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Newcastle disease virus (NDV) causes substantial economic losses to smallholder
farmers in low- and middle-income countries with high levels of morbidity and mortality
in poultry flocks. Previous investigations have suggested differing levels of susceptibility
to NDV between specific inbred lines and amongst breeds of chickens, however, the
mechanisms contributing to this remain poorly understood. Studies have shown that
some of these differences in levels of susceptibility to NDV infection may be accounted
for by variability in the innate immune response amongst various breeds of poultry
to NDV infection. Recent studies, in inbred Fayoumi and Leghorn lines, uncovered
conserved, breed-dependent, and subline-dependent responses. To better understand
the role of innate immune genes in engendering a protective immune response, we
assessed the transcriptional responses to NDV of three highly outbred Tanzanian local
chicken ecotypes, the Kuchi, the Morogoro Medium, and the Ching’wekwe. Hierarchical
clustering and principal coordinate analysis of the gene expression profiles of 21-day
old chick embryos infected with NDV clustered in an ecotype-dependent manner and
was consistent with the relative viral loads for each of the three ecotypes. The Kuchi
and Morogoro Medium exhibit significantly higher viral loads than the Ching’wekwe.
The results show that the outbred ecotypes with increased levels of expression of
CCL4, NOS2, and SOCS1 also had higher viral loads. The higher expression of SOCS1
is inconsistent with the expression in inbred lines. These differences may uncover
new mechanisms or pathways in these populations that may have otherwise been
overlooked when examining the response in highly inbred lines. Taken together, our
findings provide insights on the specific conserved and differentially expressed innate
immune-related genes involved the response of highly outbred chicken lines to NDV.
This also suggests that several of the specific innate immunity related genes identified in
the current investigation may serve as markers for the selection of chickens with reduced
susceptibility to NDV.
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INTRODUCTION

Newcastle disease virus (NDV) is an important poultry pathogen
in low- and middle-income countries where the disease is
endemic (Ashraf and Shah, 2014). In these areas, poultry is
farmed extensively with little to no veterinary care, minimal
biosecurity, and the constant threat of exposure to pathogens
(Minga et al., 2014; Muchadeyi and Dzomba, 2017). Vaccination
and biosecurity in high-income countries and intensively farmed
poultry control NDV, however, in low- to middle-income
countries, it is uncommon or ineffective due to lack of proper
storage of the vaccines or lack of adoption by smallholder farmers
(Alexander et al., 2004, 2012; Wen et al., 2017; Campbell et al.,
2018). Hence, there is a need for alternative strategies for the
control of NDV in smallholder backyard traditional flocks.

Backyard farming heavily relies on natural selection to drive
the adaptations and genetic diversity (Minga et al., 2014;
Muchadeyi and Dzomba, 2017). These chickens are generally
believed to be less susceptible to many poultry pathogens,
however, there are few studies examining the genetic variation
and disease resistance in attempt to explain their diversity and
the distribution in Africa. One of the factors that may be
influencing these mechanisms in response to NDV infection is
the immune response. Until recently, most studies have focused
on the adaptive or cell-mediated immune response of chickens
to NDV due to the development of vaccines (Stone et al., 1997;
Dimitrov et al., 2017; Wen et al., 2017), however, recent reports
suggest the innate immune response has a major influence in the
variability of the response to NDV infection (Rue et al., 2011;
Schilling et al., 2018). These studies have demonstrated activation
of the nitric oxide, the antiviral response, the interferon response
and other important innate immune genes in vitro, in vivo, and in
ovo, however, these mechanisms still remain poorly understood
(Rue et al., 2011; Schilling et al., 2018).

We have previously described the use of the chick embryo,
which becomes immunocompetent prior to hatch and in the
protective environment of the shell, as a model to examine
the innate immune response to NDV (Schilling et al., 2018,
2019). In one study, we found differential expression of innate
immune genes from two highly inbred Fayoumi and Leghorn
lines. The Fayoumi is less susceptible to many poultry pathogens,
including Salmonella, Marek’s disease virus (MDV), and avian
influenza virus (AIV). Recent studies have also reported a
Fayoumi subline, M15.2, to be less susceptible to NDV than
a Leghorn subline, Ghs6, through reduced viral shedding in
lacrimal fluids post-NDV challenge. Our previous studies in these
lines have uncovered breed-dependent differences in the level of
susceptibility to NDV infection and innate immune genes that
are differentially expressed in the response to NDV (Deist et al.,
2017a,b, 2018; Schilling et al., 2018).

In Africa, the majority of poultry is farmed extensively
and referred to as ecotypes (Minga et al., 2014). These
ecotypes are named by smallholder farmers from different
agro-ecological zones or farming regions and are based on
phenotypic characteristics rather than genotypically distinct
breeds (Minga et al., 2014). A study in Tanzania identified 17
local ecotypes based on a survey of local farmers in the country

(Das et al., 2003). Three common Tanzanian ecotypes are the
Morogoro medium, Kuchi, and Ching’wekwe. The Morogoro
medium has multicolored plumage and widespread throughout
Tanzania (Msoffe et al., 1998, 2001). The Kuchi is heaver and
has a more upright stance compared to other ecotypes and
mainly found in Northern Tanzania (Msoffe et al., 1998, 2001).
The Ching’wekwe is a dwarf chicken with short legs and a
small build (Msoffe et al., 1998, 2001). One study revealed the
Kuchi may be resistant to S. gallinarum when compared to
another local ecotype (Msoffe et al., 2001). Other studies also
suggest the Tanzanian local ecotypes tend to cluster by ecotype
according to DNA typing and microsatellite markers (Lyimo
et al., 2013; Mwambene et al., 2019). There are studies suggesting
differences in responsiveness to NDV vaccines in some Tanzanian
local ecotypes, however, levels of susceptibility and mechanisms
contributing to this remain unstudied (Lwelamira et al., 2009).

Given the breed-dependent differences uncovered in the
response of highly inbred lines to NDV infection (Deist et al.,
2017a,b, 2018; Zhang et al., 2018), we previously have shown that
specific innate immune genes are driving this variation (Schilling
et al., 2018, 2019). Through combining this with our previous
studies that validate the use of the chick embryo as a model
to examine the innate immune response (Schilling et al., 2018),
we examined the expression of a set of innate immune genes
in the chick embryos of three Tanzanian ecotypes in response
to NDV infection.

MATERIALS AND METHODS

Ethics Statement and Animal Use
The animal use protocol was approved by the Pennsylvania State
University IACUC committee (Protocol No. 47175). All methods
were performed in accordance with the relevant guidelines
and regulations outlined in this protocol. Embryonated eggs
from three Tanzanian local chicken ecotypes (Ching’wekwe,
Kuchi, and Morogoro Medium) were provided by the Sokoine
University of Agriculture (Morogoro, TZ, United States). Eggs
were transported to the Nelson Mandela African Institution
of Science and Technology (Arusha, TZ, United States) and
incubated at 37.5◦C, 55% humidity, rotating hourly. The eggs
were temporarily removed from the incubators to candle for
viability and inoculate with virus.

Virus
The lentogenic LaSota strain of NDV was kindly provided by Dr.
Siba Samal at the University of Maryland, College of Veterinary
Medicine (College Park, MD, United States). Viral titrations were
performed with the final titer of the undiluted viral suspension
of 107 50% egg infectious dose (EID50)/mL. The viral suspension
was stored at−80◦C until further use.

Embryonated Egg Inoculations and
Tissue Harvest
Embryonated eggs from each subline were candled and
airsacs were marked at 18 days of embryonic development.
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Small puncture holes were made in the eggs just above the
airsac and 0.1 mL of the viral suspension was deposited
directly to the allantoic fluid. The eggs were sealed with
adhesive glue and placed back in the incubators until
removal for tissue harvest. Controls (uninfected eggs)
were treated similarly with 0.1 mL of sterile 1X phosphate
buffered saline (PBS).

After 72 h (as close to hatch as possible), the eggs were
removed from incubators and placed at 4◦C for 3–4 h to avoid
opening eggs with viable chick embryos. The chick embryos
were removed from the eggs and washed with 1X PBS. The
lung tissues were harvested and immediately stored at −80◦C
prior to further use.

RNA Extraction
Lung tissues from 20 experimental and 10 control chick
embryos from each ecotype were homogenized using a
Bead Ruptor 24 (Omni International, Kennesaw, GA,
United States). The lung tissue, 10–15 1.5 mm silica
beads (Biospec Products, Bartlesville, OK, United States),
1 mL RLT lysis buffer (QIAGEN RNeasy kit; QIAGEN,
Inc., Germantown, MD, United States) were placed in
each tube, and the tissues were homogenized. 600 uL of
homogenate was transferred to a clean microcentrifuge tube
and centrifuged at 10,000 rpm for 2 min to remove any
debris. The supernatant was transferred directly to the gDNA
elimination column from the RNeasy Kit and manufacturer’s
protocols were followed.

cDNA Synthesis
cDNA synthesis was performed immediately following RNA
extraction using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Carlsbad, CA, United States). The
manufacturer protocols were followed using 2 µg of each
respective RNA sample. cDNA was stored at −20◦C until
transported to the US.

The cDNA was packaged and sent to the Pennsylvania State
University according to the United States Veterinary Permit
for Importation and Transportation of Controlled Organisms
and Vectors (U.S. Department of Agriculture, Animal and
Plant Health Inspection Service, Veterinary Services) Permit
no. 135537, along with clearance from the Center for Disease
Control and US Fish and Wildlife Services. The shipment
was also in accordance of the Animal Health and Export
Certificate for Biologicals granted by the United Republic
of Tanzania Ministry of Livestock and Fisheries, Permit No.
VIC/AR/ZIS/5041.

Multiplex RT-PCR
Viral load in the samples was quantified through amplifying
the M-gene of NDV (primers: Ì+4100: 5′-AGT GAT GTG
CTC GGA CCT TC-3′; Ì-4220: 5′-CCT GAG GAG AGG
CAT TTG CTA-3′) (Wise et al., 2004). These reactions were
performed using the PowerUp SYBR Green Master Mix
(Applied Biosystems, Carlsbad, CA, United States) according
to manufacturer recommendations. The concentration of virus
in each sample was calculated through the use of the

Standard Curve method and the copy number of virus
in each sample was calculated. One Ching’wekwe and one
Morogoro Medium sample in the experimental group were
not positive for NDV, so these samples were excluded
in the analysis.

Custom Taqman Gene Expression Assays (Thermo Fisher
Scientific, Waltham, MA, United States) were ordered with
different dyes according to Supplementary Table 1. These
genes were selected based on previous studies that revealed
a conserved response that included MX dynamin Like
GTPase 1 (Mx1), Interferon Regulator Factor 1 (IRF1),
Interferon Regulatory Factor 7 (IRF7), Signal Transducer
and Activator of Transcription (STAT1), and Suppressor
of Cytokine Signaling 1 (SOCS1) in inbred Fayoumi and
Leghorn lines. As well as a breed-dependent response that
is driven by Interferon Induced with Helicase C Domain 1
(IFIH1), Lipopolysaccharide Induced TNF Factor (LITAF),
Nitric Oxide Synthase 2 (NOS2), and Toll-like Receptor
3 (TLR3) in the Fayoumis and Cathelicidin Antimicrobial
Peptide (CAMP), C-C Motif Chemokine Ligand 4 (CCL4)
and Interleukin-8 (IL8) in the Leghorns (Schilling et al.,
2019). The bioinformatic team at Thermo Fisher examined the
reactions to ensure no cross-reactivity of the assays in each
respective reaction (all including Beta-Actin (ACTB) as the
housekeeping gene). The datasets analyzed for this study can be
found in the Pennsylvania State University Data Commons at
https://doi.org/10.26208/1pq6-w685.

The PCR reactions were carried out according to
manufacturer’s protocols and the TaqMan Multiplex Master
Mix (Applied Biosystems, Carlsbad, CA, United States). Gene
expression was analyzed using the MMCt method comparing
infected MCt values (normalized with the Ct of B-actin,
housekeeping gene) with the average of the control MCt values
(normalized with the Ct of B-actin, housekeeping gene).

Data Analysis
The dataset from our previously published work that examined
the innate immune gene expression in highly inbred Fayoumi
and Leghorn lines (publicly available at: https://www.ncbi.nlm.
nih.gov/bioproject/479417) was filtered to include only the set of
genes in the current study.

Figures and analyses were performed with the statistical
package R (R Core Team, 2017). Specifically, hierarchical
clustering was performed using pvclust package (nboot = 1000,
hclust.method = “complete,” dist.method = “maximum”) and
visualized with ggtree (Suzuki and Shimodaira, 2015; Yu
et al., 2017) to examine the clustering of the gene expression
profiles both by target and by ecotype. The Venn Diagram
was generated with the VennDiagram package (Chen, 2017)
to show the genes that are differentially expressed over
the controls in the three ecotypes and the PCoA plots and
corresponding statistical analysis were generated with the
Vegan package to examine clustering of the gene expression
profiles and factors contributing to the clustering (Oksanen
et al., 2017). The Spearman correlation coefficients and
corresponding p-values were calculated using the psych
package (Revelle, 2010).
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RESULTS

The Kuchi and Morogoro Medium Exhibit
Significantly Higher Viral Loads Than the
Ching’wekwe
The Ching’wekwe had the lowest viral load, followed by the Kuchi
(p-value compared to Ching’wekwe < 0.05), and the Morogoro
Medium (p-value compared to Ching’wekwe < 0.01) (Figure 1).
All controls were negative for the presence of NDV.

The Innate Immune Genes Are
Expressed Differentially Between the
Three Ecotypes
The transcriptional response of a set of innate immune genes
was examined in the lung tissues from the chick embryos of
each ecotype using multiplex RT-PCR to examine if there are
any differences in the response of the three ecotypes to NDV
infection. The overall gene expression profiles, displaying the
average expression of all genes, are illustrated in the heatmap in
Figure 2 and the associated values are in Supplementary Table 2.
The expression of the innate immune genes ranges from −3.6-
fold of the CCL4 gene in the Ching’wekwe to 17.8-fold of the
SOCS1 gene in the Kuchi. The majority of genes are upregulated
in the response to NDV. Hierarchical clustering of the genes
grouped the targets in three clusters: Cluster 1 (green) are all
highly upregulated in the three ecotypes; Cluster 2 (red) are
moderately upregulated in the three ecotypes while Cluster 3
(blue) are minimally upregulated to downregulated in the three
ecotypes. The associated Approximately Unbiased (AU) and
Bootstrap Probability (BP) are represented at the base node
of each cluster (AU > 95 are statistically significant). The

FIGURE 1 | Viral load of Newcastle disease virus (NDV) in the chick embryo
lung tissues. The viral load of NDV was assessed in the lung tissue of the
chick embryos from each of the three ecotypes, with each ecotype along the
x-axis and viral load [log(Copy Number)] on the y-axis. Within the boxplots,
the middle line – median, box – Q1-Q3, whiskers – range, dots – outliers. The
violin plots show the distribution of samples. The Ching’wekwe has a
significantly lower viral load than the other two ecotypes (p-value < 0.05).

hierarchical clustering of the overall gene expression profiles by
ecotype demonstrates that the Kuchi and Morogoro Medium
gene expression profiles cluster together with the Ching’wekwe
as an outlier (AU > 95) (Figure 2).

The average expression of the genes that are significantly
and differentially expressed in the experimental group over the
controls for each ecotype are shown in Supplementary Figure 1
(p-value < 0.1). The majority of genes are upregulated in
response to NDV infection and TLR3 is downregulated in the
Morogoro Medium. The Venn Diagram also demonstrate a
conserved response between the three ecotypes that includes
Mx1, IRF7, STAT1, and IL8 (Supplementary Figure 2).
An ecotype-dependent response was also uncovered. The
Ching’wekwe and Kuchi both have IFIH1 and IRF1 differentially
expressed within the ecotype. Upregulation of both CAMP and
NOS2 is unique to the Ching’wekwe, while an upregulation of
TLR3 in the Kuchi, and an upregulation of CCL4 and SOCS1 and
a downregulation of TLR3 are specific in the Morogoro Medium
(Supplementary Figure 2).

There Was an Ecotype-Dependent
Clustering of the Transcriptional Innate
Immune Gene Response to NDV
Infection in the Highly Outbred Lines
To further investigate the differences in the gene expression
profiles of the three ecotypes, principal coordinate analysis
was performed to examine the grouping of the overall gene
expression profiles. The results showed that the gene expression
profiles cluster in an ecotype-dependent manner (p-value < 0.01,
Figure 3) that is consistent with the hierarchical clustering and
viral load. For instance, the distances between the averages
(represented by the colored asterisks in Figure 3) are closer
between the Kuchi and Morogoro Medium than with the
Ching’wekwe as was earlier noted (Figure 2). To assess the
primary drivers of the differences between the grouping, the
results show that the first two principal coordinates of the
PCoA account for 39% of the total variation. While it in not
unexpected that only a relatively small fraction of the total
variation might be explained in highly outbred lines, the analysis
did provide evidence of individual genes that influenced the
grouping. For example, the results show that the first principal
coordinate was driven by the effect of the expression of NOS2
(coefficient = −0.86), and the second principal coordinate is
affected by the expression of CAMP (−0.99), IL8 (−0.87), and
CCL4 (−0.90). When differences in viral load were considered
in relation to the estimated principal coordinates, the results
show no significant relationship between the first and second
principal coordinates when using the entire dataset (Spearman
correlation coefficient – PCoA1: −0.13, p-value = 0.17; PCoA2:
0.16, p-value = 0.11, Supplementary Figure 3). However, if the
outliers were excluded and only the viral load data ranging
between the first and third quartiles (Supplementary Table 3)
were considered to reduce the within ecotype variability, of
each ecotype, a significant relationship emerges (PCoA1: −0.27,
p-value = 0.05; PCoA2: 0.33, p-value = 0.02, Figure 4) that
is suggestive of a negative relationship between PCoA axis 1

Frontiers in Microbiology | www.frontiersin.org 4 June 2019 | Volume 10 | Article 1432

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01432 June 20, 2019 Time: 11:45 # 5

Schilling et al. Innate Immune Response to NDV

FIGURE 2 | Heatmap and hierarchical clustering of innate immune gene expression profiles of the three Tanzanian ecotypes. The average log2(Fold Change) of the
innate immune genes examined is illustrated in the heatmap. The red represents genes that are upregulated and the green represents genes that are downregulated.
Hierarchical clustering was performed with the innate immune genes and the ecotypes. The targets clustered into three main groups, Cluster 1 (green), Cluster 2
(red), and cluster 3 (blue). The ecotypes group by the Morogoro Medium and Kuchi clustering together and with the Ching’wekwe as an outlier. The AU and BP
values are shown at their respective nodes (all values are significant AU > 95).

and viral load and positive relationship between PCoA axis
2 and viral load (Supplementary Figure 4). To explore the
secondary relationships of the PCoA axes and differences
in viral load, the influence of individual genes driving the
observed groupings were examined. The results suggest no
significant relationship between NOS2 and viral load (0.15,
p-value = 0.13), which is expected since NOS2 is seen to drive
the grouping of PCoA1. However, the results reveal a positive
association between viral load and the expression of CCL4
(0.43, p-value < 0.01) and IL8 (0.61, p-value < 0.01); and a
negative association between viral load and the expression of
CAMP (−0.42, p-value < 0.01). Taken together, the results are
suggestive of a general trend that viral load tends to increase
with the expression of CCL4 and IL8 and decreases with
expression of CAMP.

Further, the relationships between the expression of these
four genes and viral load were also examined within each
ecotype (Supplementary Figure 5). The results show a negative
relationship between the expression of NOS2 and viral load
(−0.51, p-value < 0.05) in the Ching’wekwe In contrast, there
were strong positive relationships between the expression of both
CCL4 (0.66, p-value < 0.01) and IL8 (0.66, p-value < 0.01) with
viral load within the Kuchi ecotype. Finally, the analyses revealed
a positive relationship between the expression of NOS2 and viral
load in the Morogoro Medium (0.58, p-value < 0.05).

There Was Breed-Dependent Clustering
of the Transcriptional Innate Immune
Gene Response to NDV Infection in
Highly Inbred Lines
Since the selection of this set of genes was from a previous
study in highly inbred Fayoumi and Leghorn lines, we examined
the dataset from our previously published work to examine if
similar genes are influencing the clustering of those lines. We

FIGURE 3 | Principal coordinate analysis of the gene expression profiles of the
three ecotypes. The PCoA plot demonstrates significant clustering of each
ecotype independently (p-value < 0.01). The Ching’wekwe is represented by
the red squares, the Kuchi by blue and Morogoro Medium by green. The stars
represent the average for each ecotype and the ellipse is the 95% confidence
interval (in each respective color).

filtered the dataset for only the set of genes in the current
study to investigate the breed-dependent response. The PCoA
applied to this dataset shows the distinct clustering of two breeds
(p-value < 0.01, Figure 5) that also differ in their viral load
and level of susceptibility to NDV (Supplementary Figure 6).
The first two principle coordinates explain 37% of the variation
in these samples. The first principle coordinate was driven by
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FIGURE 4 | Relationship between principal coordinate (PCoA) axis and NDV viral load. (A) The NDV viral load versus the PCoA axis 1 (0.30 ± 0.26, p-value = 0.05).
The expression of NOS2 is most representative for PCoA axis 1. (B) The NDV viral load versus the PCoA axis 2 (0.30 ± 0.30, p-value = 0.05). The expression of
CCL4, CAMP, and IL8 are most representative for PCoA axis 2.

the effect of the expression of CCL4 (0.80), IFIH1 (0.99), IL8
(0.95), IRF1 (0.92), IRF7 (0.88), LITAF (0.99), MX1 (0.94),
NOS2 (0.96), STAT1 (0.96), and TLR3 (0.99). The second
principle coordinate was affected by the expression CAMP (0.86)
and CCL4 (0.60).

A Few Innate Immune Genes Are
Similarly Differentially Expressed in Both
Highly Inbred and Highly Outbred Lines
Through examining the statistically and differentially
expressed innate immune genes in both the inbred and
outbred lines, a few are associated with the response of
the different lines to NDV infection (Figure 6). CCL4
is differentially expressed in the Leghorn and Morogoro
Medium, which both have higher viral loads when compared
to the other lines. On the other hand, NOS2 is differentially
expressed in the Fayoumi and Ching’wekwe, which both have
lower viral loads.

Some Genes Are Regulated Differently
Between the Highly Inbred and Highly
Outbred Lines
Inbred and outbred lines showed a different ability to regulate
genes, particularly for CAMP, SOCS1, IL8, and IRF1, in the
response to NDV infection (Figure 6). CAMP is differentially
upregulated in the Ching’wekwe and Leghorn lines which
differ in their relative viral loads. SOCS1 is differentially
regulated in both inbred lines, however, only differentially
upregulated in the Morogoro Medium. This is opposite in
IL8, which is differentially upregulated in all three ecotypes,
however only differentially upregulated in the Leghorn. IRF1 is
differentially expressed over the controls in all lines except the
Morogoro Medium.

FIGURE 5 | Principal coordinate analysis of the gene expression profiles of the
Fayoumi and Leghorn. The gene expression profiles from the previous study
were filtered to only include the same genes examined in the outbred lines.
The PCoA plot demonstrates clustering of each breed (p-value < 0.01). The
Fayoumi is represented by the red squares and the Leghorn by. The stars
represent the average for each breed and the ellipse is the 95% confidence
interval (in each respective color).

DISCUSSION

Understanding the genes and mechanisms influencing the
response to NDV, particularly in backyard chicken populations,
will provide a framework for genetic improvement of poultry
through determining markers for reduced susceptibility to NDV.
Our study began to specify genes that are influencing the
variation observed in the level of susceptibility of both inbred and
outbred lines to NDV infection.

Frontiers in Microbiology | www.frontiersin.org 6 June 2019 | Volume 10 | Article 1432

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01432 June 20, 2019 Time: 11:45 # 7

Schilling et al. Innate Immune Response to NDV

FIGURE 6 | Overall breed- and ecotype-dependent innate immune gene expression. The inbred lines, Fayoumi and Leghorn are shown on the left side of the graph
and the outbred lines, Tanzanian ecotypes, are on the right. The shading in each egg represents the average viral load of each line (the more color, the higher the viral
load). The boxplots show the log2(Fold Change) of each gene (middle line – median, box – Q1–Q3, whiskers – range, dots – outliers). The red line in each graph is at
a y-intercept of 0, anything above the line is upregulated and anything below is downregulated. The statistical significance is represented by the ∗ in the inbred and
letters in the outbred graphs (p-value < 0.05). The boxes outline the targets that are statistically differentially expressed in the experimental group (infected) versus
control group (uninfected) in each line.
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Studies examining the level of susceptibility to many
pathogens, including NDV, have used phenotypic traits such as
viral load, antibody response, weight, morbidity, and mortality
(Liu et al., 2003; Wigley et al., 2006; Deist et al., 2017b).
However, since we focused on chick embryos rather than hatched
chicks, we used viral load as our estimator to determine the
level of susceptibility of the different lines to NDV infection
as it is a direct measure of the ability of the virus to replicate
in a permissive system. Although this might be a limitation
to our study and other assays, such as a viral plaque assay,
may have provided better information regarding infectious virus
particles, we are able to demonstrate differences in the viral
load of Tanzanian ecotypes through qPCR-based methods. The
viral load was ascertained in the lung tissue of the chick
embryos 72 h post-infection, when the viral suspension was
deposited directly into the allantoic fluid. Since there were
relatively high viral loads in the lungs of the chick embryos
from the different lines, this suggests the chick embryos were
likely infected. Here, we showed that the Ching’wekwe (lowest
viral load) was the least susceptible to NDV, followed by Kuchi
(moderate viral load), then Morogoro Medium (high viral load)
which was the most susceptible to NDV (Figure 2). Until now,
many studies have hinted that certain ecotypes are more or
less susceptible to certain pathogens, including NDV (Msoffe
et al., 1998, 2001; Lyimo et al., 2013; Minga et al., 2014).
However, now we provided evidence that these claims are
true, although further supporting these results through studies
examining the level of susceptibility in hatched chicks are needed
to fully understand the level of susceptibility to NDV in the
outbred ecotypes.

The transcriptional profiles of the innate immune genes
in chick embryos from different breeds and ecotypes are
clustering in an ecotype-dependent or breed-dependent manner.
The clustering patterns using both the hierarchical clustering
and PCoA are consistent by showing that the Kuchi and
Morogoro Medium are more closely related with each other
than the Ching’wekwe (Figures 1, 3). Consistent with previous
studies examining genetic variations, using DNA typing and
microsatellite markers, in these ecotypes, clustering was also
ecotype-dependent (Msoffe et al., 1998; Lyimo et al., 2013;
Mwambene et al., 2019).

Through examining specific innate immune genes, there are
striking differences in expression patterns between susceptible
versus resistant lines as well as between the inbred and outbred
lines. Some targets stand out as being differentially expressed
between breeds and ecotypes, including CCL4 and NOS2.
Another set of genes, expressed differently in the inbred versus
outbred lines, includes CAMP, SOCS1, IL8, and IRF1. Studies
examining these genes and genomic regions more thoroughly
may reveal important mechanisms associated with susceptibility
to NDV infection.

An interesting gene that was differentially expressed in the
susceptible lines is CCL4, which is influencing susceptibility
to NDV. In this study, overall CCL4 was positively correlated
with viral load in the ecotypes (Supplementary Figure 4),
which was also evident in the average expression between the
ecotypes with CCL4 being downregulated in the Ching’wekwe

and upregulated in the Morogoro Medium. More specifically,
CCL4 is positively correlated with the viral load in the Kuchi
ecotype. CCL4 is a key pro-inflammatory cytokine that is
important in the innate immune response and the clearance
of virus (Withanage et al., 2005). A previous study in two
White Leghorn lines differing in their levels of susceptibility
to Necrotic Enteritis lines demonstrated that CCL4 was also
differentially upregulated in the susceptible versus resistant line
(Truong et al., 2015).

Another gene, NOS2, is significantly differentially expressed
in resistant lines rather than the susceptible lines, which may
influence resistance to NDV. However, the expression of NOS2
is negatively associated with viral load in the Ching’wekwe
ecotype, but positively correlated with the Morogoro Medium.
This is interesting since high viral load in the resistant line
is associated with lower fold changes of NOS2, but on the
other hand, in the susceptible line this is opposite and high
viral load is associated with higher fold changes in gene
expression. NOS2 is commonly upregulated in the response of
many chicken lines to different infections. NOS2 is responsible
for the induction of nitric oxide (NO), a free radical linked
to multiple different immune responses, particularly in the
clearance of viruses (Kapczynski et al., 2013). A previous
study examined the expression of NOS2 in a high responder
line versus a low responder line to Salmonella infection
(Kapczynski et al., 2013). In this study, the high responder
line demonstrated differential expression of NOS2 than the low
responder line (Singh et al., 2012). However, it is important
to note that the induction of NO at high levels may cause
more harm than good to the host (Burggraaf et al., 2011;
Rue et al., 2011).

Curiously, CAMP, which was negatively correlated with viral
load (Supplementary Figure 4), was responding differently in
the inbred versus outbred lines; it was significantly differentially
regulated in the Ching’wekwe and in the Leghorn. CAMP
has a broad spectrum of antimicrobial activity particularly
against bacteria, fungi, and enveloped viruses in all organisms
(Kościuczuk et al., 2012). It is expressed in various cell types
and is related to the defensins and TLR pathways (Kościuczuk
et al., 2012; Jeon et al., 2016). Although many studies have
demonstrated the antimicrobial effects of CAMP, mechanistically,
much remains unstudied. This gene, particularly due to the
differences between the inbred and outbred lines is a strong
candidate for future studies to understand how the expression of
CAMP plays a role in the response to NDV infection.

Another gene expressed differently between the inbred and
outbred lines is SOCS1. In the inbred lines, SOCS1 was a part of
the conserved response, differentially upregulated in both breeds,
however, in the outbred lines it was only differentially regulated
in the Morogoro Medium. SOCS1 is a negative regulator of
cytokine functioning and reduces interferon signaling pathways
(Giotis et al., 2017). This displays how SOCS1, as well, may
play an important role in the response of outbred lines to NDV
since it is downregulated in the resistant line and upregulated in
susceptible lines.

In the inbred lines, IRF1 was a part of the conserved response
to NDV, and IL8 was in the conserved response of the outbred
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lines. The expression of IL8 in the Fayoumi was just below the
cutoff for significance, demonstrating this gene may be a part of
the conserved response of all lines and important in the response
to NDV regardless of breed or ecotype. Although IRF1 may not
be as close statistically, it may still be an important gene in the
response to NDV regardless of line.

Through examining these genes that are important in the
response to NDV infection in the different lines, it is interesting
to note that all of these genes (with the exception of CAMP)
are negatively selected for when related to disease resistance,
particularly in the outbred lines. High expression of CCL4,
NOS2, and SOCS1 have negative effects related to susceptibility
to NDV. This poses two interesting hypotheses: (1) The basal
levels of innate immune gene expression are higher in resistant
lines, contributing to lower fold changes upon infection. Or
(2) The resistant lines have adapted so that upon infection,
since these pathogens are encountered often in the field, the
innate immune response does not overreact and cause greater
harm in the organism. Understanding the mechanisms and
pathways these genes, and particularly SOCS1, are involved in
may uncover new information in these populations that may
have otherwise been overlooked when examining the response in
highly inbred lines.

Taking these data together, we are able to propose a set
of genes that are differentially regulated, either dependent
on the level of susceptibility to NDV or between inbred
and outbred lines, in the response of different chicken lines
to NDV infection. These genes and genomic regions may
serve as possible candidates for future studies on resistance
to NDV to determine markers for breeding strategies to
improve disease resistance. Expanding these studies to include
other tissues from the chick embryos, and possibly other
timepoints of tissue harvest, more outbred lines and different
pathogens, as well as associating these studies with the
level of susceptibility and the immune response in hatched
chicks are needed to fully understand the innate immune
response in chickens. This study and future studies on these
candidate genes and regions will provide a framework to
determine markers for resistance or susceptibility to NDV that

could be used to enhance breeding strategies and improve
yields for smallholder farmer, especially in low- to middle-
income countries.
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