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ABSTRACT
The duck represents an important reservoir of influenza viruses for transmission to other avian and
mammalian hosts, including humans. The increased pathogenicity of the recently emerging clades of
highly pathogenic avian influenza (HPAI) viruses of the H5N1 subtype in ducks features systemic viral
spread and organ-to-organ variation in viral transcription and tissue damage. We previously reported
that experimental infection of Sudani ducks (Cairina moschata) with an Egyptian HPAI (H5N1) virus
(clade 2.2.1.2) features high viral replication and severe tissue damage in lung, but lower viral replication
and only mild histological changes in brain. Little is known about the involvement of miRNA in organ-
specific responses to H5N1 viruses in ducks, and involvement of the other classes of small noncoding
RNA (sncRNA) has not been investigated so far. Following RNA sequencing, we have annotated the duck
sncRNome and compared global expression changes of the four major sncRNA classes (miRNAs, piRNAs,
snoRNAs, snRNAs) between duck lung and brain during a 120 h time course of infection with this HPAI
strain. We find major organ-specific differences in miRNA, piRNA and snoRNA populations even before
infection and substantial reprogramming of all sncRNA classes throughout infection, which was less
pronounced in brain. Pathway prediction analysis of miRNA targets revealed enrichment of inflamma-
tion-, infection- and apoptosis-related pathways in lung, but enrichment of metabolism-related path-
ways (including tryptophan metabolism) in brain. Thus, organ-specific differences in sncRNA responses
may contribute to differences in viral replication and organ damage in ducks infected with isolates from
this emerging HPAI clade, and likely other strains.
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Introduction

Infection with the highly pathogenic avian influenza (HPAI)
viruses of the subtype H5N1 is still enzootic in poultry in
many parts of the world, notably in Egypt [1], and due to its
potential to be transmitted to humans, poses risks to public
health. Despite years of efforts to control this infection in
Egyptian poultry, the virus has established an enzootic situation
in various bird species. The risk resulting from the genetic
changes that have occurred in HPAI viruses was highlighted
when some of these viruses exhibited increased pathogenicity
in avian hosts that were previously believed to be asymptomatic
carriers, such as ducks [2]. In ducks, HPAI H5N1 viruses can
cause systemic spread and infect many organs with characteristic
organ-to-organ variation in virus replication and end-organ

damage [3]. Indeed, the preferential replication of the virus in
certain organs could determine the sequelae of the infection.
Previous studies have reported that newly evolved HPAI H5N1
strains have switched their organ tropism in ducks to be more
neurotropic in nature, which has been linked to demise of
infected ducks [2]. The mechanisms behind the increased patho-
genicity of HPAI (H5N1) viruses in ducks are still unclear.

Most of the studies on infection dynamics of HPAI (H5N1)
viruses in ducks and the consequent cellular and/or organismal
host responses have focused on infection-driven changes in
protein expression [4,5]. Investigations at the RNA level (coding
and non-coding), on the other hand, have been underutilized.
About 80% of the eukaryotic genome are transcribed, but only
1–2% of the transcripts encode proteins [6] and the remaining
78% of expressed RNA correspond to non-coding RNAs
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(ncRNA), the functions of many of which remain to be eluci-
dated. ncRNA <200 nucleotide in length are referred to as small
noncoding RNAs (sncRNAs) and comprise four major classes:
microRNA (miRNAs), small nucleolar RNAs (snoRNAs), small
nuclear RNAs (snRNAs), and Piwi-interacting RNAs (piRNA)
[7]. miRNAs are commonly considered the most abundant, or at
least the best studied, sncRNA population. Although they were
first discovered in the nematode Caenorhabditis elegans [8], the
spectrum of their regulatory activities and functions have greatly
expanded and span nearly all known biological processes [9]. In
ducks, miRNAs have been shown tomediate gene regulation in a
multitude of processes, including lipid metabolism [10], feather
formation [11] and responses to viral infections [12]. However,
only a single study this far has addressed the role of miRNA in
the host response of duck (Anas platyrhynchos) to HPAI (H5N1)
virus infection [13], and none of the other sncRNA classes have
been investigated. This is all the more surprising as miRNA
expression constitutes an integral part of the host response to
influenza viruses in non-avian (e.g. [14,15]) and avian hosts (e.g.
[16,17]). Our previous analysis of published data sets [14]
revealed a group of miRNAs that are commonly expressed in
various hosts following infection with influenza A virus (IAV).
Li et al [13] argued that reprogramming of miRNA populations
in H5N1-infected thymus, spleen and bursa of Fabricius of
chicken and ducks accounts for susceptibility of these bird
species to H5N1 virus infection. Along the same line, experi-
mental infection of leghorn chicken with IAV (H5N3) led to
differential miRNA responses in lung and trachea [16] and
different chicken breeds (e.g. layers and broilers) might have
characteristic miRNA expression patterns following infection
with the same virus [17], suggesting that miRNA could play
roles in differences in immunity between the two breeds.

In contrast to the extensive work on miRNA in host
responses to IAV infection, essentially nothing is known
about roles of the other classes of sncRNA in cellular
responses to IAV infection in general, or in the duck response
to HPAI (H5N1) infection in particular. This is surprising as
accumulating evidence suggests that at least global piRNA and
snoRNA expression can change markedly during physiologic
and pathologic adaptation of eukaryotic cells [18–20], that
snoRNA can be processed to miRNA (reviewed in [21]), and
that snRNAs can regulate the IAV-induced blocking of cell
pre-mRNA splicing [22]. The lack of studies of sncRNA other
than miRNA in the duck is likely due to the incomplete
annotation of its sncRNAome, as only its miRNome has
been annotated this far (e.g. [11,23]).

We have recently shown that experimental infection of
Sudani ducks (Cairina moschata) with an Egyptian HPAI
(H5N1) strain (clade 2.2.1.2) led to disseminated infection
and major pathology in several organs including lung [24].
Brain seemed to represent a unique ecological niche for the
virus in that, even though the animals developed substantial
neurological deficits, the extent of viral RNA replication and
virus-induced tissue lesions were much lower than in the
other organs. Considering the potential of all four major
sncRNA classes to reflect cellular responses, we reasoned
that global changes in the expression of each of the four
major sncRNA classes might reflect the differences in viral
spread and tissue destruction observed between lung and

brain in this avian host. To address this question, we have
annotated the duck sncRNAome, then compared the extent of
differential expression (DE) of the four major sncRNA classes
in lung and brain after infection with this HPAI (H5N1)
strain, and finally predicted pathways regulated by the
miRNAs DE in the two organs.

Results

Differences between lung and brain in virus transcription,
and tissue inflammation and degeneration throughout
the infection time course

The virus transcription kinetics and growth rate differed
between lung and brain in that in lung there was a steep expo-
nential rise in HA mRNA that peaked at 40–48 hpi, decreased
markedly by 96 hpi and was followed by a rebound towards
120 hpi, whereas in brain exponential growth in HA mRNA
transcription was milder (peaking at about 10-fold less than in
lung) and the decline after 48 hpi was slower (Fig. 1A). To test
whether there were concomitant differences in inflammation
and histological changes between lung and brain across the
entire time course, we assessed the extent of histopathological
alterations (inflammation and degenerative lesions) in the two
organs across the time course. Indeed, inflammatory infiltration
was detected in lung at the earliest time point and continued to
increase throughout most time points, whereas practically no
inflammatory cells were detected in brain (Fig. 1B). Likewise,
degenerative changes (necrosis of several cell types including
airway epithelium) were detected in lung early on and persisted
throughout most of the time course, whereas only spurious
changes (a mild neuronal necrosis at 16 hpi) were detected in
brain (Fig. 1C). Thus, the observed higher viral replication in
lung was paralleled by a much more intense inflammatory
response and cell/organ damage in this organ compared to brain.

The repertoire of sncRNAs in duck lung and brain

As shown in Fig. S1, Table 1 and Table S1, the average
number of generated reads was somewhat higher in lung
than in brain. More than half of these (68.2 and 61.4% in
lung and brain, respectively) passed the length filter (default
thresholds for removal were <32 and >15 nts). Of the unique
mapped reads, 52.4% (lung) and 41.8% (brain) mapped
uniquely to one of the small RNA classes (miRNA, piRNA,
snoRNAs, and snRNAs) or to miscellaneous RNAs (rRNAs
[ribosomal RNAs] and other RNA that mapped to the duck
genome) (Fig. S1). A reads-vs.-sequence length plot revealed
highest expression around 22 bases, which agreed with the
expected size distribution of small RNAs (Fig. S2).

A total of 93,598 piRNAs, 518 miRNAs, 110 snoRNAs and
10 snRNAs were expressed in various abundance in lung and
brain across all samples. As shown in Fig. 2A,B, both the
number of detected sncRNA species and their expression
levels varied by sncRNA class, following similar patterns in
lung and brain. Even though piRNA constituted the highest
number of expressed sncRNA, about 90% were expressed at
extremely low levels (mean <10 CPM per library). On the
average, less than 1% of all expressed piRNAs contained
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>100 CPM and none were expressed at >10,000 CPM. miRNA
expression, on the other hand, followed a different pattern in
that there were much fewer lowly expressed species and that
most sncRNA >10,000 and all >100,000 CPM were miRNA.
Indeed, when considering only sncRNA with an average of
>10 CPM, miRNA constituted the sncRNA class with the
greatest number of reads in both organs (Fig. 2C,D), followed
by miscellaneous RNAs. miRNA were somewhat more abun-
dant in lung than in brain, but there were no differences
between lung and brain in terms of the other sncRNA classes.
Also, lung and brain did not differ in the total number of

species in each sncRNA class (Fig. 2E). The mirdeep2 algo-
rithm predicted seven novel miRNAs, three of which were
highly abundant (mean >1000 CPM/sample) in both organs.
The structures of two of these highly abundant predicted
miRNAs are shown in Fig. S3.

Reprogramming of sncRNA expression following H5N1
infection in duck lung and brain

nMDS plots (Fig. 3) and the underlying Euclidean distances
(Fig. S4) were then used to compare the two organs in terms of

Figure 1. Viral transcription and tissue inflammation and degeneration in lung and brain of HPAI (H5N1)-experimentally infected ducks.
(A) Relative quantification of HAmRNA in lung and brain (three animals/time point), respectively. The FC in expression was calculated using the 2−ΔΔCTmethodwith duck β-actin
mRNA as internal reference; the HA mRNA background signal detected in mock infected ducks was arbitrarily assigned the reference value of 1. This figure was adapted with
permission from the publisher using data originally published in [24]. (B, C) Semi-quantitative scoring of inflammation (b) and degeneration (c) in lung and brain throughout the
time course, based on H&E-stained sections from three animals per time point. Each score consists of the average of subscores evaluating intensity and area involved, with a
maximal possible score of 3.5. Data are plotted as the mean (±95% CI of SD) of three animals. The statistical significance of the differences between the two organs in terms of
virus transcription at each time point was calculated using unpaired, two-tailed t-test. *P ≤ 0.05; **P ≤ 0.01;***P ≤ 0.001.

Table 1. Overview of the reads generated by small RNA-seq. of infected and mock-treated duck lung and brain. Values correspond to the average of the 30 libraries
per organ representing all time points and replicates.

Organ
% trimmed

reads
Initial number

of reads
Number of

mapped readsa
Number of unique
mapped readsb

Unique mapped
reads (%)c

Average read
length

Reads that are too short, mapped to
multiple sites

Lung 99.323 30,360,320.7 20,719,684.9 10,871,008.2 35.91686322 21.45 9,848,676.9
Brain 98.93 28,558,210.5 17,554,756.7 7,338,987.9 25.62837304 21.039 10,215,768.8

aReads that remained after applying the length filter (default threshold for removal are <32 and >15 nts).
bReads that mapped to one of the small RNA databases (miRNAs, snoRNA, snRNA, rRNAs), miscellaneous RNA or the respective genome (reads shorter than 20 nt
with 0 mismatches, longer than 20 nt with 1 mismatch).

cPercentage of unique mapped reads out of the initial mapped reads.
Individual values for each time point and organ are shown in Table S1.
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extent and kinetics of reprogramming of the four sncRNA
classes throughout infection. miRNA, piRNA and, to a some-
what lesser extent, snoRNA expression patterns clearly differ-
entiated between the two organs even in the uninfected state
(mock). In general, expression changes in all four sncRNA
classes were greater in lung than in brain, but were evident as
early as 8 hpi in both organs. In lung, reprogramming of
miRNA and piRNA peaked by 72 h, of snRNA between 72
and 96 h, and that of snoRNA somewhat sooner (40 hpi) (Fig.
3). Changes in expression were less clear in brain. Visualization
of Euclidean distances (Fig. S4) supported the impression from
the nMDS that the differences in organ-specific expression
patterns (i.e. lung vs. brain at most time points) of miRNA
were greater than the changes induced within each organ by
the evolving infection. In contrast, even though piRNA popula-
tions differed clearly between uninfected lung and brain, there
were additional substantial infection-induced changes in
piRNA expression, particularly in lung. Of note, expression of
snRNA in lung and brain was nearly identical, but was affected
markedly by infection in both organs as early as 8 hpi, i.e.
approximately the duration of one cycle of IAV infection.

Differential expression of miRNAs in lung and brain

To obtain an overview of the differences of miRNA repro-
gramming between lung and brain at different phases of
infection, the number of miRNA DE events across the time
course (i.e. if one miRNA was DE at two time points it was
counted as two; n = 157 in lung and 23 in brain) was

compared between lung and brain (Fig. 4A and Fig. S5). In
both organs, there were more DE events featuring up-regula-
tion than down-regulation (Fig. S5) except during the middle
infection phase in brain. There were 80 and 18 DE miRNAs in
lung and brain, respectively (Fig. 4B). Sixty-seven miRNAs
were exclusively DE in lung, but only 5 exclusively in brain.
Additionally, 13 miRNAs were DE in both organs at least at
one time point (Fig. 4C–D). Although these 13 miRNAs were
DE in both organs, extent and timing of their DE differed
substantially between the two organs throughout the course of
the infection (Fig. 4D,E).

Kinetics of differential miRNA expression in lung and
brain

miRNA reprogramming started sooner and reached a higher
extent in lung than in brain. In lung, there was a burst of DE
during the first 24 hpi (early), followed by a period of relative
quiescence (32–48 hpi, middle) and then a major peak of DE
at late time points (72–120 hpi, late) (Fig. 4D). DE in brain
was not observed during the early phase, to a mild degree
during the middle phase, and, again, was maximal during late
infection (although it was less intense than in lung) (Fig. 4E).
These results were corroborated when considering the total
number of DE events, i.e. counting two events if a miRNA
was DE at two time points, etc. (Fig. S5). In an attempt to
determine the potentially most robust miRNAs related to
H5N1 virus infection in each organ, we tested whether any
of the organ-specific miRNAs were DE in all infection phases.
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Figure 2. Overview of the distribution of the four major sncRNA classes in lung and brain of mock- and HPAI H5N1-infected ducks (n = 30 in each organ). (A, B)
Distribution of the average number of sncRNA species grouped according to expression level (average normalized read count, CPM). X-axes show ranges of mean
expression level (reads), y-axes the number of species of each of the four sncRNA classes within the respective range. (C, D) Global abundance of each sncRNA class
based on their average normalized read counts, based on all sncRNA species of >10 CPM/sample. (E) Comparison by sncRNA class of the average number of
identified sncRNA species (y-axis) vs average expression level (x-axis), based on all sncRNA species with expression of >10 reads/sample.
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As shown in Fig. S6, 62.6%, 13.4% and 2.9% of the 67 lung-
unique miRNAs were DE in late, middle and early infection
phase, respectively, and five of these were DE in all infection
phases. Of the five brain-unique DE miRNAs, three were DE
only during the late infection phase and two (one known and
one predicted) miRNAs were DE in both middle and late
phases. Taken together, the above results agree with the find-
ings from our previous study [24], where we found that
weight loss commenced at 16 hpi and continued at a relatively
stable rate, whereas mortality was by far greatest in the late
phase starting at 72 hpi; this phase also coincided with the
greatest degree of miRNA DE in both organs.

Genomic loci of selected differentially expressed miRNAs

Considering the strong organ specificity of the miRNA
responses, we tested whether there was an association between
the organ-specific expression pattern of certain miRNAs and
their co-localization in the duck genome. In the most recently
released draft genome of the mallard duck (A. platyrhynchos)
[25], the duck genome sequence has not been assigned chro-
mosome locations. Instead, 78,487 sequences were arranged
into scaffolds, i.e. contigs that have not been assembled into
known chromosomes. Therefore, it was only possible to
retrieve each scaffold position and the transcripts of the 85
miRNAs DE in lung and/or brain contained in it (Fig. 4C–E).

As shown in Table S2, the 85 miRNAs are predicted to origi-
nate from 65 transcripts (ranging in size from 64 to 159 base
pairs) positioned in 63 scaffolds. Fourteen of these 63 scaffolds
(22.2%) were found to host more than 1 miRNA (range = 2–5
miRNAs). The majority of these 14 scaffold (11, 78.5%) con-
tained miRNAs that exhibit the same organ-specific DE pattern
(i.e. scaffolds that contain miRNAs DE specifically in lung
(n = 10) or those that contain miRNAs DE commonly in
lung and brain (n = 1)), whereas three of them (21.4%) con-
tained miRNAs that were DE in a non-organ-specific manner
(i.e. the scaffolds contain miRNAs that are DE in lung and
others that are DE commonly in lung and brain). Performing a
χ2 analysis on these data revealed that the miRNAs that were
DE specifically in lung had the propensity to also co-localize on
the same scaffold (Fisher’s exact test, P = 0.009). Interestingly,
all miRNA commonly DE in both organs localized on the same
scaffold. We also found that miRNAs that were positioned on
one scaffold might originate from different (n = 9) or the same
(n = 5) transcripts. In contrast, all five brain-specific miRNAs
localized on separate scaffolds. There were differences between
our analysis and information available in Ensemble in that 12
miRNAs for which our analysis revealed scaffold positions did
not have annotated sncRNA positions in Ensemble (duck). By
searching their orthologous positions in chicken (Gallus gallus),
four were found to constitute miRNAs, one a snoRNA
(snoRNA58), but the remaining seven could not be assigned.

Figure 3. Global reprogramming of sncRNA classes in lung and brain of HPAI H5N1 virus-infected ducks.
Non-metric multidimensional scaling (nMDS) analysis, based on Euclidian distance, was applied to normalized expression values (CPM) of 518miRNAs, 470 piRNAs (with a mean
expression of >10 CPM), 110 snoRNAs, and 10 snRNAs. Each dot is based on the average read count (three biological replicates) of each sncRNA species at the respective time
point in lung and in brain. Both organ-specific and infection-driven changes are seen in miRNA, piRNA and snoRNA, but only infection-driven changes in snRNA.
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Figure 4. Differential expression patterns of miRNAs in lung and brain of H5N1-infected ducks across the three major phases of infection.
(A) Number of miRNA DE events (i.e. if one miRNA was DE at two time points it was counted as two) in lung and brain at all time points. (B) Number of miRNAs that
are DE (regardless of the number of time points) in lung and/or brain. (C, D) Heat maps showing the log2 FC values of the miRNAs that were DE in lung (n = 80) and
in brain (n = 18). The red coloured miRNAs refer to those that are DE in both organs (n = 13). The remaining ones in each organs (black coloured miRNAs) are DE
uniquely in each organ (lung = 67, brain = 5). Early = 8–24 hpi, middle = 32–48 hpi and late = 72–120 hpi. miRNAs were considered DE if they had log2 FC
values > 0 (up-regulated, red coloured cells in the heat maps) or <0 (down-regulated, blue coloured cell in the heat maps) and adjusted P-values <0.05. MiRNAs were
named after comparison with miRBase. Several miRNAs are either identical in sequence, but located on different genomic regions, or differ in 1–2 nucleotides and are
located in the same genomic region; these were considered the same miRNA and were assigned the same name. MiRNAs that start with ‘KB’ could not be matched
with any miRBase entry but were present in Ensemble. Novelmirna are predicted miRNAs that are not present in any of the databases.
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Analysing the chicken orthologs of the 85 studied miRNAs also
revealed that three duck miRNAs are predicted to originate
from snoRNAs. Of these, only one was annotated as a snoRNA
in Ensemble (duck), one was identified as miscellaneous
miRNA, and one was not found.

Prediction of organ-specific and common targets of the
differentially expressed miRNAs

The regulatory functions of miRNAs rely mainly on targeting
genes which themselves form components of various regulatory
networks. As shown in Fig. S7, there was considerable overlap
among the predicted target genes of the organ-specific DE
miRNAs. However, functional prediction revealed that
miRNAs regulate different pathways in lung and brain (Fig. 5
and Table S3). Overall, the identified KEGG pathways tended to
be more numerous and more highly enriched in lung (n = 9;
mean 13.3%) than in brain (n = 6; mean 2.5%). In lung, seven of
the nine enriched KEGG pathways (RNA polymerase,

proteasome, apoptosis, toll-like receptor signalling pathway,
focal adhesion, and extracellular matrix) as well as the endothe-
lin receptor B component of the neuroactive ligand receptor
interaction pathway could be directly related to IAV infection
and/or inflammation, and the enrichment of apoptosis agreed
well with our histological data of increased cell/tissue degenera-
tion in lung (Fig. 1C). In contrast, in brain, most of the identified
pathways related to metabolism. As tabulated in Table S3,
enriched lung GO terms related to immunological process (e.g.
natural killer cell mediated cytotoxicity), molecular processes (e.
g. TGF-β activated receptor and phosphatidylinositol 3-phos-
phate), and biological processes (e.g. quinone and ubiquinone
biosynthesis). In brain, GO terms such as positive regulation of
axon extension and protein catabolic processes were enriched.

Discussion

Based on a de novo annotation of the duck sncRNome, we
provide the first integrated analysis of expression changes in

Figure 5. KEGG pathway enrichment predicted to be regulated by miRNAs DE in lung or brain during HPAI (H5N1) infection.
1358 predicted mRNA targets for the 67 miRNA DE in lung and 87 predicted mRNA targets of the 5 miRNA DE only in brain were used as input to retrieve the KEGG
pathways enriched in the respective organ (P-value ≤0.05). The degree of enrichment of each KEGG pathway was determined by the percentages of the associated
genes (number of the predicted target genes/overall number of gene entities in the corresponding pathway).
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late infection phase (grey box). This was associated with higher enrichment of KEGG pathways targeted by the DE miRNAs in lung than in brain.
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all major sncRNA classes following HPAI H5N1 virus (clade
2.2.2.1) infection in a natural host, the duck. In addition to the
expected changes in miRNA expression, we identified major
reprogramming also in piRNA and, less so, snoRNA and
snRNA populations. Consistent with the previously described
higher viral replication and stronger histopathologic changes
in lung than in brain, expression changes of sncRNAs were
greater in lung than in brain and predicted miRNA-regulated
pathways in lung related more to anti-viral, inflammation and
tissue damage responses, whereas in brain mostly to basic
metabolic pathways. These findings are summarized schema-
tically in Fig. 6.

Reprogramming of the major sncRNA classes

Studies on sncRNA dysregulation during IAV infection in
avian hosts have mostly neglected the non-miRNA classes of
sncRNA, likely due to the lack of bioinformatics tools and/or
annotated sncRNomes. As expected, we found a strong repro-
gramming of miRNA expression in the majorly affected target
organ, the lung, but also a small number of miRNA that are
specifically DE in brain. Our results revealed that, in addition,
populations of piRNA and, less so, snoRNA differed consid-
erably between these two organs, even before infection, but
that a substantial degree of expression change also took place
after infection.

Although piRNAs were the sncRNA class with the highest
species number, the majority of detected piRNAs were
expressed at a low level. This suggests (1) that the activity
and function of piRNAs might depend more on synergism
between multiple species rather than on the activity of a single
molecule, or (2) that a fair number of lowly expressed piRNA
(<10 CPM reads/library) species may constitute biologically
not very relevant RNA ‘noise’. On the other hand, the strong
organ-specific and infection-driven expression changes in the
more abundant piRNA (>10 CPM reads/library) (Fig. 3 and
Fig. S4) clearly point to a strong association with organ-
specific and infection-related processes. The latter finding
agrees well with the previously documented roles of piRNAs
in silencing the activity of transposable elements (TEs) [26]
and as anti-viral factors in insects [27], and strongly suggests
that piRNA play roles also in higher organisms (in this case, a
vertebrate) in cellular responses to viral infections. In addi-
tion, the clear differences in piRNA populations between
uninfected lung and brain add to the accumulating evidence
that piRNAs may play important roles in eukaryotic gene
regulation in general (reviewed in [20,28]). Clearly, further
research is needed to empirically validate the expression and
elucidate the function of this interesting class of sncRNA in
host responses to influenza infection in the duck and other
hosts. Our results showed that miRNAs (which were much
lower in number than piRNAs) tended to be the most highly
expressed sncRNA class. This was comparable to the results
obtained in previous studies in lungs of mice infected with
PR8 H1N1 viruses [29,30] and in thymus, bursa and spleen of
H5N1-infected chicken and ducks [13]. SnoRNA expression
was intermediate. These molecules are known to regulate
basic aspects of ribosome function and can give rise to other
regulatory short RNAs [21]. Considering that influenza virus

infection impacts strongly on host cell translation, it will be of
interest to study whether DE of snoRNAs participates in this
cross-talk between virus and the host cell machinery.

Pathophysiologically important differences between lung
and brain in predicted miRNA functions and regulated
pathways

Due to the lack of bioinformatics tools to predict pathways
regulated by piRNA or snoRNA, we restricted the predicted
pathway analysis to miRNAs. Nevertheless, we found strong
evidence of inter-organ differences in piRNA and snoRNA
expression and also a significant degree of expression change
throughout infection. It remains to be tested, once the corre-
sponding pathway prediction tools for these sncRNA classes
are available, whether the identified factors/pathways relate to
specific pathophysiological differences as in the identified
miRNA-regulates pathways, or whether the processes regu-
lated by piRNA and snoRNA relate more to basic aspects of
metabolism and homeostasis.

Our analysis revealed substantial differences between lung
and brain in terms of the predicted miRNA-regulated path-
ways. The kinetic of histopathological analysis in Fig. 1B,C as
well as our previous histopathologic analysis of organs derived
from the same duck infection experiment [24] clearly showed
marked cellular infiltration, histological alterations and cell
damage in lung, but only mild changes (without any evidence
of inflammatory cell infiltration into parenchyma) in brain.
Consistent with this, the predicted KEGG pathways in lung
related to antiviral responses, inflammation, and cell damage
response/apoptosis. In addition, the GO terms revealed PI3-
phosphate binding. These two latter findings agree well with
our results from a mouse model of IAV infection, where an
analysis of miRNA expression in infected lungs from DBA/2J
mice (more susceptible to IAV infection) vs. lungs from
C57BL/6J mice (less susceptible to IAV infection) revealed a
strong induction of miRNA known to regulate apoptosis and
the PI3K pathway [30]. Furthermore, the rapid and early
induction of apoptosis in duck lung has been previously
reported in experimental infection of duck embryos and pri-
mary lung cells with H3N2, H1N1 and H5N1 [31]. The
proteasome pathway was among the highly enriched KEGG
pathways in lung, with seven genes within it being targets of
lung-specific DE miRNAs. Given the importance of the ubi-
quitin proteasome system in the entry of IAVs into host cells
[32], it is tempting to speculate that the invading H5N1 virus
may use miRNAs to fine tune the host machinery for its own
benefit. Glyoxylate and dicarboxylate metabolism was the
third most highly enriched KEGG pathway in lung. This
observation suggests that basic metabolic pathways may also
be altered in H5N1 infected duck lung, but the exact implica-
tions of this intriguing observation remain to be elucidated.

In the absence of experimental verification, investigating
the predicted miRNA–mRNA interactions might help to
determine whether the observed miRNA reprogramming is
part of the tissue-intrinsic anti-viral response or a virus-dri-
ven effect. For example, miR-145 and miR-125b, which were
DE only in lung, target the zinc finger proteins ZFYVE19 and
ZBTB8OS, which are known to mediate type-1 IFN induction
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during seasonal influenza virus infection [33]. Thus, it is likely
that the induction of these miRNAs in lung is driven by H5N1
virus to dampen host immunity. Conversely, other lung-spe-
cific miRNAs (e.g. miR-194, miR-20b, miR-106 and miR-146)
were predicted to target protein tyrosine phosphatase
(PTPN2), a suppressor of interferon responses [34], suggest-
ing that this may be part of the intrinsic host response geared
towards initiating IFN-mediated anti-viral activities.

Interestingly, many of the identified lung-unique miRNAs
have been reported previously to be DE in lung or trachea of
IAV-infected chicken or ducks [16,17]. Two of the lung spe-
cific miRNAs, miR-130a and miR-125b are particularly
important because they were DE with respect to mock infec-
tion in all phases of H5N1 infection. miR-130a expressed in
chicken lung was previously predicted to target the polymer-
ase basic 1 (PB1) segment of H5N1 virus [35] and was
significantly up-regulated in lungs of H5N1-infected mice
irrespective of virus pathogenicity [36]. miR-125b was de-
regulated upon H5N3 virus infection in lung and trachea of
chickens [16] and exhibited a similar DE pattern in thymus,
bursa and spleen of HPAI H5N1-infected chicken and ducks
[13]. This miRNA was found also to be DE after IAV infec-
tion in humans and pig [15,37].

In brain, only one of the six predicted pathways (mTOR)
related to known anti-IAV responses. It is tempting to spec-
ulate that (in analogy to a recent publication using a cellular
model of IAV infection), regulation of mTOR in H5N1-
infected duck brain relates to autophagy, as a manifestation
of cell stress and/or viral replication [38]. The other five
KEGG pathways related to cellular metabolism. This agrees
well with the well-established finding that viral CNS infec-
tions can effect profound changes in CNS metabolism, for
instance by altering energy substrate utilization or inducing
the tryptophan-kynurenine-NAD+ pathway [39]. Indeed,
tryptophan metabolism was one of the predicted KEGG
pathways in brain. In addition, these findings fully support
the histological observation that we detected essentially no
inflammatory or degenerative changes in brain in our study.
They also suggest that the strongly manifested neurological
signs of these ducks at the time of death [24] are not due to
destruction of brain parenchyma (as is often observed in
HPAI H5N1 infection of susceptible avian hosts) but due
to subcellular events of neurodegeneration or a metabolic
encephalopathy.

This is the first study designed to identify brain-specific
miRNA in influenza virus infection of any species. Only five
miRNAs were DE only in brain, three of which have been
studied in other models. miR-183, which was down-regulated
in brain in both middle and late time points, was down-
regulated in the brain of mice infected with rabies virus
[40], arguing that the down-regulation of this miRNAs may
be a general feature of neurotropic viruses. miR-138 has pre-
viously been shown to regulate cyclin-dependent kinase 13
(CDK-13) in IAV-infected human respiratory epithelial A549
cells [41]. miR-1416 is expressed in chicken lung and has been
predicted to target the PB1 segment of H5N1 virus [35].
Further studies are needed to explore the potential function
of these miRNAs in the context of HPAI (H5N1) virus infec-
tion in ducks.

Genomic localization of the significant DE miRNAs

A large proportion of host-encoded miRNAs (36% of human,
46% of mouse miRNAs) reside in clusters on the genome [42].
MiRNAs within a single cluster are usually transcribed as
single polycistronic primary transcripts and thus might be
cooperatively expressed during the same biological processes
[43]. Albeit our analysis was done on a small set of miRNAs,
our results showed that the majority (11/14, 78.5%) of miRNA
clusters harboured miRNAs that exhibited an organ-unique
DE pattern, suggesting the possibility that the organ-specific
DE pattern is linked to the co-localization of the respective
miRNAs. Additional wide-scale bioinformatics analyses of
other experimental systems featuring duck are needed to
unravel the link between the co-localization of miRNAs and
their biological functions in the context of IAV infection. The
observation that three miRNAs were found to be homologs to
snoRNAs in chicken support the notion that snoRNAs could
generate miRNAs as a part of their regulatory function [44].

miR-223 and miR-155

It is worth mentioning that while miR-223 and miR-155 have
been implicated in various aspects of IAV pathogenesis
[30,45,46], in our study, miR-223 was not detected and miR-
155 was detected but not DE (adjusted p = 0.1–0.8). This clearly
substantiates the notion that the miRNA response to IAV
infection differs depending on host species and/or viral strain.

Limitations of the presented study

The low number of biological replicates per time point, which
was necessary in order to find a compromise between sampling
a sufficient number of time points, achieving an acceptable
statistical power per treatment, and animal welfare considera-
tions, limits some of the interpretations. Future work should be
directed at using higher numbers of biological replicates, but
focusing on fewer time points. In addition, including one or
more time points beyond 120 hpi would be important, as both
viral transcription and miRNome reprogramming were clearly
still ongoing at 120 hpi. This would help unravel long-term
effects of the virus, particularly on the brain. Since the duck
genome is still incomplete, the annotations done in this study
are mostly based on similarity searches to closely related species
(i.e. chicken) and the duck sncRNAome will certainly experi-
ence some revision once genome annotation and chromosome
assignment have been completed.

Conclusions

The results of the current study provide first insights into
tissue-specific responses of all major sncRNA classes, with
most detailed focus on miRNA, during HPAI H5N1 virus
infection in a natural avian host, the duck . Expression of
specific sncRNA will differ depending on tissue tropism and
virulence of the viral strain used, but the overall principle that
expression in all four sncRNA classes is reprogrammed in
response to organ- and virus-specific factors will likely to be
a recurring theme. These data open new avenues for future
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studies on sncRNA classes in the responses of avian and other
hosts (including humans) to influenza virus infection, parti-
cularly their functions in regulating end-organ damage and
permissiveness of an organ to entry, replication and transmis-
sion of the virus.

Materials and methods

Virus propagation and titration

The A/chicken/Faquos/amn12/2011 (H5N1) strain (PubMed
accession number: JQ627585.1) was kindly provided by Dr.
Abdo Nagy (Virology Department, Faculty of Veterinary
Medicine, Zagazig University, Zagazig, Egypt) and was used in
this experiment. This virus was isolated from household broiler
chickens following a fulminant outbreak in El-Sharkia province,
Egypt. Viral propagation and titration were done as previously
described [47]. Briefly, 200 µl of the virus was inoculated into 11-
day-old specific pathogen-free (SPF) embryonated chicken eggs
(SPF-ECEs), and equal numbers of SPF-ECEs were used as
control groups. All SPF-ECEs were incubated and monitored
daily for viability. The propagated virus was identified in the
harvested allantoic fluid by haemagglutination inhibition (HAI)
test as described previously [47]. Virus titres were calculated
according to the Reed and Muench method [48].

Experimental infection

Detailed infection protocols are described in [24]. Briefly, prior to
virus inoculation, previous H5N1 infection was excluded by test-
ing blood samples using HAI test and enzyme-linked immuno-
sorbant assay (ELISA). Two-week-old ducks (average weight
730 g) were separated into two groups: mock treatment (n = 30)
and HPAI H5N1 infection (n = 60) groups. Ducks in both groups
were inoculated intranasally with 100 µl of PBS or 100 µl of a viral
suspension containing 106.7 embryonated egg infective dose 50
(EID50), respectively. At least three infected ducks that showed
clinical signs were euthanized at 8, 16, 24, 32, 40, 48, 72, 96 and
120 h post-infection (hpi). For comparison, three randomly
selected ducks from the mock-treated group were euthanized.
Lung and brain tissues were kept in RNAlater (Qiagen) at −80°
C until RNA extraction. All experimental work was done in
compliance with the local rules on animal welfare and was
approved ahead by the Ethics Committee for Animal Studies at
the Faculty of Veterinary Medicine, Zagazig University, Egypt.

RNA extraction and mRNA expression analysis

The biosamples were collected in the context of the studies
published in [24]. Extraction of total RNA, reverse transcrip-
tion (RT) and reverse transcriptase real-time PCR (RT-
qPCR)-based detection of viral haemagglutinin (HA) mRNA
was performed as described previously [24].

Kinetics of histological alterations in lung and brain

4-µm-thick sections of formalin-fixed, paraffin-embedded tis-
sues were stained with haematoxylin-eosin (H&E) and eval-
uated by a board-certified veterinary pathologist (co-author

FS), who was blinded to the identity of the slides.
Inflammation (inflammatory infiltrates) and cell/tissue degen-
eration (necrotic lesions) were assessed separately in samples
from three ducks at each time point. For each of the two
parameters, degree (intensity) (0 = not detected, 1 = low
intensity, 2 = intermediate intensity, and 3 = high intensity)
and tissue area involved (0 = not detected, 1 = 1–25%, 2 = 26–
50%, 3 = 51–75%, and 4 = 76–100%) of total area were scored
and the intensity and area involved subscores was taken to
yield the final score. Representative H&E stains of lung
(16 hpi) and brain (48 hpi) are shown in [24].

Library preparation and small RNA sequencing (RNA-seq.)

Small RNA-seq. was carried out as described previously [30]
using the TruSeqTM Small RNA-seq. Kit and a HiSeq 2500
Illumina sequencer (both Illumina, Inc., San Diego, CA, USA).
The TruSeqTM Small RNA-seq Kit is specific for miRNAs and
other small RNAs (sRNAs) that have a 3ʹ-OH group resulting
from enzymatic cleavage by RNA processing enzymes. RNA
(approximately 1250 ng/sample) was used to synthesize comple-
mentary DNA (cDNA), which was then amplified through 15
PCR cycles. Gel electrophoresis was used to separate cDNA
library fragments (nucleotide length = 150 nucleotides (nts))
and the cDNA was then isolated from the excised gel slice.
Tissues from at least three animals per condition were analysed.
Eight samples per lane were sequenced using Illuminamolecular
barcode. To reduce batch effects, samples from the same time
point were never run on the same lane.

Identification, prediction, and annotation of Sudani duck
sncRNAs

Small RNA prediction and identification were conducted
using OASIS [49]. To annotate known and to predict novel
sncRNAs including miRNAs, the sRNA detection module of
OASIS was used to align the sequenced reads to the duck (A.
platyrhynchos) genome (BGI_duck_1.0) [25] available in
Ensemble [50]. Primers and adaptor sequences were removed
using the cutadapt software (version 1.8.1) [51]. Quality con-
trol was done using fastqc version 0.11.2. Since only four duck
miRNA species were annotated in the most recent version of
miRBase (version 22.1) [52], putative duck miRNAs were
annotated using the Mirdeep2 software (version.2) [53] by
similarity with miRNAs annotated for other species in
miRBase version 22.1 [52]. snoRNAs, snRNAs and rRNAs
were retrieved from the Ensemble database by matching the
sequenced reads against human (version GRCh38.74), mouse
(version GRCh38.74) and Drosophila melanogaster (version
BDGP5.77) [50]. Duck genome (version ap1) was mapped
against all libraries using Spliced Transcripts Alignment to a
Reference (STAR) software [54]. We used the following
restricting mapping parameters to minimize the number of
mapped contamination and artefacts: out filter Mismatch
NoverLmax 0.05 (allowing 0 mismatches for reads with length
15–19 and not more than 1 mismatch for reads with length
20–32), out-filter-Match-N-min15, out Filter Score Min Over
Lread 0, out filter Match N min Over Lread 0, align Intron
Max 1, reads mapping to more than five positions on the
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genome were not considered. The size limit of ≥15 bases was
chosen because a particular sequence of this length would be
expected to occur 1 in 4.2 Gb, whereas the duck genome is
only 1.1 Gb in size. To annotate the piRNAs, the sequenced
reads (fastq files) were mapped against known chicken
piRNAs (n = 17,167,95) included in piRBase [55]. In order
to count the number of reads on each predicted and anno-
tated miRNA, we used the featurecounts software (version
1.5.0) [56] with default parameters.

Non-metric multidimensional scaling analysis

In order to describe global changes in the expression of
sncRNAs in lung and brain and across the time course of
the infection, mean expression (count per million reads,
CPM) of each identified sncRNA species (miRNAs = 518,
snoRNAs = 110, snRNAs = 10) at each time point was used
as input into a non-metric multidimensional scaling (nMDS)
analysis based on Euclidean distances. Because it was not
feasible to use all the 93,598 predicted potential piRNAs,
only piRNAs with mean >10 CPM across all samples
(n = 470) were used for the nMDS. The analysis was done
using PC-ORD (V. 5) software, Gleneden Beach, OR, USA.

Differential expression analysis of the identified miRNAs

The count files produced from the small RNA detection
module of OASIS were used as inputs into the DE module
of OASIS [49], which includes the R package DeSeq2 (version
1.10.1) [57]. MiRNAs with adjusted p-values <0.05 and a FC
of ≥1 or ≤1 were considered significantly DE.

Genomic position of selected differentially expressed
miRNAs

We used the draft assembly of the mallard duck (A. platyr-
hynchos) genome (BGI_duck_1.0) [25] available in Ensemble
[50], which had been assembled to the scaffold level, to assign
the genomic location of the DE miRNAs. We defined the
location of each miRNA with respect to the genome scaffolds
and the pri-miRNA transcript by using a restricted mapping
alignment in order to avoid contaminants and artefacts.

In silico target prediction and functional analyses of
differentially expressed miRNAs

The sequences of the 3ʹ-untranslated regions (UTRs) of the
annotated duck mRNAs were retrieved from Ensemble select-
ing duck as background and using biomaRt queries (version
2.27.2) (http://www.biomart.org/). For RNA target prediction,
RNAhybrid target predictor software [58] was used. For cali-
bration purposes, the frequencies of dinucleotides were calcu-
lated using all 3ʹ-UTR sequences. Using the dinucleotide
frequencies, RNA calibrate (parameters ‘-d 3 UTR_duck.freq
-k 5000 -l 500,300’) was executed to estimate position and
shape parameters of the 3ʹ-UTRs. The resulting values were
2.20 and 0.17 for position and shape, respectively, and were
used as input for the RNA hybrid. All targets with p-values
<0.001 were selected. To predict functions of the DE miRNAs,

the target mRNA genes for the significant DE miRNAs were
used as inputs in ClueGo V2.1.7 [59], a Cytoscape [60] (V
3.2.0) plug-in, using the default parameter and duck (A.
platyrhynchos) as background species. This allowed retrieving
the Gene Ontology (GO) terms and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways. These analyses iden-
tified a total of 2121 gene targets, comprising 1358 predicted
targets for the 67 miRNAs DE in lung, 87 predicted targets for
the 5 miRNAs DE in brain, and 676 target genes for the 13
miRNAs DE in both organs. The enriched GO and KEGG
terms were selected with a cut-off of P ≤ 0.05. The degree of
enrichment of a certain GO term or KEGG pathway was
determined by the percentage of associated genes (calculated
as number of identified genes/total number of gene entities in
the respective GO term or KEEG pathway).
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