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Abstract Avian encephalomyelitis (AE) is an impor-
tant infectious poultry disease worldwide that is caused by
avian encephalomyelitis virus (AEV). However, to date, the
dynamic distribution of AEV in quails has not been well
described. Quantitative real-time polymerase chain reaction
(qPCR) and immunohistochemistry (IHC) assays were used
to investigate the dynamic distribution and tissue tropism
of AEV in experimentally infected Korean quail. AEV was
detected in the cerebrum, cerebellum, proventriculus, intes-
tine, liver, pancreas, spleen, bursa, lung and kidney as early
as 3 days post-infection (dpi). The viral loads in the proven-
triculus, intestine, spleen and bursa were relatively higher
than in other tissues. According to the qPCR results, AEV
XY/Q-1410 infection lasted for at least 60 days in infected
Korean quail. Immunohistochemistry-positive staining sig-
nals of AEV antigen were analysed by Image-Pro Plus soft-
ware. A positive correlation between qPCR and THC results
was identified in most tissues. Our results provide an insight
into the dynamic distribution of AEV in various tissues after
infection. The distinct dynamic distribution of the viral
genome in Korean quail in the early and late stages of infec-
tion suggests that AEV replication is affected by antibody
levels and the maturity of the immune system of the host.
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Introduction

Avian encephalomyelitis (AE), which is caused by avian
encephalomyelitis virus (AEV), is an important poultry
infectious disease of chicken, pheasant, turkey and quail
worldwide [1-3]. Young chicks show neurological symp-
toms, including ataxia, paresis and rapid tremors of the
head and neck, and have high morbidity and variable mor-
tality [4]. In adult chickens, infection is usually subclinical,
although accompanied by transient declines in egg produc-
tion and hatchability [5-8].

AEV viruses (classified within the family Picornaviri-
dae within the genus Tremovirus) are non-enveloped, single-
stranded and positive-sense RNA viruses [1, 9, 10]. As AEV
does not grow efficiently with a low titre and has no visible
cytopathic effect in cell culture [11-13], the detection of
AEV is limited to specific antibody assays, such as neu-
tralisation [14], serum-neutralisation [15], agar gel precipitin
[16], fluorescent antibody [17, 18] and passive haemagglu-
tination [19] tests. Molecular biology techniques, such as
RT-PCR, cDNA hybridisation probes, and quantitative real-
time PCR (qPCR), are capable of more rapid and sensitive
detection of AEV than antibody-based methods and qPCR
has been used to detect the virus genome and quantify the
viral RNA [4].

To date, the tissue distribution of AEV has only been
conducted in experimentally infected chickens or laying
hens using fluorescent antibody tests [20, 21]. No study
on the tissue distribution of AEV in quails has ever been
published. Recently, several clinical cases have indicated
that AE in quail farms can result in losses, due to the death
of quails. However, the pathogenic mechanisms underpin-
ning AEV mortality in quails is not clear. As the knowledge
of virus distribution within an infected host is essential for
understanding the pathogenic mechanisms of the virus, we
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analysed the dynamic tissue distribution of AEV at the very
early stage of infection. These data may also provide useful
information for AEV detection and control.

Materials and methods
Virus preparation

The AEV isolate XY/Q-1410 (KY454766) was collected
from naturally infected quails from Xianyang in 2014.
Infections by several other avian viruses (NDV, IBV, AIV
(H9N2)) were ruled out by PCR detection. The methods
for detection were as described as previously [22-24]. The
results are also shown in the supplementary material (Fig.
S1). Virus in homogenate —0.2 g of infected quail brain in
200 ul of cold phosphate-buffered saline (PBS) was titred
to calculate the median embryo infectious dose (EIDs).
The EID5, was calculated according to the algorithm of the
Reed—Muench method [25]. The grinding fluid was stored
at —80 °C until use.

Challenge experiments and sampling

Two hundred one-day-old Korean quails were randomly
separated into two groups: the non-infected group (group I,
n = 80) and the infected group (group II, n = 120). All the
quails were maintained in isolators and fed a commercial
diet twice per day. Each bird in group II was challenged
with 10° EIDs,/0.2 ml of XY/Q-1410 (diluted homogenate)
orally while control birds in group I were orally given 0.2 ml
PBS. Three quails from group II and two from group I were
euthanised by cervical dislocation for sample collection at
days: 3—17 (one-day intervals), 18-25 (every day), 29, 30,
32, 36-48 (one-day intervals), 49 and 51-60 (every day)
days post-infection (dpi), respectively. Organs (cerebrum,
cerebellum, proventriculus, intestine, liver, pancreas, spleen,
bursa, lungs and kidneys) were aseptically collected at each
interval for virus detection by gPCR and immunohistochem-
istry (IHC).

All the animal experiments were approved by the Ethical
and Animal Welfare Committee of Northwest A&F Univer-
sity, Shaanxi, China.

RNA extraction and cDNA synthesis

Total RNA was extracted from the homogenate of 200 mg
of tissues in 400 uL PBS using the RNAiso plus reagent kit
(TaKaRa, Dalian, China) and the manufacturer’s instructions
and then stored at —80 °C until use. The first-strand cDNA
synthesis was carried out according to the HiScript® Q RT
SuperMix for qPCR (Vazyme, Nanjing, China.) in a 10-pL
reaction volume containing 1 pg total RNA and 2 uL 5X qRT
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SuperMix. The reverse transcription reaction was conducted
in a PCR machine as follows: 25 °C for 10 min, 50 °C for 30
min, 45 °C for 5 min, and then 4 °C indefinitely. The cDNA
was stored at —20 °C until use.

Quantitative real-time polymerase chain reaction assay
(gPCR)

A standard curve was established with serially diluted plas-
mids (10>~10% copies/uL) that harboured the VP1 gene of
AEV. The PCR product size was 288 bp while the primers
have been reported previously [4]. The TTANLONG 988
Real-Time PCR System (Xian, China) was used to gener-
ate the standard curve. qPCR detection was performed in
triplicate for each sample independently in a 20 pL reaction
mixture containing 10 pL Ultra SYBR Mixture (CW Bio-
tech, China), 0.4 uL each primer (10 uM), and 2 uL. cDNA or
distilled water (blank control). The reactions were performed
using an Ultra SYBR Mixture thermocycler at 95 °C for 10
min, followed by 40 cycles of 95 °C for 15 s, 55 °C for 30 s,
and 72 °C for 50 s. Fluorescence was measured by a program
set up in advance. Absolute quantification of viral copies
was determined by comparison with the standard curve. A
melting curve analysis was used to evaluate the amplifica-
tion result.

Immunohistochemical (IHC) detection

The cerebrum, cerebellum, proventriculus, intestine, liver,
pancreas, spleen, bursa, lung and kidney from challenged
quails collected at 7, 18, 36, 54 and 59 dpi was used for
IHC analysis with a protocol that was reported previously
[26]. Briefly, 5-um paraffin-embedded sections were depar-
affinized and rehydrated, the viral antigen was retrieved,
endogenous peroxidase was eliminated and the sections
were blocked. The sections were incubated with a specific
primary antibody diluted 1:20 for 1 h at 37 °C. After being
rinsed, sections were incubated with biotinylated goat anti-
rabbit IgG and streptavidin-conjugated HRP (Bioss Biotech,
China). Subsequently, the sections were stained with diam-
inobenzidine (CW Biotech, China) and then counterstained
with haematoxylin. In the negative controls, the primary
antibody was replaced with PBS. The immunohistochemi-
cal staining of viral antigen was analysed using Image-Pro
Plus (IPP) 6.0 software (Media Cybernetics, Bethesda, USA)
using the method described in [27]. Briefly, three digital
images at 1024 x 768 pixel resolution and 400X magnifica-
tion were captured by the Motic BA210LED Digital (Motic,
Hong Kong). The measurement parameters included 10D,
area sum and mean density. The optical density was cali-
brated and the area of interest (AOI) was set as follows:
hue, 0-30; saturation, 0-255; intensity, 0-255. The image
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was then converted to a greyscale image and the values were
measured.

Statistical analysis

The Statistical Product and Service Solutions (SPSS) soft-
ware (version 16.0; International Business Machines Corpo-
ration, Armonk, USA) was used for statistical analysis. The
values of viral RNA and viral antigen are presented as the
mean + standard deviation (SD). Significant differences in
viral load were analysed by one-way ANOVA with Dunnett’s
T3 test. The correlation between viral RNA calculated from
the standard curve of the qPCR assay and the viral antigen
estimated by IHC was analysed using Kendall’s tau-b, two-
tailed test. The pictures were assembled using Adobe Pho-
toshop CS software (version 6.0; San Jose, USA).

Results
Clinical observation

Slight depression of quails was observed at 10 dpi in the
infected group. Hypokinesis and dullness were apparent at
16 dpi. Six quails kneeled down and walked on their tar-
sal joints at 17 dpi. The typical clinical symptoms of AEV,
including paralysis and tremors of the head and neck, were
observed at 18 dpi and these quails had died within one
hour after the typical clinical symptoms appeared. The first
death and the highest number of deaths occurred at 18 dpi.
The morbidity was 30% and the mortality was 16.7%. In the
surviving birds, the clinical symptoms gradually disappeared
from 25 dpi and the remaining quails seemed quite healthy.
No clinical symptoms were observed in the non-infected

group.
Distribution of AEV in different tissues

The standard curve demonstrated a strong correlation
between the number of templates and the Ct value. The reac-
tion efficiency was 99.87%. The slope of the standard curve
was —3.325 and the correlation coefficient (R?) was 0.9978.
The lower detection limit was about 100 copies however
the repeatability was not acceptable when the number of
templates decreased to ten copies.

The viral RNA in the cerebrum, cerebellum, proventricu-
lus, intestine, liver, pancreas, spleen, bursa, lung and kidney
tissues of infected quails was quantified by referring to the
standard curve. Viral RNA was detected in the tissues at 3
dpi with a virus load ranging from 1.06 x 10* to 6.92 x 10°
copies/ul (Fig. 1). The AEV viruses were detectable in most
tissues until 60 dpi.

In the cerebrum and cerebellum, the viral load was rela-
tively stable and fluctuated only slightly. Consistent with
the early clinical symptoms, the first viral load peak point
appeared at 18 dpi (4.07 x 10? copies/uL in the cerebrum
and 1.62 x 10* copies/uL in the cerebellum, P < 0.001)
and, surprisingly, another peak with an even higher viral
load in the cerebrum and cerebellum appeared at 51 dpi
(9.66 x 10* copies/uL, P < 0.001) and 46 dpi (2.40 x 10°
copies/uL, P < 0.001), respectively (Fig. 1A, 1B). At
that time, no clinical symptoms could be observed in the
infected quails.

In the digestive system (proventriculus, intestine, liver
and pancreas), the viral load in the proventriculus and
intestine was higher than that in the nervous system. The
time-related proliferation curve of the viral load in the
proventriculus showed a “U-shape” from 3 dpi (8.91 x 10*
copies/uL) to 46 dpi (1.04 x 10° copies/uL, P < 0.001).
The viral load decreased from 46 dpi to 52 dpi (1.00 x 102
copies/pL, P < 0.001) and was then stable until 60 dpi
(Fig. 1C). The time-related proliferation curve of the viral
load in the intestine had an “M-shape” from 3 dpi to 46
dpi. One peak appeared at 20 dpi (2.63 x 10’ copies/uL,
P < 0.001) and another appeared at 36 dpi (2.29 x 10°
copies/uL., P < 0.001), and then remained stable until 60
dpi (Fig. 1D). The curve of the viral load in the liver fluc-
tuated sharply with the maximum viral load appearing at
52 dpi (2.11 x 10* copies/uL, P < 0.001) (Fig. 1E). The
curve of the viral load in the pancreas was also M-shaped
but the number of virus copies was always lower than the
detectable limit (Fig. 1F).

In the spleen and bursa, the viral copy number was
higher than that in the nervous system (Fig. 1G, 1H). The
curve of the viral load in the spleen had a “W-shape” from
3 dpi (1.30 x 10° copies/uL) to 54 dpi (4.79 x 107 copies/
pL, P < 0.001) and then decreased slowly until 60 dpi
(4.47 x 10° copies/uL) (Fig. 1G). The curve of the viral
load in the bursa was “U-shaped” from 3 dpi (6.92 x 10°
copies/uL) to 44 dpi (9.77 x 107 copies/uL, P < 0.001),
then decreased from 44 dpi to 49 dpi (4.62 x 103 copies/
puL, P < 0.001) and then fluctuated from 49 dpi to 60 dpi
(8.91 x 10% to 1.04 x 103 copies/uL) (Fig. 1H).

The curve of the viral copy number in the lung showed
two “M shapes”: one was from 3 dpi to 30 dpi and the
other was from 30 dpi to 60 dpi. The two peaks of the first
“M” appeared at 18 dpi (5.62 x 107 copies/uL, P < 0.001)
and 29 dpi (1.08 x 10° copies/uL, P < 0.001) and the two
peaks of the second “M” appeared at 46 dpi (1.70 x 10*
copies/uL, P < 0.001) and 53 dpi (8.22 x 10? copies/uL,
P < 0.001) (Fig. 11). The curve of the viral load in the kid-
ney had only one peak that appeared at 7 dpi (3.94 x 10*
copies/uL, P < 0.001) and slightly fluctuated from 15 dpi
to 60 dpi (Fig. 1J).
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Fig.1 The dynamic distribution of AEV in the cerebrum (A), cer-
ebellum (B), proventriculus (C), intestine (D), liver (E), pancreas
(F), spleen (G), bursa (H), lung (I) and kidney (J) of experimentally
infected quails from 3 to 60 days post-infection (dpi). The viral load
in each tissue was measured in triplicate using qPCR, then all values
were converted to logarithm copies/ul. Significant differences in the
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viral loads in the tissues between 3 dpi and other sampling times are
indicated with two asterisks (**) for P<0.01 or with three asterisks
(***) for P<0.001 using the one-way ANOVA test with Dunnett’s
T3 method. Samples with a copy number below the limit of detec-
tion (100 copies, dotted line) were regarded as negative and were not
analyzed
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Fig. 1 (continued)

Analysis of AEYV tissue distribution by IHC the intensity was similar between the different repeats. The
negative controls did not show any staining (Fig. 2). Vacu-
The presence of positive staining signals for the AEV anti-  olated cells, which are characteristic of AEV lesions, were

gen in the sections was verified by IHC. All collected tissues ~ observed in the cerebrum and thus demonstrate that AEV
from the infected quails showed clear positive staining and  not only replicated but also caused pathological lesions in
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Fig. 1 (continued)

nerve cells (Fig. 2A). The positive staining signals surround-
ing the characteristic lesions were more obvious. The mean
density values of each tissue at different dpi are presented
in Table 1.

In the nervous system, the mean density had an “inverted
V-shape” with the maximum values in the cerebrum and
cerebellum appearing at 36 dpi (0.218, P < 0.001) and 18
dpi (0.211, P < 0.001), respectively.

In the digestive system, the mean densities of the proven-
triculus, liver and pancreas had an “N shape” with the maxi-
mum values appearing at 36 dpi (0.271, 0.188 and 0.192,
respectively, P < 0.001). The mean density of the intes-
tine was an inverted V-shape and the maximum value also
appeared at 36 dpi.

In the immune system, the mean density was an
“U-shape” with the maximum values in the spleen and bursa
appearing at 54 dpi (0.203, P < 0.01) and 7 dpi, respectively.

The mean density in the lung was M-shaped with the
maximum value appearing at 59 dpi. The mean density in
the kidney was W-shaped with the maximum value appear-
ing at 7 dpi.

The correlation analysis between the mean density (IHC)
and the viral load (qPCR) at 7, 18, 36, 54 and 59 dpi in
various tissues is presented in Table 2. There was a good
correlation between the mean density and viral load in the
cerebrum, cerebellum, intestine and liver and a positive
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correlation in the proventriculus, pancreas, spleen, bursa,
lung and kidney.

Discussion

AE is a contagious disease that causes enormous commer-
cial losses in poultry throughout the world but the tissue
distribution of the virus in quail remains unclear. In this
study, 120 commercial one-day-old Korean quails were
orally inoculated with AEV isolate XY/Q-1410.
According to our results, the associated morbidity was
30% and the mortality was 16.7%, which appears to be low
and in contrast to clinical observations, possibly because of
the virus titre used for the challenge as well as the route of
inoculation [28]. The virus titre in the original homogen-
ate of the AEV isolate XY/Q-1410 was 107!, which was
relatively low and imposed an upper limit for the challenge
viral load. However, this low dose at viral challenge did
ensur that enough quails survived for sampling late into
the experiment. The quails were challenged orally, which
may be another reason for the lower number of deaths. Hill
and Raymond (1962) reported AE in quails by both natural
infection and experimental infection [29]. They found that
intracerebral inoculation of AEV killed one-day-old quails
after a period of 16 days. In our experiment, orally infected
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Fig. 2 Viral antigen located by
immunohistochemistry (IHC)
in various tissues. IHC staining
in various tissues of experimen-
tally infected Korean quails was
observed. Positive AEV staining
is shown in dark brown. Arrows
indicate positive staining of
viral antigens in various tissues:
the cerebrum (A), cerebel-

lum (B), proventriculus (C),
intestine (D), liver (E), pancreas
(F), spleen (G), bursa (H), lung
(I) and kidney (J). (a—e): 7 dpi,
18 dpi, 36 dpi, 54 dpi, 59 dpi.

f: Negative control. All scale
bars represent 100 pm (400x
magnification)

100 um
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Fig. 2 (continued)

100 um
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Fig. 2 (continued)
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Fig. 2 (continued)

Table 1 Expression levels of

! . . X X Tissues Density mean

viral antigen in various tissues

by immunohistochemistry 7 dpi 18 dpi 36 dpi 54 dpi 59 dpi

(HO Cerebrum 0.166 £ 0.003  0.214 £ 0.021 0.218 £0.017  0.090 + 0.001 0.085 + 0.004
Cerebellum 0.182+£0.010 0211 £0.008  0.168 £0.008  0.096 +0.005  0.080 + 0.002
Proventriculus ~ 0.177 £0.012  0.184 £ 0.006  0.217 £ 0.001 0.113 £0.004  0.165 + 0.003
Intestine 0.191 £0.005  0.194 +£0.002  0.225+0.043  0.167 +0.008  0.150 + 0.007
Liver 0.124 £ 0.007  0.155+0.002  0.188 + 0.021 0.136 £ 0.010  0.162 + 0.002
Pancreas 0.125+0.002  0.148 £0.002  0.192+0.016  0.163 +0.003  0.170 & 0.002
Spleen 0.135+0.018  0.118 £0.019  0.173 +£0.013  0.203 +0.026  0.117 & 0.006
Bursa 0.176 £0.009  0.140 +£ 0.006 ~ 0.157 +£0.007  0.145 +£0.006  0.140 + 0.007
Lung 0.121 £0.004  0.127 £0.014  0.127 £0.002  0.111 +£0.003  0.130 +0.013
Kidney 0220 +0.009  0.081 +£0.002  0.159 +£0.006  0.085 +0.004  0.143 +0.012
Control - - - - -

The mean density of AEV XY/Q-1410 staining in various tissues, including the cerebrum, cerebellum,
proventriculus, intestine, liver, pancreas, spleen, bursa, lung and kidney at 7 dpi, 18 dpi, 36 dpi, 54 dpi and
59 dpi was determined using Image-Pro Plus 6.0. All values are presented as the mean + SD. Significant
differences in the mean density in the tissues between 3 dpi and samples at other dpi were analysed by

SPSS 16.0

one-day-old quails died after a period of 18 days, which was
2 days later than for intracerebral inoculation.

To analyse AEV distribution in infected quails, qPCR and
IHC were used in our experiment to quantify the viral load
in different tissues. A SYBR Green-based absolute gPCR
method was developed for rapid detection and quantification
of AEV and was used for analysis of viral distribution in
our previous research [4, 30, 31]. Here, the same detection
system was used for analysis of the dynamic distribution and
viral tissue tropism of AEV in artificially infected Korean
quails. IHC has gained significance and is already a crucial
tool for diagnosis of diseases and calculating prognosis for
patients. IPP was used for quantitative in situ assessment
of protein expression [32]. This application made improved
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our IHC as well as reproducibility and accuracy. The mean
signal density and IOD were representative parameters used
for assessing immunostaining quantification. In addition the
application of IPP improved our immunostaining quantifi-
cation by increasing sensitivity in scoring and through pro-
viding a more reliable and reproducible analysis of protein
expression [33].

We determined that the lowest detection limit of our
gPCR was 100 viral copies. However, the fact that we rou-
tinely detected viral copies below this value does not mean
the virus was cleared [1]. In contrast, IHC could detect the
virus at a very low level. Thus, there may lower degrees
of correlation between qPCR and IHC during low level
virus replication. Furthermore, the viral replication cycle
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Table 2 Correlation analysis between qPCR and IHC

Tissues Pearson correlation
Cerebrum 0.942
Cerebellum 0.816
Proventriculus 0.577
Intestine 0.869
Liver 0.938
Pancreas 0.520
Spleen 0.522
Bursa 0.552
Lung 0.663
Kidney 0.570
Control -

Correlation analysis between qPCR and IHC in each tissue was per-
formed by SPSS 16.0. The correlation coefficient (R?) is represented
by the Pearson correlation (P < 0.05)

consists of four consecutive steps: adsorption/penetration,
shelling, biosynthesis, assemble and release. The viral RNA
load detected by gPCR may not equal the number of virions.
Therefore, it is reasonable to assume that the correlation
between the qPCR and IHC was relatively poor in some tis-
sues, such as the spleen.

In naturally infected chicks, the latency of AE is 10-30
days and the AE outbreak occurs mostly in 3-week-old
chicks [34]. Virus shedding lasts from about 5 to 14 days
however the virus shedding time could be extended if the
birds were infected earlier [34]. In our experiment, the
latency of the infected group was about 10 days and typical
clinical symptoms (paralysis and tremors of the head and
neck) appeared at 18 dpi, which is when the viral load in the
cerebrum and cerebellum had reached its first peak. AEV
may spread though vertical and horizontal routes; further-
more environmental virus in contaminated areas may remain
infectious for a long time because of its great stability [1].
Further studies should be performed to determine the extent
of AEV shedding and clearance times.

Over the course of our experiment, curves represent-
ing the viral load in various tissues of Korean quails were
drawn and, according to these results, it was clear that
AEV XY/Q-1410 could establish a persistent infection
for up to 60 days. The viral load in the spleen and bursa
remained at a relatively high level during this period. The
viral load sharply fluctuated in the spleen and bursa, which
indicates both active infection and an anti-viral response
between the virus and the host. The viral loads in most tis-
sues was relatively stable after 49 dpi, which indicated that
a balance had been reached between the host and virus.
Two peaks of viral load were observed in most tissues,
possibly because of viraemia. As reported by Muir et al,
viral replication leads to viraemia, which may produce a

second round of viral replication in tissues [35]. Cheville
reported that the development of AE was inversely related
to age in chicks [36]; since viral persistence in the brain
and clinical symptoms were related to age when chick-
ens were infected. Westbury and Sinkovic concluded that
humoral immunity is the basis for age-related resistance
[37]. Korean quail were cultivated from Japanese quail due
to their physiological resemblance to chickens, as well as
their resistance to diseases and natural resistance to infec-
tion with most of the viral infections affecting domestic
poultry [38, 39]. Further studies correlating viral load,
viraemia, antibody levels and the maturity of the immune
system in experimentally infected quails could contribute
to explaining the shape of the “viral replication curves”
in the various tissues.

Different enteroviruses recognise different cell surface
receptors and this partly determines the types of cell or tis-
sue that can be infected. As a result enteroviruses vary mark-
edly in their replication efficiency in various tissues [35].
We might speculate that viral load in the proventriculus,
intestine, spleen and bursa was higher than in other tissues
because there were more readily available receptors in these
organs and thus AEV replicated more efficiently. Meanwhile,
the higher viral load in the intestine indicates that the AEV
strain XY/Q-1410 has an intestinal tropism.

In summary, we investigated the dynamic distribution of
AEV in various tissues in experimentally infected Korean
quails. Orally inoculated AEV killed one-day-old Korean
quails after a period of 18 dpi and caused a persistent infec-
tion up to 60 days. Meanwhile, the viral load in the spleen
and bursa remained at a relatively high level. Our study pro-
vides useful information for further research on the mecha-
nisms underpinning the pathogenesis of AEV in quails and
may also contribute to the further control of AE.
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