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Abstract: The objective of this study was to investigate the transcriptomic profiling of differentially 
expressed genes between a commercial layer breed and an indigenous Indian breed. RNA was 
extracted from NDV-infected and uninfected embryo lung tissue samples of Aseel, Kadaknath, and 
White Leghorn chickens. RNA-Seq was performed, and reads were aligned to the chicken reference 
genome (Galgal7). A total of 594 genes were significantly differentially expressed, with 264 
upregulated and 330 downregulated in infected embryos. Highly overexpressed genes in infected 
conditions included C8A, FGG, PIT54, FETUB, APOC3, FGA, SPIA1, AvBD13, APOH, AMBP, TTR, 
PLA2G12B. Additionally, 29 novel transcripts and 20 lncRNAs were upregulated. White Leghorn 
embryos showed distinct expression patterns for CAV1 and GATA3, while Kadaknath healthy 
embryos had higher levels of CYTB, HBBA, ND4, ND4L, and ND5, indicating breed uniqueness. 
The analysis revealed significant gene involvement through Gene Ontology and KEGG pathways, 
highlighting alterations in gene expression related to immune function, metabolism, cell cycle, 
nucleic acid processes, and mitochondrial activity due to NDV infection. ALDOB, PRPS2, XDH, 
DCK2, and TK1 genes, which were involved in several metabolic pathways, clearly displayed an 
altered expression pattern in the infected embryo. Additionally, ALB, TLR4, TLR2, TLR21, IL1R2, 
IL22RA2, HSP90AA, HSPB9(p60), and HSPB8 were significantly upregulated in infected lung 
samples, while CXCR4, CXCL14, GATA3, IL17REL, and IL22RA1 were downregulated. Notably, 
higher expression of HSPs in Kadaknath suggests heat tolerance. This research provides insights 
into the genetic differences between commercial and local breeds and reveals the impact of NDV 
infection on metabolic processes, potentially identifying candidate genes for breed improvement. 
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1. Introduction 

As the population continues to grow, there is a significant need for a more efficient and secure 
food production system. Globally, poultry production plays a crucial role in enhancing nutrition and 
food security by providing affordable and sustainable animal protein source and it provides an 
addition income for the rural household community [1]. India, ranked as the third-largest poultry 
egg producer globally (FAO), has experienced significant changes in poultry disease patterns due to 
a considerable increase in poultry population and shifts in husbandry practices. These changes have 
led to both direct and indirect economic losses [2,3]. The rapidly growing poultry industry faces 
numerous challenges, particularly in managing disease problems. Worldwide, the poultry sector 
incurs substantial economic losses annually due to diseases [3]. Among these, Newcastle disease is 
particularly impactful, causing significant production losses and high mortality rates [4,5]. This 
disease poses a major threat to the poultry industry, leading to considerable economic setbacks for 
farmers [2,3].  

Newcastle disease (ND) is a highly infectious viral infection that affects poultry and, resulting 
in substantial financial losses for the poultry industry globally. ND has the ability to quickly spread 
throughout avian communities and destroying whole flocks of chickens [6]. Although indigenous 
breeds have greater tolerance to various diseases compared to commercial chicken breeds, native 
backyard chicken breeds such as Aseel and Kadaknath are still affected [7–9]. Modern high-efficiency 
growth techniques in commercial poultry farming have put selection pressure on immunological 
competence. This has resulted in intensive breeding practices that produce lines of chickens more 
susceptible to common infections [10]. Now, the best ways to manage ND infection are vaccination 
and biosafety measures. A comprehensive understanding of the molecular mechanisms by which the 
host immune system responds to ND infection is essential for developing new prevention and 
treatment strategies for ND [11]. Additionally, from the perspective of developmental perspective, 
the embryonic stage of the immune system and its response regulated by developmental genes are 
crucial for evolution [12]. Hence, understanding early embryonic development necessitates 
examining the sequential regulation of genes that govern basic cellular programming and signaling 
pathways, going beyond mere morphological observations. 

2. Materials and Methods 

2.1. Ethics Statement 

The experiment was conducted with the approval of the Institutional Bio-safety Committee 
(IBSC) (Approval Lr. No. 1764/VCRI-NKL/IBSC/2022 dated 11.05.2022 of the Dean, VCRI, Namakkal) 
and Institutional Animal Ethical committee (IAEC) (Project proposal No. 09/VCRI-NKL/2023 dated 
08.09.2023) of TANUVAS-Veterinary College and Research Institute, Namakkal, Tamil Nadu, India. 

2.2. Experimental Birds and Sample Collection 

Eighteen (6 Aseel, 6 Kadaknath and 6 Commercial Layer White Leghorn) SPF chicken embryos, 
19 days old, were acquired from the Department of Poultry Science at VCRI in Namakkal and utilized 
in the viral challenge study. With the exception of a control group consisting of 3 Aseel, 3 Kadaknath 
and 3 White Leghorn the remaining 3 Aseel, 3 Kadaknath and 3 White Leghorn embryos were 
exposed to a lentogenic-B1 strain of live Newcastle disease virus (NDV) at a dosage of 50 percent 
Embryo Infective Dose (106 EID50). Subsequently, these embryos were maintained in an egg 
incubator at a temperature of 38 °C and a relative humidity range of 65–75 percent until tissue 
harvesting at various hours after infection. 

2.3. RNA Isolation and Quality Check 

Lung tissues was collected from NDV infected and control Aseel and Kadaknath chicken 
embryos at 24 hours post infection. Tissues were immediately stored in RNAlater® (ThermoFisher) at 
-80 oC until RNA isolation. A total RNA was extracted by Trizole method using RNAiso Plus, M/s 
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Takara, (Cat. No: 9109). The amount of extracted RNA was measured using a Nanodropper, and 
RNA samples were combined at an equimolar ratio to form one pool for each breed of treated (three 
samples from each breed combined), as well as a pool for each breed of control samples. In order to 
verify the quality, a 2% electrophoresis gel (Figure 1) was used in the laboratory to view the integrity 
of the extracted RNA. Samples were then shipped to be sequenced after being sealed on dry ice.  
Clevergene Biocorp Pvt. Ltd., Bengaluru 560043, India, performed the RNA sequencing. RNA was 
measured using the QubitTM RNA HS Assay Kit in accordance with the manufacturer's instructions 
on the Qubit 3.0 Fluorometer (Thermofisher Scientific). Using RNA screen tape, the 4150 TapeStation 
system (Agilent) was used to evaluate the integrity of RNA. RNA with a RIN greater than 7 was 
deemed intact and proceeded to further processing for the development of an RNA library. The 
estimated library fragment size comprises a wide peak with an average size of 350 bp and a range of 
200–700 bp. The sample passed the quality check with more than 3ng/µl and more than 6 nM molarity 
concentration. 

 
Figure 1. Data analysis workflow. 

2.4. Sequencing and Data Analysis  

The sequence data was generated using Illumina NovaSeq 6000 sequencer and with the Adapter 
Sequence, P7 adapter read1 – AGATCGGAAGAGCACACGTCTGAACTCCAGTCA, and P5 adapter 
read2 – AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT. The generated sequence data were 
analyzed and data analysis workflow was given in Figure 1. Sequence reads were processed to 
remove adapter sequences and low-quality bases using fastp 0.20 [13]. Clean data for downstream 
analysis requires quality assurance and FASTQ file preparation [14]. 

The QC passed reads were mapped onto indexed bGalGal1.mat.broiler.GRCg7b_genome using 
STAR aligner [15]. The distribution of genes, exons, and transcripts per chromosome and genes was 
examined using the Chi-square test, and with p<0.05 were deemed significant. Gene level expression 
values were obtained as read counts using feature-counts [16]. Principal Component Analysis (PCA) 
is a powerful statistical technique used to analyze and visualize the patterns of gene expression data. 
For differential expression analysis the biological replicates were grouped as control and infected. 
Differential expression analysis was carried out using the DESeq2 [17] package after normalizing the 
data using the relative log expression normalization method. Genes with absolute log2 fold change ≥ 
1 and adjusted p-value ≤ 0.05 were considered significant. 
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2.5. Functional Analysis  

Further the set of transcripts identified from the sequence data were analyzed for functional 
significance, GO and KEGG, gene cluster comparison were done by bioinformatic tools with the R 
package, such as Cluster Profiler, GOplot, and Pathview, were utilized. [18–20]. In short, within the 
examined gene set, we looked at whether functional terms or pathways were statistically significant 
and linked to at least two genes. Benjamini-Hochberg employed a significance threshold of p-values 
< 0.05 to modify the calculated p-values. Gene ontology and Enrichment analysis was done by using 
the online tool ShinyGO 0.80 (http://bioinformatics.sdstate.edu/go/) [21]. On line free SRplot platform 
was used for graphing and data visualization [22]. 

2.6. Protein-Protein Interaction (PPI) 

Protein-protein interactions (PPIs) were contracted using STRING (Search Tool for the Retrieval 
of Interacting Genes/Proteins) version 12.0 online bioinformatics tool (https://version-12-0.string-
db.org/cgi/) [23]. In order to ascertain the functional relationship between the genes related to 
metabolism, cell cycle, immunity, and mitochondria, DEGs (with corrected p-values of ≤ 0.05) 
annotated for the KEGG pathway were utilized to establish a network of close interactions among 
this gene set based on databases of predicted and experimental protein interactions [23]. We 
eliminated PPIs based on high confidence ratings of less than 0.7, and disconnected nodes were 
hidden. In order to identify a certain number of clusters based on their centroids, k-mean clustering 
was also performed. 

2.7. Quantitative Real-Time PCR (RT-qPCR) Validation 

To validate the RNA-Seq results by RT-qPCR, five differentially expressed were randomly 
selected and primers were designed using Primer-Blast. Three biological replicates were conducted 
from each breed. Total RNA was extracted from the lungs of chickens using RNAiso Plus, M/s Takara, 
(Cat. No: 9109). according to the manufacturers’ protocols and the concentration and purity of RNAs 
were measured using NanoDrop. The cDNA was synthesized from total RNA by using an iScript 
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA, Cat # 1708891) according to the manufacturer’s 
protocol, which follows a method of Reverse Transcription (RT) with a random primer. The details 
of all the designed primers are provided in Table 1. The relative expression of specific gene mRNA 
was quantified as per the  method [24] by a real-time thermal cycler (Roche LightCycler® 96).  Bio-
Rad Univer SYBR green Master mix (Cat.No: 1725271). RT-qPCR was performed with the following 
thermo cycling conditions: an initial 1 cycle at 95 °C for 10 min, 40 cycles at 95 °C for 15 s, 60 °C for 
20 s and 72 °C for 20 s, followed by a 72 °C elongation for 60 s. β-Actin was used as house-keeping 
genes to normalize the expressions of mRNA. The alteration in mRNA levels of each gene in NDV-
infected embryos was quantified as a fold change using the 2−ΔΔCt method [25], in comparison to the 
non-infected control. 

Table 1. List of primers used for validation of RNA sequencing result. 

Gene Name Primer sequence Product size 

Forward Primer Reverse Primer  

TLR2 CAAGACCTACCTGGAGTGGC GGATGGCTACAGTCTCCATTTT 116 

TRIM14 GATTGGTGCAGCCTACCCTT  TCTCCCCCTTGTGAAATGCC 128 

IL1R2 TTCCCTCGCTCTTCTTCCCATTT  ATGGTGTGATCTGGGCAGTTT 137 

NOS1 ATGCACAAACAGCAGGGAGT  CCAGGACAGGGATTGGGTTG 196 

GATA3 CCTTTGGACCTCACCATCCC  AAGCATTCAGCAGGGGAGTC 72 

β-Actin TATGTGCAAGGCCGGTTTC TGTCTTTCTGGCCCATACCAA 110 
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3. Results 

3.1. RNA-Seq Data Analysis 

The average number of reads obtained from lung RNA sequencing was 25 million, and the Q20 
and Q90 rates showed average matching call accuracy of 95% and 90%, respectively. In average 
twenty million of the 25 million readings made it passed quality control. An analysis of the sequence 
revealed that its average GC content was 54%. The summary of data quantity and quality in Table 2 
and 3. On average 99.84% of the reads aligned onto the reference genome (GRCg7b). According to 
read alignment statistics, on average 88, 2, and 10 per cent of the sequences were identified as unique 
mapped, multi-mapped, and unmapped sequences, respectively. There were 30108 genes found in 
total, of which 17410–20332 genes were expressed in all samples (Table 4).  

Table 2. Summary of Raw sequence data and quality. 

Sample ID Total reads q20 rate q30 rate GC content 

Aseel control 11712582 0.956 0.906 0.518 

Aseel infected 19473512 0.959 0.911 0.520 

Kadaknath control 27264370 0.958 0.907 0.549 

Kadaknath infected 22294792 0.962 0.917 0.526 

White Leghorn control 45866934 0.953 0.892 0.588 

White Leghorn infected 27691980 0.957 0.910 0.532 

Table 3. Read alignment statistics. 

Sample ID 
QC Passed 

    Reads 
Unique  

Mapped %
Multi  

Mapped %
Unmapped % 

Aseel control 9665406 88.71 1.77 9.53 
Aseel infected 16400020 88.81 1.71 9.48 
Kadaknath control 20680458 86.49 1.98 11.53 
Kadaknath infected 19415268 89.71 1.69 8.6 
White Leghorn control 31375608 88.89 1.43 9.68 
White Leghorn infected 23667448 88.2 1.69 10.11 

Table 4. Number of expressed genes in each sample (genes with at least 1 mapped read). 

Sample ID Total Number of Genes Expressed Genes 
Aseel control 30108 17410 
Aseel infected 30108 18733 
Kadaknath control 30108 18502 
Kadaknath infected 30108 18998 
White Leghorn control 30108 20332 
White Leghorn infected 30108 19915 

3.2. Principal Component Analysis (PCA) 

Principal Component Analysis (PCA) plot of normalized gene expression data is used to 
perform data reduction when dealing with a high number of variables (Figure 2). In this analysis, 
PC1 captures 100% of the variance, while PC2 captures 0% of the variation. This result is quite 
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straightforward but unusual, indicating a very specific data structure. This pattern was observed 
when comparing control and infected samples within a breed across all three breeds individually. 
Whereas, while considering all breeds together and comparing the control and infected, PC1 (x-axis, 
35.74% variance): This principal component captures the largest variance in the data. PC2 (y-axis, 
30.06% variance): This principal component captures the second largest variance in the data, slightly 
less than PC1. The control samples (1C, 2C, 3C) are clustered together on the right side of the plot. 
Represented by the red color. The treated samples (1T, 2T, 3T) are clustered together on the left side 
of the plot. There is a clear separation between the control and treated samples along both PC1 and 
PC2. Together, PC1 and PC2 account for 65.80% of the total variance (30.06% + 35.74%). This indicates 
that the principal components effectively capture the significant differences between the control and 
treated. 

  

  

Figure 2. Principal Component Analysis (PCA) plot of normalized gene expression. PCA is used to 
perform data reduction when there are a high number of variables (in this case genes). The algorithm 
will generate a few principle components which can account for the variation present in the variables. 
When the values of two major components (PC1, and PC2) are plotted, the samples that have similar 
variance will fall in the same plane of the graph. The X-axis represents PC1 and the Y-axis represents 
PC2. While reading the graph the % of variance the axis represents should be considered. 

3.3. Identification, Characterization of Transcripts and Differential Expression Analysis 

In the differential expression analysis, biological replicates were categorized into control and 
treated groups. Among the 23,400 genes tested for significance by comparing control and treated 
samples within the same breed, no significant differences were found. However, when all control 
samples were compared to all treated samples across breeds, 594 genes exhibited significant 
differential expression (p<0.01). Of them, 544 protein-coding RNA transcripts were expressed from 
different chromosomes, and 50 lnRNA was detected (Figure 3, Table 5). Chromosome number one 
had expressed the most transcripts, making up 13.47% of all transcripts, with 72 protein-coding RNA 
and 8 lnRNA. Next to the first chromosome, the highest percentage of gene expression was noticed 
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from the second (9.93%), fourth (8.75%), third (7.41%), fifth (6.06%), sixth (5.56%), and Z (5.39%) 
chromosomes. Gene expressed from the remining chromosomes were less than 4 per cent Figure 3. 

a) 

  

b)  
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c) 

 

Figure 3. illustrating the proportion of differently expressed genes from the respective chicken 
chromosomes. 3a) displays the amount of lnRNA and protein coding RNA, 3b) shows overall total 
amount of RNA from each chromosome, and 3c) displays quantity of transcripts had expressed from 
each chromosome. 

Table 5. Number of transcripts expressed from each chromosome. 

Chromosome No lncRNA Protein coding Total number of transcripts 
Ch 1 8 72 80 
Ch 2 7 52 59 
Ch 3 2 42 44 
Ch 4 3 49 52 
Ch 5 2 34 36 
Ch 6 3 30 33 
Ch 7 1 19 20 
Ch 8 1 18 19 
Ch 9 3 15 18 

Ch 10 0 15 15 
Ch 11 3 12 15 
Ch 12 1 10 11 
Ch 13 2 13 15 
Ch 14 0 7 7 
Ch 15 0 12 12 
Ch 16 0 8 8 
Ch 17 1 7 8 
Ch 18 2 8 10 
Ch 19 2 9 11 
Ch 20 0 8 8 
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Ch 21 0 6 6 
Ch 22 0 6 6 
Ch 23 1 6 7 
Ch 24 2 8 10 
Ch 25 0 6 6 
Ch 26 0 8 8 
Ch 27 0 12 12 
Ch 28 0 7 7 
Ch 30 0 2 2 
Ch 31 0 4 4 
Ch 34 0 5 5 
Ch Z 6 26 32 

Mitochondrial 0 8 8 

According to the Chi-square test, there was no significant difference in the distribution of query 
genes across the chromosomes (p=0.37). The quantity of transcripts for each gene was also not 
observed to vary significantly (p>0.05) (Figure 4). On the other hand, the number of exons per gene 
showed extremely significant (p<0.01) variations (Figure 4). Findings revealed that the majority of the 
genes contained six exons and transcribed one to two RNA. 

 

a)) 

b)) 
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Figure 4. Bar diagram illustrating the proportionate number of exons (a) and transcripts (b) per 
gene. 

Out of 594 differentially expressed genes, 264 genes (44%) were upregulated, while 330 genes 
(56%) were downregulated. Similar results were found in a volcano plot for gene expression analysis 
and genes expression level is 2 times higher in the treated group compared to the control group 
(Figure 5). The heat map was generated for expression profile of the significant differentially 
expressed top 100 genes across the samples (Figure 6) to show the breed specific pattern of gene 
expression. A few genes expression show exceptionally up or down regulated compared to the 
majority, which could be of particular interest for further investigation as they may play key roles in 
the biological processes under study. The highly and significantly (p<0.05) overexpressed genes (log2 
fold change) in infected chicken embryonic conditions include ALB, C8A, FGG, PIT54, FETUB, 
APOC3, FGA, SPIA1, AvBD13, APOH, AMBP, TTR, PLA2G12B TLR4, TLR2, TLR21, IL1R2, IL22RA2, 
HSP90AA, HSPB9, and HSPB8. All these genes were found to be expressed with a log2 fold change 
greater than 8. Additionally, 29 novel transcripts and 20 lncRNAs were found to be significantly 
upregulated in infected chicken embryos.  

  

 
 

Figure 5. Volcano plot showing differential expression profile of genes. Blue indicates absolute log2 
fold change ≥ 1 and p value ≤ 0.05. Red indicates absolute log2 fold change ≥1 and adjusted p value 
value ≤ 0.01. As first three comparisons didn't have any significantly expressed genes, the graphical 
results are provided only for fouth comparison (1C,2C,3C vs 1T,2T,3T). 
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a) 

 

b) 

 

Figure 6. Hierarchical cluster and expression profile of a) differently expressed 594 genes (p<0.002) 
and b) the highly significant (p<1E-07) differentially expressed top 100 genes across the samples. The 
heat maps are generated from the normalized expression values of each sample for a given gene. 

Among these, the top 12 highly expressed transcripts were ENSGALG00010016177, 
ENSGALG00010017501, ENSGALG00010006269, ENSGALG00010027528, ENSGALG00010002667, 
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ENSGALG00010022972, ENSGALG00010014764, ENSGALG00010022012, ENSGALG00010017606, 
ENSGALG00010021130, ENSGALG00010022479 and ENSGALG00010000247. Furthermore, clusters 
of genes with comparable expression patterns are visible on the heat map, which may point to co-
regulation or shared functional pathways. In all three breeds, the majority of the genes exhibit 
uniform changes in expression in response to infection. The Aseel NRSN1 and TNIP3 genes, the 
Kadaknath RSFR and CEBPD genes, and the White Leghorn HPGDS, FGG, FGB, FGA, and PIT54 
genes were shown to have higher levels of breed-specific responses than the others.  

Infected samples had significantly (p<0.01) down-regulated levels of 331 genes in total. Results 
showed that the quantity of mRNA for BPIFB3, TRIM39.1, MAP3K7CL, IL17REL, IL22A1 KHDRBS2, 
KCNH5, VGLL1, CA2, CXCR4, CXCL14, GATA3 and SLC25A48 genes were significantly low in 
infected lung. In infected chicken embryos, 34 new genes were under expressed, and 10 novel 
transcripts were identified to be strongly downregulated in infected samples 
(ENSGALG00010029558, ENSGALG00010011074, ENSGALG00010000768, ENSGALG00010028733, 
ENSGALG00010028337, ENSGALG00010011399, ENSGALG00010018325, ENSGALG00010011368, 
ENSGALG00010017833, and ENSGALG00010027164). 

Infected embryos also showed 28 under expressed and 20 overexpressed lnRNAs. Out of 28 
lnRNA 10 were found highly under expressed (ENSGALG00010030044, ENSGALG00010012473, 
ENSGALG00010007497, ENSGALG00010010093, ENSGALG00010028388, ENSGALG00010002237, 
ENSGALG00010011328, ENSGALG00010019663, ENSGALG00010014138, ENSGALG00010011830) 
in infected embryos. 

Word cloud illustating the level of transcription of varioud genes involved in various pathway 
(Figure. 7). Genes associated with various metabolic activities, such as APOC3, PLA2G12B, FTCD, 
ENSGALG00010027528, and ADH6 transcripts, exhibited significantly higher expression levels in 
infected embryos, with log fold changes (logFC) of 8.16, 6.58, 5.85, 5.83, and 5.65, respectively, 
compared to healthy embryos. Conversely, several transcripts, including BPGM (-2.06 logFC), CA13 
(-2.10 logFC), TK1 (-2.11 logFC), ATP6V0D2 (-2.44 logFC), LCT (-2.52 logFC), and CA2 (-2.60 logFC), 
were significantly underexpressed. 

Additionally, genes involved in cell cycle regulation and DNA replication, such as NDC80 (-2.08 
logFC), E2F2 (-2.20 logFC), CCNE2 (-2.35 logFC), MCM (-1.81 logFC), CDC45 (-1.68 logFC), and CDK1 
(-1.85 logFC), were also found to be significantly underexpressed in infected embryos. Likewise, 
mitochondrial genes including ND1 (-1.29 logFC), ND2 (-1.35 logFC), ND4 (-1.10 logFC), ND5 (-1.21 
logFC), and ND6 (-1.44 logFC) were found to be downregulated. In contrast, immune-related genes 
such as IL1R2 (3.15 logFC), TRIM14 (1.24 logFC), TLR2 (2.79 logFC), TLR21 (1.22 logFC), and TLR4 
(1.22 logFC) showed increased expression levels in infected embryos. 

 
Figure 7. Word cloud showing the transcription levels of several genes engaged in different metabolic 
pathways..The word cloud's font sizes are proportionate to logFC at (p<0.05) in an infected embryo 
compared to control. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 September 2024 doi:10.20944/preprints202409.1123.v1

https://doi.org/10.20944/preprints202409.1123.v1


 13 

 

3.4. RNA-Seq Data Validation by RT-qPCR 

Five mRNAs that were differently expressed were subjected to RT-qPCR in order to further 
verify the correctness of the sequencing findings. When comparing RT-qPCR data to RNA-Seq data, 
a comparable expression pattern was seen, as seen in Figure 8. However, there were differences seen 
in various techniques, which are due to inherent characteristics of these methodologies. 

 
Figure 8. A bar graphic depicts the five transcripts that were chosen at random and validated by RT-
qPCR. The fold change indicates the variation in transcript amount between infected and control 
samples. 

3.5. Functional Analysis 

The GO over-representation analysis revealed several significant GO terms across different 
categories (p<0.05) (Figure 9). The most enriched GO terms include "Extracellular Space" 
(GO:0005615) with 71 gene count and 2.61-Fold Enriched within the Cellular Component category, 
"Serine-Type Endopeptidase Inhibitor Activity" (GO:0004867) with 17 gene count and 7.97-Fold 
Enrichment in the Molecular Function category, and cell division (GO:0051301) with 20 gene count 
and 5.77-Fold Enrichment among other biological activities. The high fold enrichment and low 
adjusted p-values indicate robust associations that are unlikely to be due to chance. Notably, the 
"Blood Microparticle" term exhibited a high fold enrichment, indicating a strong association with the 
gene list. Further, analysis shows that the “Cytokine production involved in immune response” had 
a −log10 (FDR) as 3.25, which provided a clearer picture of the statistical significance with 
involvement of 20 genes (Figure 10). Additionally, it was also found that mitochondrial electron 
transport, specifically NADH to ubiquinone (GO:0006120), and mitochondrial respiratory chain 
complex I activity (GO:0032981) were affected, with 5 genes involved and fold enrichments of 6.69 
and 4.6, respectively. This indicates an alteration in mitochondrial activity due to the infection. 
Enriched pathways and hierarchical clustering tree analysis revealed more significantly enriched 
gene sets with greater gene overlap as well as the link between important pathways. Pathways that 
share a large number of genes are grouped together (Figure 11).  

TLR2 TRIM14 IL1R2 NOS1 GATA3
RNA Seq 2.78 1.25 3.15 1.53 -1.51
qPCR 2.1 1 2.5 1.3 -0.42
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Figure 9. Control vs Treated (COMP4) Bubble plot of the overrepresented GO terms using 
significantly expressed genes. The orange line represents the p-value threshold (Benjamini-Hochberg 
p-value 0.05). The size of the bubble is proportionate to the number of genes involved in the GO term. 

a) 

 
b) 

 
  

ID Discription
GO:0051301 Cell division
GO:0007596 Bood coagulation
GO:0010951 Negative regulation of endopeptidase activity
GO:0006260 DNA replication
GO:0007049 Cell cycle
GO:0006268 DNA unwinding involved in DNA replication
GO:0007059 Chromosome segregation
GO:0042157 Lipoprotein metabolic process
GO:0005876 Spindle microtubule
GO:0005615 Extracellular space
GO:0005576 Extracellular region
GO:0072562 Blood microparticle
GO:0004867 Serine-type endopeptidase inhibitor activity
GO:0017116 Single-stranded DNA-dependent ATP-dependent DNA helicase activity
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c) 

 
Figure 10. The Lollypop graph displays the results of the Functional fold enrichment study conducted 
on the target genes of predicted known RNAs pertaining to various different (a) Biological, (b) 
Metabolically and (c) Cellular processes. 

 
 

 
Figure 11. A hierarchical clustering tree of (a) Biological, (b) Metabolically and (c) Cellular processes, 
summarizes the correlation among significant pathways listed in the Enrichment tab. Pathways with 
many shared genes are clustered together. Bigger dots indicate more significant P-values. 

3.6. KEGG Pathway Analysis 

Out of a total of 209 genes, 117 were found to be significantly involved (p < 0.05) in 20 KEGG 
pathways with the fold enrichment ranges from 1.5 to 8.6. Among these, the Cell Cycle (gga04110), 
DNA Replication (gga03030), and Metabolic (gga01100) pathways showed a particularly high level 
of significance (p < 0.001) and included a greater number of genes (80 count), all with a low false 
discovery rate (FDR < 0.001). Additionally, highly significant (p < 0.01) metabolic pathways were 
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identified, including gga01232 (Nucleotide metabolism), gga00250 (Alanine, aspartate, and 
glutamate metabolism), gga00240 (Pyrimidine metabolism), gga04914 (Progesterone-mediated 
oocyte maturation), gga00220 (Arginine biosynthesis), gga00983 (Drug metabolism - other enzymes), 
gga01230 (Biosynthesis of amino acids), and gga00230 (Purine metabolism). Figure 12. show the 
relationship bewteen KEGG term, genes and fold enrichment level. 

a) 

 
b) 
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Figure 12. KEGG Pathway enrichment analysis of transcripts with differential expression against 
NDV. (a) A bubble graphic illustrates the degree of enrichment and the number of genes in KEGG 
pathway. The top 20 significant KEGG keywords in metabolic processes are displayed in a chord plot 
(b). 

The analysis of metabolic pathway genes revealed significant alterations in gene expression in 
infected chicken embryos due to NDV infection. Several genes were markedly downregulated, 
including CA2 (-2.60 Log FC), LCT (-2.52 Log FC), ATP6V0D2 (-2.44 Log FC), TK1 (-2.11 Log FC), 
CA13 (-2.10 Log FC), BPGM (-2.06 Log FC), DCK2 (-1.99 Log FC), CYP21A1 (-1.96 Log FC), RRM2 (-
1.75 Log FC), SQLE (-1.62 Log FC), and DHCR24 (-1.57 Log FC) Conversely, a set of genes exhibited 
notable upregulation: ACP5 (2.05 log FC), XDH (2.15 log FC), ADH1C (2.48 log FC), GLDC (2.52 log 
FC), PRPS2 (2.66 log FC), TDO2 (2.74 log FC), FAH (2.79 log FC), DPYS (2.96 log FC), HMGCS2 (3.04 
log FC), PHGDH (3.07 log FC), ALDOB (3.27 log FC), HPD (3.30 log FC), GAD1 (3.82 log FC), 
KMO (3.84 log FC), ALDH8A1 (4.27 log FC), HGD (4.47 log FC), ADH6 (5.65 log FC), FTCD (5.85 log 
FC), and PLA2G12B (6.58 log FC). These findings highlight significant disruptions in metabolic 
processes associated with NDV infection, underscoring the profound impact of the virus on 
embryonic metabolism. In the cell cycle pathway, a total of 24 genes were involved, with only 
CDKN1C showing upregulation (-1.21 log FC). All other genes were downregulated  
(-2.35 to -1.14 log FC), indicating that NDV infection leads to disruptions in cell cycle regulation and 
growth in the infected embryos. 

3.7. Protein-Protein Interaction (PPI) 

Protein-protein interactions (PPIs) were analyzed for selectively 150 genes using String (version 
12.0) online bioinformatics tool with a minimum required interaction score set at the confidence level 
of 0.700. This analysis revealed that the proteins had more interactions among themselves than 
expected for a random set of proteins of the same size and degree distribution drawn from the 
genome. This enrichment indicates that the proteins are at least partially biologically connected as a 
group. The network consisted of 136 nodes and 244 edges, with an average node degree of 3.59. The 
average local clustering coefficient was predicted to be 0.452, and the expected number of edges in 
the PPI enrichment network was 46, with a p-value of less than 1.0e-16 and FDR<0.05. The k-mean 
clustering results showed that there were eight distinct clusters. A central area with a high density of 
connections may signify a fundamental cellular mechanism, such as transcription regulation or 
control of the cell cycle. Less connected peripheral nodes may be associated with more specialized 
roles or newly identified proteins with few known interactions, as depicted in Figure 13. Edges 
represent protein-protein associations, i.e. proteins jointly contribute to a shared function; this does 
not necessarily mean they are physically binding to each other. These include genes belonging to the 
RRM, CCN, TNF, HDP, CXC, IL, HSP, MCM and mitochondrial genes etc., were found to be 
interacting with each other significantly at (p<0.05). The module was significantly enriched for 198 
biological processes, 3 Molecular function and 9 Cellular component GO terms, including regulation 
of Metabolic, Cell cycle, Nucleic acid metabolisms, Innate, Humoral, TLR signaling, cytokine 
signaling pathways. 
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Figure 13. Potential networks of protein interactions encoded by genes related to different biological 
and cellular mechanics of cell functions. We drew the interaction networks using STRING: functional 
protein association networks (https://string-db.org). Proteins with known or projected three-
dimensional structures have clusters indicated by their colour. 

4. Discussion 

The present study utilized a global transcriptome analysis to investigate molecular events and 
gene expression patterns in lung of chicken embryos infected with Newcastle disease virus (NDV) 
across three different breeds. This approach allowed us to identify changes in gene expression linked 
to NDV infection and to examine candidate genes involved in the innate immune response of chicken 
embryo to the virus. By taking this comprehensive transcriptome-wide perspective, the study 
provides new insights into the host response to NDV infection and the complex interactions between 
the virus and its host. These findings contribute valuable information that can inform and guide 
future research efforts in this area. Our study investigated the dynamic gene expression changes 
induced in the lung by NDV at 24 hpi to understand the host response during viral infection in Aseel, 
Kadaknath and Commercial chicken embryo. 

With the development of next-generation sequencing, transcriptome analyses have been 
performed for many bacterial and viral infection, such as Mycoplasma gallisepticum, Pasteurella 
multocida, laryngotracheitis, Duck Hepatitis A Virus, Fowl Adenovirus and Fowl Adenovirus [26–31] 

The immune system of chickens has a direct impact on their health and plays a significant role 
in the farm economy, influenced by the genetic makeup of the flock [32]. RNA-Seq technology enables 
the detection of key genes associated with important traits such as disease and heat resistance [33,34] 
Consequently, high-throughput sequencing was conducted to assess the gene expression profiles of 
three chicken breeds with extreme phenotypes. This analysis aims to understand the potential 
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differences in their immune and metabolic pathway that may be crucial in responding to Newcastle 
disease viral infection [1,35]. 

4.1. Differential Gene Expression Analysis 

RNA-sequencing studies have shown that Chromosome 1 expresses the highest number of 
transcripts amonge the macrochromosomes in chicken embryos, underscoring its critical role in 
regulating gene expression during embryogenesis. Macrochromosomes such as chr1, chr2, chr3, chr4, 
chr5, chr6, chr7, chr8, chr9, and chrZ contain over 1,000 genes [36,37]. Another study reported a strong 
correlation between the size of chicken chromosomes and the abundance of lncRNAs and mRNAs (r 
= 0.9850 and 0.9677, respectively) [38,38], suggesting that transcript distribution is proportional to 
chromosome size. This relationship contributes to higher transcriptional activity in larger 
chromosomes during the developmental stages of chicken embryos [38,39]. When comparing the 
infected embryos of White Leghorn, Aseel, and Kadaknath to their respective control uninfected 
counterparts, no significant differences were observed in DEGs across the infected embryos at 24 
hours post-infection (hpi) within each breed. However, when analyzing all infected embryos 
collectively against all uninfected embryos, regardless of breed, significant differences in DEGs were 
identified. This suggests that a broader comparison reveals notable changes in gene expression 
associated with the infection. 

At two days post-infection (dpi), a large number of DEGs were found in the lungs of NDV-
infected Fayoumi chickens, with 122 DEGs being noticeably elevated. The C8A gene is significantly 
upregulated in infected embryos and encodes a protein that is part of the complement membrane 
attack complex (MAC). This complex plays a crucial role in the immune defense mechanism against 
invading microorganisms and infected host cells [40]. In a study similar to the one mentioned, 
researchers found that the genes FGG, FGA, TNIP3, and IL1R2 were predominantly involved in the 
immune response of broiler thymus tissue against lipopolysaccharide (LPS) challenge [41]. The 
cytokine signaling-related gene IL17REL and the phagosome maturation pathway-related genes 
NOX4, PRDX1, and RAB7B are important immune-related genes. [6]. Our results are contradicted by 
a previous research that found 389 DEGs in the lungs of chicken embryos infected with Mycoplasma 
gallisepticum, where 96.14% of the genes were upregulated and 3.86% of the genes were 
downregulated. [31]. In another research, 564 differentially expressed lncRNAs were observed in 
chickens infected with the parasite Eimeria tenella. Of these, lncRNA BTN3A2 was revealed to control 
the inflammatory response to coccidia infection [42].  

In recent years, long non-coding RNAs (lncRNAs) have garnered significant attention, with 
numerous studies revealing their crucial roles in various physiological and pathological processes 
across different species [43,44]. While the functions of many lncRNAs are well-documented in 
humans and mice, 17 948 and 13,186 lncRNA genes respectively identified in each species, research 
on lncRNAs in domestic animals, particularly chickens, is still in its early stages [45,46]. Only 4,641 
lncRNA genes were found in the Ensemble reference database in chickens, compared to 18,346 
protein-coding genes [46]. It was also stated that, like other species, 79% of chicken lncRNAs are 
found in intergenic regions [47].   

Among the three chicken breeds, five new transcripts ENSGALG00010002557, 
ENSGALG00010002584, ENSGALG00010003033, ENSGALG00010004529, and 
ENSGALG00010004839 have been identified with distinct expression patterns. All five transcripts 
were found to be downregulated in both infected and uninfected embryos of White Leghorn. 
Specifically, ENSGALG00010002557 was downregulated in both infected and uninfected embryos of 
Aseel also but strongly upregulated in both infected and control Kadaknath chicken embryos. The 
ENSGALG00010004529 transcript exhibited a similar expression pattern but was strongly 
upregulated in both infected and uninfected Aseel chicken embryos, contrasting with its 
downregulation in both infected and uninfected Kadaknath chicken embryos. According to the 
PANTHER (Protein Analysis Through Evolutionary Relationships) database [48], the 
ENSGALG00010002557 and ENSGALG00010002584 transcripts encode a protein with an Ig-like 
domain that binds to signal receptors and T cell receptors, playing roles in biological processes and 
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the regulation of cytokine production (Mi et al., 2021). The other three transcripts 
ENSGALG00010003033, ENSGALG00010004529, and ENSGALG00010004839 are reported to encode 
long non-coding RNAs (lncRNAs) in the Ensemble database. These may be the one reason for that 
the indigenous chicken breeds Aseel and Kadaknath exhibit higher tolerance to NVD viral infection 
[7,11,49].  

KLHL14 is highly expressed in uninfected White Leghorn embryo also and it was found to be in 
immune tissues, especially in B cells and involved in regulation of B cell regulation and stability [50]. 
A unique expression pattern was noticed in CYTB, CAV1, GATA3, HBBA, ND4, ND4L, and ND5 
genes. CAV1, GATA3 gene transcripts were found to be low in White Leghorn embryo at all the 
conditions. The transcription factor GATA-3 is selectively expressed in Th2 cells and plays a critical 
role in Th2 differentiation and cytokines Interleukins (IL) expressions [51,52]. CYTB, HBBA, ND4, 
ND4L, and ND5 were significantly more abundant in Kadaknath chicken embryos, indicating breed 
specificity and presences of more mitochondria. Except for the HBBA gene, the other four genes [53–
55].  Additionally, it was observed that the Kadaknath healthy embryo expressed the highest fold of 
ND (1, 2, and 6) genes, which is indicative of a higher amount of mitochondria. Similar to Kadaknath, 
it was shown that, in contrast to birds resistant to Marek's disease (MD), the spleen of birds vulnerable 
to MD had much lower mitochondrial DNA levels throughout the transformation phase [56]. 

A recent study demonstrated that the chicken thymus exhibited significant and distinct 
expression of various innate immune genes, including NR1H4, RBM14, SLC26A6, SLC11A1, MASP2, 
CYBA, CATHB1, PTX3, MASP1, COLEC11, SOCS1L, OTOP1, COCH, TMEM173, CFD, APOA4, MIF, 
RARRES2, TRIM62, TKFC, SERPING1, HEXIM1, STAT2, FAU, NOP53, GFI1 and NLRX1. The 
responses of these genes were found to be conserved across different organisms [57]. The 
laryngotracheitis virus infection also caused differential expression of 789 genes in the lung cells of 
chicken embryos. These genes include those that regulate the cell cycle (cyclin B2, CDK1, and CKI3), 
the immune system (cytokines, chemokines, MHC, and NF), matrix metalloproteinases (MMPs), and 
cellular metabolism [26]. The increased expression of heat shock protein (HSP) genes, including 
HSPB8, HSPB9, HSPA2, and HSP90AA1, in the lungs of infected embryos as compared to control, 
uninfected chicken embryos, is one of the findings of the current study. Interestingly HSPB8 (P60), 
HSPA2 (HSP70) and HSP90AA1 genes were expressed highly in Kadaknath and followed by Aseel 
than White leghorn. Which indicated the heat tolerance of the indigenous breed [58,59]. The HSP70 
family of heat shock proteins is the most conserved across a wide range of species [34,60,61]. 

4.2. GO and KEGG Pathwy Analysis 

Gene Ontology (GO) terms are increasingly valuable for predicting protein functions, though 
the number of terms used can be quite large. When predicting non-classical secretory proteins in 
eukaryotes and prokaryotes, the most informative GO terms are those associated with subcellular 
localization. A ranking of GO terms in this context reveals that the top terms in both datasets during 
embryonic stage are associated with subcellular locations: GO:0005576 (extracellular region), 
GO:0005634 (nucleus), GO:0005737 (cytoplasm), GO:0005615 (extracellular space), GO:0016020 
(membrane), GO:0005886 (plasma membrane) and GO:0008152 (metabolic process) [38,62]. Similarly, 
another study that highlighted a strong presence of the KEGG pathways gga01100 (metabolic 
pathways) and gga04110 (cell cycle) during the early embryonic stage [38]. This suggests that 
embryos grow more quickly and have a high amount of metabolic activity [63]. Whereas, the 
downregulation of the BPGM (bisphosphoglycerate mutase) gene in the glycolysis/gluconeogenesis 
pathway (gga00010) during infection in chickens can lead to various physiological consequences that 
may alter metabolic activity in the embryo [64]. Further, PPAR signaling pathway (gga03320) found 
to have higest expression of APOC3 gene which activly involved in lipid metabolism [65] and this 
pathway genes promotes adipocyte differentiation to enhance blood glucose uptake [66]. 

Pathway analysis had also highlighted the critical roles of cytokine production and Toll-like 
receptors (TLRs) in the immune response, particularly in recognizing pathogen-associated molecular 
patterns (PAMPs). Chicken TLRs have been shown to recognize a broad array of PAMPs, leading to 
enhanced immune responses. TLR21 in chickens can recognize immunostimulatory CpG-
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oligodeoxynucleotides, further emphasizing the role of TLRs in pathogen recognition [67,68]. The 
lung of a newly born chick was shown to have TLR21 transcript expression. TLR21 recognition is 
essential for activating innate immune cells, such as dendritic cells and natural killer (NK) cells, which 
release chemokines and cytokines to fight infections [67–69].  

Cytokines are another important component of the immune system, acting as soluble 
extracellular proteins and glycoproteins that regulate intercellular interactions. They have a 
substantial pleiotropic effect on mobilizing cells engaged in both innate and adaptive immune 
responses, influencing processes such as inflammation, cell proliferation, cell differentiation, 
apoptosis, angiogenesis, and tissue repair to restore homeostasis. Cytokines allow communication 
and coordination between immune cells by acting on particular receptors on target cells, organizing 
a comprehensive response to varied stresses and maintaing general health [70,71]. Human 
Extracellular Vesicles have higher quantities of 11 cytokines, including IFNγ, IL2, IL4, IL12p70, IL17, 
IL21, IL22, IL33, ITAC, TGFβ, and TNFα, compared to their free form in most systems [72] 

In the context of chicken embryo development, pathway analysis has identified several key 
processes essential for the embryo's rapid growth and maturation. These processes include 
chromosome organization, mitosis, DNA replication, mitochondrial activity, and the roles of the 
CMG (Cdc45-MCM-GINS) and MCM (Minichromosome Maintenance) complexes. These processes 
are likely crucial in cell cycle and multiplication occurring rapidly in the developing chicken embryo 
[73,74].  

Numerous publications demonstrate the critical role that mitochondria and mtDNA play in the 
healthy embryonic development with aboundant copy number of mtDNA [75,76]. Similarly, 
pathways of current study also emphasized that there is increased mitochondrial activity during the 
embryonic stage, resulting in elevated ATP levels [63]. Where as chickens infected with MD virus, 
the ATP (6 and 8) genes, which encode subunits of Complex V, showed increased expression levels. 
On the other hand, the ND (1, 2, 3, 4, 4L, 5, and 6) genes, which encode subunits of NADH 
dehydrogenase (Complex I), exhibited decreased expression levels in lymphoid tissue [56]. The 
processing, stability, and upkeep of the mitochondrial genome depend on the genes DNA2, MGME1, 
and SLC25A4. Reduced numbers of mitochondrial copies are often the result of changes in these 
genes' transcripts [56,77–80]. 

Although the immune system of a chick embryo is still immature, it possesses active defense 
mechanisms mediated by cytokines and natural antimicrobial peptides that effectively combat 
invading microbes. In this study, we found four Host Defense Peptides (HDPs), including AvBD10, 
AvBD13, CATH1, and CATH3, were highly expressed in infected chicken embryo lungs [31,81]. It 
has been observed that AvBDs and HDPs are expressed in different tissues, such as the bone marrow, 
multiple lymphoid organs, the respiratory system, and the gastrointestinal tract [81,82]. 

By analyzing 150 differentially expressed genes across various pathways, we constructed a 
protein–protein interaction network and identified several key genes: APOC3 from the PPAR 
signaling pathway [65], HGD, HMGCS2, HPD, and FAH from the steroid biosynthesis pathway, and 
ALDOB from the glycolysis pathway with higher topology scores ranges from 0.999 to 0.701. Further, 
PPI confirmed that the cyclin protein family, including CCNA2, CCNB1, CCNB3, and CCNE2, plays 
a crucial role in the regulation of the cell cycle by binding and activating cyclin-dependent kinases 
(CDKs), particularly CDK1 [83]. A recent report confirmed that the Gene Ontology functional 
enrichment analysis for the CDK1, CCNA2 and CCNB1 gene clusters and their neighboring genes 
primarily highlighted processes such as histone phosphorylation, chromosome segregation, 
regulation of ubiquitin protein ligase activity, organelle organization, cell division, and overall 
regulation of the cell cycle and nuclear division [84]. Similarly, MCM2–6 proteins are members of 
minichromosome maintenance (MCM) complex has a critical role in DNA synthesis during cell 
divition [85]. 

However, few studies have indicated that in-ovo microbial challenges are valuable for 
understanding the changes in cellular mechanisms during stress in newborn chicks. The findings 
from this research will support future investigations into metabolic, cellular, and immune signaling 
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pathways, contributing to the development of more effective management strategies to enhance the 
health of chicken breeds. 

5. Conclusion  

This study investigated the differences in trascripte level between the embryos of the commercial 
layer and the indigenous chicken breeds in response to Newcastle Disease Virus (NDV) infection. 
The findings highlighted breed-specific gene expressions and provided insights into the genetic 
mechanisms behind variations in immune competence. While intensive selection for growth traits in 
commercial birds often compromises immune fitness, the high HSP protein expression in indigenous 
breeds offers a valuable model for improving productivity, disease resistance, and environmental 
adaptation, which are increasingly important due to rising global temperatures. Research has 
concurrently revealed that NDV infection significantly alters cellular, metabolic, mitochondrial, and 
mitotic activities. While this research has primarily focused on the molecular impact of NDV in 
embryos, it is crucial to conduct additional trials in live adult birds to gain a comprehensive 
understanding of the virus's effects. Such studies are essential for effective management of the 
poultry sector and for addressing global food security challenges. 
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