et al., 2016). Using
this solid methodological framework, we analysed patterns of gene
expression for the innate immune genes RIG-I and Mx, which occur at
the top of the innate immune cascade, in mallards semi-naturally in-
fected with H1N1. We hypothesised that both genes would show an
increase in expression after LPAI infection, but that this immune re-
sponse would be slower and more muted than has been found in pre-
vious studies of HPAI infection. Instead, we found that RIG-I and Mx
expression in our study was rapid and transient, being of a similar
magnitude to previous studies.

2. Materials and methods

2.1. Animal experiments

Male mallards were acquired from a commercial breeding facility
when they were one day old, and subsequently raised indoors at a
biosecurity level two animal facility at the Swedish National Veterinary
Institute (SVA). All animal rooms contained a pool for swimming, food
and water (ad libitum), and were subject to a 12-h day-night cycle. Daily
monitoring of ducks confirmed that there were no signs of disease or
stress due to captivity or AIV infection, and all individuals remained
alive and overtly healthy until their pre-determined endpoint. Cloacal
swabs and blood samples (brachial vein) were taken from all in-
dividuals prior to the start of the experiment to confirm they were AIV
negative via qPCR and AIV antibody negative via ELISA (see Chapman
et al., 2016 for experimental details and results of AIV screening).
Animal experiments were approved by the Ethical Committee on An-
imal Experiments in Uppsala (permit number C63/13) and were con-
ducted in accordance with regulations provided by the Swedish Board
of Agriculture.

A.S. Helin et al. Molecular Immunology 95 (2018) 64–72

65



2.2. Virus and infection

Three days prior to the start of the experiment, when ducks were 9
weeks old, they were randomly assigned to one of three treatment
groups (uninfected controls, n=5; artificially inoculated, n=3; and
contact infected, n=25), and rehoused according to the experimental
set-up depicted in Fig. 1A.

In order to mimic the transmission, viral passage and viral load that
individuals encounter during natural AIV infections in the wild, we
chose to use contact infections. To achieve this, three ducks were ar-
tificially infected via oesophageal inoculation (hereafter termed artifi-
cially-inoculated ducks) with an H1N1 strain of LPAI isolated from a
wild mallard (A/Mallard/Sweden/51833/2006/H1N1). The approx-
imate viral titre was 107 – 109 EID50 (approximation based on experi-
ence from several previous similar isolation processes). This occurred
three days (t-3) prior to the start of the experiment, further details are
provided in Järhult et al. (2011). At the start of the experiment (t0), 25
uninfected ducks were moved to the room containing the three artifi-
cially inoculated ducks (Fig. 1A). Individuals freely interacted with one
another, and shared feeding, drinking and swimming resources. This
facilitated rapid transmission from inoculated to uninfected ducks
(hereafter termed contact-infected ducks) via a semi-natural process.
Five ducks, housed separately, were kept AIV-negative until sacrifice at
the approximate mid-point of the experiment, to serve as uninfected
controls. Further details are provided in Chapman et al. (2016). Faecal
samples were collected daily from every bird remaining in the experi-
ment, unless the bird did not defecate, at which point a cloacal swab
was collected. To facilitate this, birds were placed individually in a
single-use cardboard box, and a sample (faecal or cloacal) was collected
using a sterile-tipped cotton swab which was then placed in viral
transport media and stored at −80 °C. The AIV status of all individuals
was subsequently quantified via qPCR, following the methods of Tolf
et al. (2013). Tight correlation between AIV CT value and EID50 has
been previously demonstrated (Brown et al., 2012).

2.3. Tissue collection, extraction of RNA and synthesis of cDNA

At five time points (t= 0.5, 1, 2, 4 and 7 days after introduction of
the contact-infected ducks to the room housing the artificially-in-
oculated ducks, hereafter days post infection, dpi), five contact-infected
ducks were randomly selected for humane euthanasia, via mechanical
disruption of the brainstem with a CASH Poultry Killer (Accles &
Shelvoke). The three artificially-inoculated ducks and five control ducks
were sacrificed on day three. Necropsies were performed immediately
after death, whereby each duck was euthanized and tissues harvested
before the next duck was sacrificed. The following tissues were col-
lected: blood; spleen; two sections of the gastrointestinal tract (GI)

corresponding to the distal jejunum, anterior to Meckel’s diverticulum
(hereafter GI1), and the distal ileum, anterior to the joining of the
caecum (hereafter GI2); and colon. Approximately 150mg of each
tissue was sliced into ∼2mm3 pieces, and 1ml of blood collected from
the jugular vein, all of which were immediately snap frozen in liquid
nitrogen and thereafter stored at −80 °C until required for analysis.
Unfortunately, 16/150 identifying labels peeled off during transporta-
tion in liquid nitrogen. Final sample sizes available for each time point
and tissue type are provided in Table 2 in Helin et al. (2018).

Before extraction, tissues were treated with RNAlater®-ICE (Ambion)
following the manufacturer’s guidelines. RNA was extracted, from ap-
proximately 70mg of tissue or 200 μl of blood, using the RiboPure Kit
(Ambion) following the manufacturers’ protocol, followed by im-
mediate DNase treatment to remove contaminating gDNA. DNase
treated RNA was diluted to a tissue-specific standardised concentration
and used to synthesise cDNA via reverse transcription using Superscript
III (Invitrogen) and random hexamers (Invitrogen). cDNA was stored at
−20 °C until use. To confirm DNase treatment removed all gDNA, two
trials were conducted. Firstly, a random subset of samples were visua-
lised on agarose gels containing 1% bleach, following the protocol of
Aranda et al. (2012). Secondly, we attempted to amplify cDNA with
intronic primers via qPCR. Absence of amplification indicated absence
of intron containing gDNA. Both tests confirmed removal of gDNA. Full
details of RNA concentrations, DNase treatment and trials, and cDNA
synthesis reactions can be found in Appendix S1 of Chapman et al.
(2016).

2.4. Analysis of gene expression by quantitative real time PCR

We tested the stability of eleven putative reference genes (RGs) in
each tissue via the GeNorm software (Vandesompele et al., 2002). The
results of these tests are presented in Chapman et al. (2016), and led to
the use of a different set of 2–3 RGs per tissue type (Tables 2 and 3 in
Helin et al., 2018). We designed primers to amplify a small segment
(less than 130 bp) of the two genes of interest (GOI, Table 3 in Helin
et al., 2018) using NCBI’s Primer-BLAST feature (http://www.ncbi.nlm.
nih.gov/tools/primer-blast), with reference to the duck genome (Huang
et al., 2013). Several primers were tested per GOI, across different
tissue types, with a single primer pair finally selected for each of the
two GOIs. Coincidentally, the selected forward primer for RIG-I was the
same as that in the corrected version of Barber et al. (2010). To confirm
amplification of the desired products, 2–5 PCR amplicons per gene were
sequenced (Eurofins MWG Operon) and BLASTed (BLASTn, NCBI) to
confirm homology with the expected genes. PCR efficiency (E) was
tested via the use of standard curves, using the formula E%=10(−1/

slope) × 100, with 90–110% efficiency considered adequate for the
purposes of this study.
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Fig. 1. Experimental set-up and AIV infection. (A) Ducks were housed
in two different rooms, with experimentally and contact infected
ducks sharing Room 1 and uninfected controls in Room 2. Ducks were
removed and sacrificed at set times over the course of the experiment.
(B) AIV viral shedding of artificially inoculated (red line) and contact
infected (black line) mallards sampled throughout the experiment,
showing rapid and sustained infection. (C) AIV viral shedding of
control ducks (blue line) sampled until sacrifice on day 3. For B & C,
viral shedding is expressed as the Ct value on an inverted axis, thereby
higher values indicate higher viral load. (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.)
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cDNA was amplified via qPCR to determine transcription levels of
the GOI and relevant RGs. Each reaction comprised 5 μl 1:10 diluted
cDNA, 10 μl iQ™ SYBR Green Supermix (BioRad), 150mM of each
primer (i.e. forward and reverse) and DNase free H2O to a final volume
of 20 μl. Negative controls comprising cDNA-free reactions (no template
control, NTC) were included in every qPCR run, and additional reverse
transcriptase-free reactions (no enzyme control, NEC) were included for
every gene and tissue combination. qPCR reactions were run on a
LightCycler 480 (Roche) with the following thermal cycling profile for
all genes: initial three-minute denaturation at 95 °C, followed by 95 °C
for 10 seconds (s) and 58 °C for 30 s for 45 cycles, with data acquisition
at the end of each elongation (58 °C) step. Immediately after the final
PCR cycle, a melt curve analysis was performed (95 °C for 10 s with a
ramp rate of 4.4 °C/s, 58 °C for one min with a ramp rate of 2.2 °C/s,
then a slow incremental increase in temperature to 97 °C with a ramp
rate of 0.11 °C/s and continual acquisition), finally samples were cooled
to 40 °C for 30 s. All qPCR reactions were run in triplicate.

2.5. Statistical analyses

The QBase+ software (Hellemans et al., 2007) was used to de-
termine relative expression levels of GOIs, per tissue type, after nor-
malising with appropriate RGs. Expression was first calculated as the
normalized relative quantity (NRQ), which represents the relative gene
expression level between different samples for a given gene and tissue
type. NRQ does not have an absolute scale, so can only be meaningfully
compared between samples measured for the same gene within a single
experiment (https://www.biogazelle.com/sites/default/files/public_
file/qbaseplus_manual.pdf). In this case, each different tissue type
was treated as a separate experiment. Inter-run calibration of NRQ
values was not required because all samples for a given gene were run
on the same plate in all cases.

Relative gene expression (i.e. fold change) was then calculated as
the geometric mean of expression in each group (i.e. time point), with
the experimental time points (0.5, 1, 2, 4, 7 dpi) scaled in comparison to
the control group (0 dpi). Expression in the control group was set to 1
and relative fold-change in GOIs was expressed as positive values for
upregulated genes and negative values for down-regulated genes.
Statistical comparison of changes in gene expression over time was
performed via the use of multiple comparison one-way ANOVA. One-
way ANOVA with the Tukey-Kramer multiple comparisons correction
was used to evaluate differences in mean fold-change at each time
point. Statistical analyses and data plotting were perfomed with
GraphPad Prism v.6.03 (GraphPad Software Inc).

3. Results

3.1. AIV infection

All individuals were confirmed AIV negative before the start of the
experiment (Fig. 1). Upon introduction to the room containing artifi-
cially-inoculated ducks, uninfected individuals rapidly contracted AIV
via contact infection and remained AIV positive throughout the course
of the experiment (Fig. 1B, see also Fig 1 in Helin et al., 2018). Control
ducks remained uninfected throughout (Fig. 1C).

3.2. RIG-I expression

Expression of RIG-I was relatively consistent between tissues (Fig. 2,
see also Figs. 2 and 3 in Helin et al., 2018). Gene expression did not
change from basal levels in experimental, contact-infected ducks 12 h
(0.5 dpi) after they were introduced to the room containing artificially-
inoculated ducks (P > 0.4 for all tissues, Table S1 in Helin et al.,
2018). However, by 24 h post-infection (1 dpi), RIG-I displayed sig-
nificantly upregulated expression in all tissues (P < 0.05), ranging
from 9- to 21-fold increased expression compared to controls (Fig. 2,

and Tables S1 and S2 in Helin et al., 2018).
By day two, expression had returned to basal levels in blood, spleen

and colon tissues and stayed low for the remainder of the experiment
(Fig. 2). In the two gastrointestinal tract tissues, 2 dpi expression levels
remained significantly elevated, but had returned to basal levels by 4
dpi (Fig. 2, and Table S1 in Helin et al., 2018). The difference between
the upper (GI1) and lower (GI2) gastrointestinal tissues was that in GI2,
expression levels 1 and 2 dpi were equally high (10-fold versus 7-fold
respectively, P > 0.05, Fig. 2). In contrast, in GI1, expression was four
times higher at 1 dpi (16-fold) than 2 dpi (4-fold). Thus, 2 dpi ex-
pression in GI1 was significantly lower than 1 dpi, but significantly
higher than controls (Fig. 2). This was largely driven by one individual
(sample 19) with 40-fold upregulation of RIG-I in GI2 at 2 dpi, the
highest upregulation observed in any individual for this tissue (Figs. S2,
S5B, Table S2 in Helin et al., 2018). This individual did not show strong
RIG-I upregulation in other tissues (Fig. S2, Table S2 in Helin et al.,
2018), and was not exceptional with regards its inferred AIV viral load
(based on AIV-specific qPCR CT value, Fig. S1C in Helin et al., 2018).
Across all individuals, we found a general pattern whereby RIG-I ex-
pression was highest in blood and spleen, and lower in the gastro-
intestinal tract and colon (Fig. S3A in Helin et al., 2018).

3.3. Mx expression

There was no significant upregulation of Mx in any contact-infected
duck tissue 0.5 dpi after they were introduced to the artificially-in-
oculated individuals (Table S3 in Helin et al., 2018). This is un-
surprising, given that at this time point there was also no sign of up-
regulation of RIG-I, which occurs earlier in the immune cascade than
Mx. However, at 1 dpi, Mx was significantly upregulated in all tissues
investigated (Fig. 3, and Table S3 in Helin et al., 2018). This is in
agreement with our findings for RIG-I, suggesting that expression of
RIG-I and Mx are tightly coupled. Mx was most strongly upregulated
(107-fold on average) at 1 dpi in the spleen (Fig. 3, and Tables S3 and,
S4 in Helin et al., 2018). Other tissues (GI1, GI2 and colon) also showed
significant upregulation at this time point (16-, 13- and 6-fold respec-
tively, Fig. 3, and Table S3 in Helin et al., 2018). We were unable to
detect Mx mRNA in peripheral blood samples at any time point, sug-
gesting that Mx is neither constitutively expressed in mallard blood, nor
upregulated in response to LPAI infection.

By 2 dpi, Mx expression had returned to basal levels in all tissues
except GI2, which remained significantly upregulated (11-fold) at this
time point but had returned to basal levels by 4 dpi (Table S3 in Helin
et al., 2018). The overall pattern of Mx expression was similar to that of
RIG-I, with stronger upregulation in spleen than tissues of the gastro-
intestinal tract and colon (Figs. S3B, S4 in Helin et al., 2018), strong
upregulation at 1 dpi, and rapid return to basal levels (Fig. 3). However,
while we found the strongest levels of upregulation in the spleen for
both genes, this upregulation was strikingly higher for Mx than RIG-I
(107-fold versus 21-fold, Fig. S3 in Helin et al., 2018).

At the individual level, one mallard (sample 10) had achieved
strong Mx upregulation (248-fold) by 0.5 dpi in the spleen, this was the
equal strongest individual upregulation of Mx observed in this tissue,
the other individual (sample 12) with this level of upregulation was
from the 1 dpi group (Fig. S4 and Table S4 in Helin et al., 2018). In-
terestingly, sample 10 had the second lowest AIV CT value (a low CT
value corresponds to a high number of AIV particles in the sample) of
any individual sampled at this time point (Fig. S1A in Helin et al.,
2018), although this value was higher (i.e. indicating fewer viral par-
ticles) than AIV CT values amongst individuals sampled 1 dpi (Fig. S1B
in Helin et al., 2018). This could suggest that this individual was one of
the first to contract AIV from the artificially-inoculated ducks, and
therefore had a head-start in its immune response compared to the
remainder of the ducks sacrificed at 0.5 dpi. However, this individual
did not show pronounced upregulation of either Mx or RIG-I in any
other tissue (Fig. S5A, Tables S2, S4 in Helin et al., 2018). Similarly, the

A.S. Helin et al. Molecular Immunology 95 (2018) 64–72

67

https://www.biogazelle.com/sites/default/files/public_file/qbaseplus_manual.pdf
https://www.biogazelle.com/sites/default/files/public_file/qbaseplus_manual.pdf


fact that GI2 showed significant Mx upregulation 2 dpi could be at-
tributed to one individual (sample 19) which displayed a 95-fold in-
crease in expression at this time point, the highest level of individual
GI2 Mx expression observed in any individual across any time point
(Fig. S4, Table S4 in Helin et al., 2018). This individual also showed
high 2 dpi RIG-I expression in GI2 but not in other tissues (Fig. S5B,
Table S2 in Helin et al., 2018), suggesting it was experiencing a loca-
lised and active immune response in the lower gastrointestinal tract at
the point it was euthanized, two days after infection. This is despite the
fact that the 2 dpi AIV CT value for this individual was no different from
others sampled at this time point (Fig. S1C in Helin et al., 2018).

4. Discussion

Overall, we find that the mallard innate immune response to LPAI is
rapid yet extremely transient. We predicted that our semi-natural

infection technique would result in a slower immune response than
found in previous studies of ducks artificially inoculated with high viral
loads. This was not borne out however; both our study and most pre-
vious studies have found that the highest levels of RIG-I and Mx ex-
pression occur approximately one day after infection, regardless of the
pathogenicity of the inoculum (LPAI in our study, HPAI in most pre-
vious studies) or the infection route (contact infection in our study or
artificial infection in previous studies, see Table 1 in Helin et al. (2018)
vs. the data presented here). Genes near the top of the immune cascade,
such as RIG-I and Mx, are rapidly triggered by AIV infection resulting in
strong upregulation within 24 h, yet in most cases have returned to
basal levels by 48 h post infection. Interestingly, we found little overall
evidence for significant upregulation of either gene 12 h post infection,
despite the fact that ducks had already begun to display evidence for
AIV infection and shedding via qPCR. One individual showed sig-
nificant Mx upregulation in spleen 12 h post infection, and this

Fig. 2. Mean expression per time point (days post
infection, dpi) of RIG-I in each of five tissues in
mallards infected with LPAI, where GI1 corresponds
to the distal jejunum and GI2 corresponds to the
distal ilium. Gene expression is represented as fold
change, being the relevant increase in expression
compared to uninfected control individuals (0 dpi,
which are normalised as fold change= 1). *indicates
P < 0.05 between infected and control ducks. Error
bars represent upper 95% confidence interval of the
mean expression value.
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individual had a lower AIV CT value (i.e. putative higher viral load) at
this time point as well, suggesting that timing of gene expression is
tightly coupled with timing of infection. In future, a time series with
more frequent sampling in the first two days of infection would allow
more precise inference of when, and for how long, innate immune genes
are upregulated in the early stages of infection.

RIG-I was only moderately upregulated in LPAI infected mallards,
and expression was fairly consistent between tissues. The highest RIG-I
expression occurred 1 dpi in all tissues (spleen: 21-fold, blood: 17-fold,
GI1: 16-fold, GI2: 10-fold, colon: 9-fold). This finding agrees with a
previous study of RIG-I expression in Pekin ducks, whereby only mod-
erate induction of RIG-I was observed after LPAI H5N2 infection (c.a. 7-
fold upregulation at 1 dpi), whereas HPAI H5N1 infection elicited rapid
and strong upregulation (c.a. 200-fold at 1 dpi), with upregulation
dropping by 3 dpi (c.a. 20-fold) and returning to basal levels thereafter
(Barber et al., 2010). Taken together, these results suggest HPAI in-
fection elicits a stronger immune response in ducks than LPAI, which is
perhaps not surprising given that HPAI can induce severe disease in
ducks, unlike LPAI. Interestingly, this strong induction by HPAI may be
strain dependant, as Cornelissen et al. (2013) showed only moderate
RIG-I upregulation in response to HPAI H7N1, with a maximum of c.a.
10-fold upregulation 1–2 dpi in Pekin ducks. This group found similar
levels of RIG-I upregulation after LPAI infection, but only in the very
early stages (19 h) after infection, after which expression returned to
basal levels (Cornelissen et al., 2012).

Previously, RIG-I expression in the spleen had only been in-
vestigated in two HPAI studies (Cornelissen et al., 2013; Cagle et al.,
2012), and in only one of these was expression compared with other
tissues in the same individual (Cornelissen et al., 2013). In keeping with
this later study, we found that RIG-I expression was higher in the spleen
than any other tissue. The spleen is a key organ in the avian immune
response due to its roles in processing red blood cells, synthesising
antibodies, phagocytic activity and formation of components of the
complement system (John, 1994). The scarcity of lymph nodes in birds,

particularly domesticated species, likely enhances the spleen’s role in
fighting systemic infections (John, 1994). We therefore encourage fu-
ture studies of immune gene expression in AIV infected individuals to
include spleen as a target tissue for study.

In contrast to RIG-I, we found expression of Mx to be highly skewed
between tissues. Mx was strongly induced in the mallard spleen 1 dpi
(107-fold), but only moderately elevated in other tissues (GI1: 16-fold,
GI2: 13-fold, colon: 6-fold) at the same time-point. LPAI has previously
been shown to strongly induce the expression of Mx in duck embryo
fibroblast (DEF) cells within eight hours of infection, however the study
was terminated at 1 dpi, at which point Mx remained highly upregu-
lated (Adams et al., 2013). It is therefore unclear how long upregulation
of Mx was maintained in DEF cells. HPAI has been shown to induce
moderate upregulation of Mx in duck peripheral blood mononuclear
cells within eight hours of infection, this study was again terminated
after 24 h at which point Mx remained upregulated (Cui et al., 2014). In
contrast to our study and that of Adams et al. (2013), Jiang et al. (2011)
found that Mx expression was unchanged in duck cells in response to
LPAI H1N1, the same subtype as investigated here. However, Jiang
et al. (2011) considered expression only in primary lung cells, which
are unlikely to undergo marked immune response to LPAI infections,
given that LPAI is a gastrointestinal, rather than respiratory, infection
(Stallknecht et al., 2008). The only group to have investigated the up-
regulation of Mx after LPAI infection in vivo in Pekin ducks focussed
solely on the ileum, and considered only two time points (1 and 6 dpi)
(Soubies et al., 2010; Volmer et al., 2011). Both studies showed that Mx
was upregulated at both time points, however results were not ex-
pressed as fold-change differences, and it is therefore difficult to com-
pare these results to other studies of innate immune gene upregulation
in response to AIV. Nevertheless, these two studies suggest that Mx may
remain upregulated for longer periods in response to AIV infection than
RIG-I. This contrasts with our findings showing both genes to be only
transiently upregulated during the first 12–48 h of infection. Our study
is the first to investigate Mx expression in more than a single tissue in

Fig. 3. Mean expression per time point (days post
infection, dpi) of Mx in each of four tissues in mal-
lards infected with LPAI, where GI1 corresponds to
the distal jejunum and GI2 corresponds to the distal
ilium. Gene expression is represented as fold change,
being the relevant increase in expression compared
to uninfected control individuals (0 dpi, which are
normalised as fold change= 1). *indicates P < 0.05
between infected and control ducks. Error bars re-
present upper 95% confidence interval of the mean
expression value.
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ducks infected in vivo (Table 1 in Helin et al., 2018), and one of only
two to focus on the wild reservoir (mallard), rather than the domes-
ticated (Pekin) host.

The fact that we could not detect Mx expression in blood contrasts
not only with our findings for RIG-I, but also with the study of Cui et al.
(2014) in which significant Mx expression was detected in peripheral
blood mononuclear cells (PBMCs) in vitro, occurring between 8- and 24-
h post infection with HPAI H5N1. Likewise, Adams et al. (2009) have
shown upregulation of various cytokine proteins (interferons and in-
terleukins) in PBMCs infected with LPAI H11N9 in vitro, although nei-
ther RIG-I or Mx was investigated in that study. We cannot exclude the
possibility that Mx was expressed in a subset of blood cells, such as
specific types of leukocytes, but was below the limit of detection in our
RNA extracts of whole blood. Furthermore, it is possible that infection
not only induces transcriptional changes in blood cells, but also changes
the overall cellular composition of blood samples, such as an altered
neutrophil signature (Ramilo et al., 2007). If so, our peripheral blood
samples may have been enriched for cells expressing RIG-I and/or de-
pleted of cell-types expressing Mx. Further work is therefore required to
confirm our findings that RIG-I is expressed in duck blood, and upre-
gulated in response to AIV infection, whereas Mx is not.

We found LPAI to induce rapid yet moderate and extremely tran-
sient upregulation of RIG-I and Mx in mallards. This may provide evi-
dence that tolerance, rather than resistance, has evolved as an adaptive
strategy in mallards to avoid the negative consequences of infection.
Mounting an immune response is costly and generally involves trade-
offs with other fitness- and maintenance-related traits (reviewed in
Sheldon and Verhulst, 1996; Zera and Harshman, 2001) which may be
further modulated via environmental stochasticity (Sandland and
Minchella, 2003). Mallards often encounter avian influenza virus par-
ticles, including subtypes not encountered in their native environment,
at staging areas during migration (Wille et al., 2013; Latorre-Margalef
et al., 2014). Co-infections and serial AIV infections are not uncommon
on staging grounds (Tolf et al., 2013; Wille et al., 2015). Mounting a
strong immune response during migratory stop-over could result in
accrual of additional costs such as lowered ability to migrate in a flock,
and late arrival on breeding grounds (Latorre-Margalef et al., 2009).
Instead, AIV infection appears to have little effect on movement and
behaviour during migration (Bengtsson et al., 2016; Avril et al., 2016)
suggesting that the immune response is muted enough to not impact
other energetically costly behaviours such as flight and navigation.

Given the costs of immunity, selection should favour an immune
response that is minimally sufficient to mitigate acute disease, such that
the trade-off between pathogen virulence and host tolerance is opti-
mised to maximise the fitness of both participants (Little et al., 2010;
Medzhitov et al., 2012). This certainly seems to be the case in mallards:
the immune response is extremely transient, and appears to be con-
trolled in an individual- and tissue-specific manner. For example, in a
few individuals we found upregulation to be prolonged, but only in
certain tissues, particularly those of the lower gastrointestinal tract.
Previous work using the same experimental set-up as ours has shown
that LPAI works its way down the gastrointestinal tract and localises to
the lower GI tract in naturally infected individuals (Bröjer et al., 2013).
The longer the co-evolutionary history of specific host-pathogen com-
binations, the more precisely tuned the host’s immune system should be
in providing a targeted and efficient response. Thus, studying wild
mallards using a naturally circulating and common subtype of LPAI
provides a clearer picture of infection dynamics in the wild reservoir
host.

5. Conclusions

Given the methodological and experimental advances made in this
paper, including the fact that RIG-I and Mx were quantified in the same
set of experimental, contact-infected individuals and that qPCR was
normalised with multiple, validated, reference genes; we believe we

have provided the most robust estimate of the mallard innate immune
response to LPAI to date, with respect to these two crucial genes. Mx
and RIG-I are at the top of the avian innate immune cascade. This study
confirms that while these genes are significantly upregulated in re-
sponse to LPAI infection, their expression is extremely transient and
localised to specific tissues. Mx undergoes stronger upregulation in
response to LPAI than RIG-I, but both genes display temporally and
spatially similar expression patterns: rapid upregulation within 24 h of
infection which tends to have returned to basal levels by day two; up-
regulation throughout the gastrointestinal tract; and marked upregu-
lated in the spleen. Our results suggest that a long history of co-evo-
lution has promoted a strategy of tolerance to LPAI in the mallard
reservoir.
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