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Newcastle disease virus infection remodels
plasma phospholipid metabolism in chickens

Jun Dai,1,2,5 Xusheng Qiu,1,5 Xinyuan Cui,3 Yiyi Feng,1 Yuechi Hou,1 Yingjie Sun,1 Ying Liao,1 Lei Tan,1

Cuiping Song,1 Weiwei Liu,1 Yongyi Shen,3,* and Chan Ding1,4,6,*

SUMMARY

Newcastle disease is a global problem that causes huge economic losses and threatens the health andwel-
fare of poultry. Despite the knowledge gained on the metabolic impact of NDV on cells, the extent to
which infection modifies the plasma metabolic network in chickens remains unknown. Herein, we per-
formed targetedmetabolomic and lipidomic to create a plasmametabolic networkmap duringNDV infec-
tion. Meanwhile, we used single-cell RNA sequencing to explore the heterogeneity of lung tissue cells in
response to NDV infection in vivo. The results showed that NDV remodeled the plasma phospholipid
metabolism network. NDV preferentially targets infected blood endothelial cells, antigen-presenting
cells, fibroblasts, and neutrophils in lung tissue. Importantly, NDVmay directly regulate ribosome protein
transcription to facilitate efficient viral protein translation. In conclusion, NDV infection remodels the
plasma phospholipid metabolism network in chickens. This work provides valuable insights to further un-
derstand the pathogenesis of NDV.

INTRODUCTION

Newcastle disease (ND) is a global problem that causes huge economic losses and threatens the health and welfare of poultry.1–3 Our pre-

vious research showed that Newcastle disease virus (NDV) activated multiple signaling pathways to facilitate viral replication and induced

sever organ pathology. For instance, NDV infectionmodulates host cell metabolism,4,5 translation,6 stress granules,7 cell cycle,8 inflammatory

response,9,10 mitochondrial function,11 type I Interferon production,12–15 T lymphocyte proliferation,16 ferroptosis,17 and autophagy.18–20

Most of these changes are beneficial to NDV replication in chicken cells and tissues. NDV induces extensive tissue damage in the testes, brain

and liver, and affects the exocrine and endocrine functions of the pancreas.1,21–24

Our previous transcriptome analysis showed that the avian innate immune response induced by highly virulent NDV Herts/33 strain was

significantly different from that induced by nonvirulent LaSota strain.25 Genotype VII NDVs have the potential to cause differential infections in

chickens and ducks.26 In particular, lentogenic NDV strains circulating among poultry might be a risk for future potential velogenic NDV out-

breaks in chickens.27Wepreviously reported an in vitro and in vivometabonomic analysis after infection with the velogenicNDV strain Hers/33

in DF-1 cells and lungs.28 These studies have provided important reference for future research on the pathogenesis of NDV. Although sig-

nificant progress has been made in research into the pathogenesis of NDV, the plasma metabolic changes caused by the differences in viru-

lence between strains infection remain unclear.

In this study, we characterized the NDV infectionmetabolic features of chickens through integrative analyses of plasmametabolomics and

lung tissue single-cell transcriptome profiling. Plasma samples were collected from chickens infected with the velogenic NDV strain Herts/33

or lentogenic NDV strain LaSota and subjected to targeted metabolomic and lipidomic analysis using an LC-MS/MS-based method. Lung

tissuewas collected for single-cell RNA sequencing (sc-RNA). Uninfected chicken sampleswere used as controls. NDV infection causedglobal

changes in plasma metabolite profiles. These alterations were associated with differences in virulence between NDV strains. An association

analysis between plasma metabolomics and sc-RNA in lung tissue revealed a correlation between plasma metabolite diacylglycerol and

mRNA levels of metabolic enzymes related to pulmonary endothelial cells and interstitial cells. Additionally, selective replication of NDV

in different types of chicken lung cells. These findings provide insight into the intrinsic link between host plasma metabolic changes and

differences in virulence between NDV strains. These data help us to study host–virus interactions and comprehensively catalog changes in

cell-type abundance after NDV infection.
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RESULTS

Multivariate analysis of plasma metabolites under NDV infection

Principal component analysis (PCA) can effectively discern the overall disparities in metabolites between different sample groups, as well as

assess the extent of variation within each group.29 Orthogonal partial least squares discriminant analysis (OPLS-DA) is a predictive model uti-

lized to establish the correlation betweenmetabolite expression levels and sample categories.30 In order to comprehensively acquire reliable

data concerning themock and other groups (Mock vs. LaSota, Mock vs. Herts/33, LaSota vs. Herts/33), we applied PCA andOPLS-DA analysis

to analyze the chemical composition of metabolites (Figures 1A–1C). By employing the PCA and OPLS-DA model, we can evaluate whether

NDV had an effect on plasmametabolic profiles. Meanwhile, we conducted a permutation test to authenticate the correctness and predictive

capability of the OPLS-DA model (Figures 1A–1C). The results of PCA and OPLS-DA revealed a distinction between the mock and other

groups, suggesting that NDV infection significantly altered the concentration of metabolites in the plasma, which can be exploited for further

investigations.

Global changes in metabolic in response to NDV infection

Full-spectrum metabolomics technology enables us to extract hydrophilic metabolites and lipids from plasma. Our two sets of detection

systems, utilizing extensive targeted technology, ensure stable detection of more than 7000 metabolites in the sample, encompassing cat-

egories such as amino acids, organic acids, nucleic acids, carbohydrates, sterols, fatty acids, sphingolipids, glycerides, phospholipids, coen-

zymes and vitamins (Figure 2A). The analysis of plasma metabolites revealed that 21 different categories of metabolites were detected, with

glycerol phospholipids, glycerol lipids, amino acids and their metabolites, sphingolipids and organic acids and their derivatives being the

Figure 1. Multivariate analysis of chicken plasma metabolites under NDV infection

Metabolic profile of theMock and LaSota group (A), Mock andHerts/33 group (B), LaSota andHerts/33 group (C), visualized by PCA, OPLS-DA and a permutation

test. Ellipses represent 95% confidence intervals. In the principal component analysis chart, PC1 signifies the first principal component, while PC2 denotes the

second principal component. The percentage indicates the explanatory power of each principal component to the dataset. Each point on the figure corresponds

to a sample, with samples belonging to the same group distinguished by a consistent color. The grouping is represented by the variable named "Group". In the

OPLS-DA score scatterplot, each point represents a sample, and samples with the same grouping are depicted with the same color. Group denotes the

respective grouping. The horizontal axis signifies the predicted component score value, thereby displaying the distinctions between groups in that direction.

The vertical axis represents the score values of orthogonal components, allowing for the visualization of differences within the group. The percentage

indicates the explanatory power of the component in relation to the dataset.
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most abundant (Figures 2A and 2B). NDV infection led to comprehensive changes in these categories of metabolites (Figure 2B). To more

clearly show the influence of NDV infection on these metabolites, we calculated the proportion of various metabolites in each group (Fig-

ure 2C). In summary, the changes in thesemetabolites caused byNDV infectionwere found to be closely related to phospholipidmetabolism.

K-means cluster analysis of differential plasma metabolites

To determine the trend of different plasma metabolites under NDV infection, 1468 co-expressed metabolites were analyzed using K-means

cluster analysis (Figure 3). The analysis revealed 4 distinct categories, with 200, 504, 62, and 702 metabolites clustered in categories 1 to 4,

respectively. Notably, NDV infection leads to the category 1 exhibited a continual decline in their content. The most differential plasma me-

tabolites in class 1, class2 and class4 were belonged to GP, GL, and SP. Moreover, the majority of differential plasma metabolites in class3

were from nucleotide and its metabolites, organic acid and its metabolites, and amino acid and its metabolites. Identifying the common and

unique differential plasmametabolites induced by velogenic NDV strain Herts/33 or lentogenic NDV strain LaSota was of utmost importance

for studying the pathogenesis of NDV. Therefore, we conducted a volcano plot and Venn diagram analysis of significant differential plasma

metabolites between Mock vs. LaSota, Mock vs. Herts/33, and LaSota vs. Herts/33 (Figure 4). Venn diagram analysis revealed that 246 me-

tabolites shared by all groups, highlighting the metabolic variations following infection with varying NDV virulence strains (Figure 4D).

NDV strain LaSota upregulates plasma phospholipid metabolites

To better comprehend the effects of NDV infection on plasma metabolism, we conducted a global lipidomic survey of chicken plasma in-

fected with lentogenic NDV strain LaSota for 3 days. Lipids that were extracted from populations of both mock and infected chicken plasma

(n = 6 biological replicates for each group) were analyzed using UPLC-MS/MS. A total of 381 plasmametabolites (319 up-regulated, 62 down-

regulated) significantly changed after LaSota infection (Figure 5A). The lists of differentially plasma enriched metabolites are shown in

Table S1, and were visualized via a volcano plot (Figure 4A). Most of these differential plasma metabolites are lipid molecules that take

part in different lipid metabolism pathways, such as contributing to the regulation of lipolysis in adipocytes, cholesterol metabolism, glycer-

olipid metabolism, fat digestion and absorption, and vitamin digestion and absorption (Figure 5B). To clearly observe the alterations in the

relative content of metabolites caused by LaSota, we applied Unit Variance Scaling treatment to the original content of the differential

Figure 2. Global Changes in Metabolic in Response to NDV Infection

(A) Themetabolite categories form a circular graph, with each color representing ametabolite category, and the area of the color block represents the proportion

of that category.

(B) Heatmap of metabolite content. Horizontal represents the sample name, vertical represents the metabolite classification, Group represents grouping, red

represents high content, green represents low content, and class represents the primary classification of the substance.

(C) Percentage of metabolite content in each sample.
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metabolites in rows and produced a heatmap using the R software package. Metabolites such as glycerolipids, glycerophospholipids, sphin-

golipids, and triglyceride in the plasma of chickens infected with LaSota were significantly upregulated (Figures 5C and 5D).

NDV strain Herts/33 downregulates plasma phospholipid metabolites

To assess whether themetabolic changes inducedby Herts/33 were distinct from those of LaSota, we compared their metabolic profiles using

PCA andOPLA-DA. The results revealed a clear segregation between theHerts/33 andMock or LaSota groups (Figures 1B and 1C), indicating

that Herts/33 elicited significant modifications in the concentrations of metabolites in the plasma. A total of 1197 plasma metabolites (42 up-

regulated, 1155 down-regulated) significantly changed after Herts/33 infection (Figure 5A). The lists of differentially enrichedmetabolites are

presented in Table S2 (Mock vs. Herts/33) and Table S3 (LaSota vs. Herts/33), along with the volcano plots (Figures 4B and 4C). After infection

Figure 3. K-means cluster analysis of differential plasma metabolites

The K-means cluster analysis revealed 4 distinct categories, with 200 (A), 504 (B), 62 (C), and 702 (D) metabolites clustered in categories 1 to 4, respectively. The

horizontal axis represents the sample group, while the vertical axis corresponds to the standardized relative content of metabolites. ‘‘Sub class’’ denotes the

number of metabolite classes exhibiting similar patterns of change, while ‘‘total’’ indicates the count of metabolites within that category.
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with Herts/33, Class II identification revealed a significant decrease in the differential enrichment of plasma metabolites, including glycero-

phospholipids, glycerol phospholipids, sphingolipids, and amino acid metabolites (Figures 6A–6C).KEGG enrichment analysis indicated that

these differentially enriched metabolites were linked to multiple metabolic pathways, such as glycerophospholipid metabolism, choline

metabolism, cholesterol metabolism, glycerolipid metabolism, fat digestion and absorption, thermogenesis, and vitamin digestion and ab-

sorption (Figure 6B). These alterations in plasma metabolism likely explain the variance in the level of NDV replication in chickens.

The GP-GL-SP network is a key determinant of NDV infection

Our findings suggest that there is a close connection between NDV infection and phospholipid metabolism in plasma, as demonstrated by

the opposite trends of glycerophospholipids–glycerolipids–sphingolipids (GP-GL-SP) observed during infection with the NDV strains Herts/

33 and LaSota (Figures 5C and 6A). This led us to further explore the relationship between NDV and phospholipid metabolism. First, we use

differential metabolite clustering heat maps to illustrate changes in relative metabolite content between Herts/33 and LaSota (Figure 7A).

These differentially enrichedmetabolites were linked to multiple metabolic pathways, such as glycerophospholipid metabolism, glycerolipid

metabolism, regulation of lipolysis in adipocytes, fat digestion and absorption, cholesterol metabolism, and vitamin digestion and absorption

(Figure 7A). Next, we examined how Herts/33-induced changes in host GP-GL-SP composition broke down by subclass and species in our

dataset, compared to LaSota (Figure 7B). Herts/33 infection caused a comprehensive downregulation of the GP-GL-SP compounds in the

plasma of chicks (Figure 7B). Venn diagram showed that chickens infected with Herts/33 and LaSota shared 281 differential metabolites,

compared with the mock (Figure 7C). The top 50 metabolites, which were downregulated by Herts/33, were significantly upregulated by La-

Sota out of the 281 differentially expressedmetabolites (Figure 7D). In summary, Herts/33 and LaSota led to opposite trends in the differential

metabolites present in plasma phospholipid metabolism.

Selective replication of NDV in different types of chicken lung cells

To generate a comprehensive single-cell atlas of NDV, we isolated six lung samples from SPF chickens infected with velogenic Herts/33 strain

or lentogenic LaSota strain of NDV, at 3 days post-infection (dpi). Single-cell suspensions from the lungs were processed through the 103

Genomics platform for sc-RNA, which profiles all polyadenylated mRNAs (see Figure S1). The detailed steps and methods of sc-RNA can

be found in our previous study.31 t-SNE visualization of cells from the lungs, with 15 distinct clusters colored. Colored cells include endothelial,

Figure 4. Significant differential plasma metabolites during NDV infection

(A) Volcano plots for the Mock and LaSota group.

(B) Volcano plots for the Mock and Herts/33 groups.

(C) Volcano plots for the LaSota and Herts/33 group. Each point in the volcanic map represents a metabolite. Red: upregulation; blue: downregulation; gray: not

significant.

(D) Plasma metabolite changes were further examined with a Venn diagram.
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epithelial, and immune cells, platelets, mesenchymal cells, and neurons (Figure 8A). The percentage of different cell populations in each

group is shown in Figure 8B. The transcript counts in these cells is visualized in Figure 8C. Statistical analysis was conducted to investigate

whether there were any differences in the replication levels of NDV in various types of cells. Blood endothelial cells, antigen-presenting cells,

fibroblasts, and neutrophils had the highest NP expression levels of Herts/33 compared to other cell types (Figures 8D–8F). This indicates that

NDV replication had a selectivity for different types of lung cells. NDV preferentially targets infected blood endothelial cells, antigen-present-

ing cells, and mesenchymal-fibroblasts in lung tissue.

NDV regulating transcription of ribosomal proteins to remodel ribosomes

To comprehensively evaluate the effect of Herts/33 infection on cell transcription in vivo, we conducted KEGG enrichment analysis on differ-

entially expressed genes of six cell types - fibroblasts, antigen-presenting cells, and blood endothelial cells with active replication of Herts/33,

and lymphatic endothelial cells, natural killer cells, and neuron cells with inactive replication of Herts/33. NDV infection generally inhibits host

biosynthesis and metabolic activity (Figure 9). Viral infection significantly down-regulated ribosome protein transcription in many cell types,

but some genes involved in ribosome biosynthesis were up-regulated, indicating that NDV directly regulated ribosome protein transcription

to facilitate efficient viral protein translation. This phenomenon was observed across different cell types and was not restricted to viral titers.

Associations of transcriptome and plasma metabolome

We further investigated the associations between single cell transcriptome and plasmametabolome in chickens, which could potentially help

shed light on the pathogenesis of NDV.We assessed the effect of fibroblast cells (Figure 10A), epithelium cells (Figure 10B), and blood endo-

thelial cells (Figure 10C) single cell transcriptome on the plasma metabolome, usingWilcox-test. Levels of sphingomyelin, glucosylceramide,

Figure 5. LaSota upregulates host plasma phospholipid metabolites

(A) Statistics of plasma differential metabolites in chickens infected with NDV, see Table S1.

(B) KEGG enrichment analysis of plasma differential metabolites (Mock vs. LaSota). The horizontal axis depicts the rich factor for each pathway, with the pathway

name being indicated on the vertical axis. The significance of the enrichment is reflected by the color of the point, with redder points indicating higher

significance (as dictated by P-value). The size of the point corresponds to the number of enriched differential metabolites.

(C) Differential plasmametabolites content heatmap. Horizontal represents the sample name, vertical represents the metabolite classification, Group represents

grouping, red represents high content, green represents low content, and class represents the primary classification of the substance.

(D) Bubble plots of log2 fold changes in abundance of lipid species in LaSota-infected chicken plasma relative to Mock at 3 hpi.

ll
OPEN ACCESS

6 iScience 27, 108962, February 16, 2024

iScience
Article



sulfatide, triacylglycerol, phosphatidylcholine, phosphatidylserine, phosphatidate, and acylglycerol in the plasma were closely related to host

mRNA levels of metabolic enzymes in pulmonary endothelial cells and interstitial cells. KEGGenrichment analysis showed that Herts/33 infec-

tion resulted in significant downregulation of metabolites related to glycerolipid metabolism (# gga00561) (Figure 10D), sphingolipid meta-

bolism (# gga00600) (Figure 10E), and glycerophospholipid metabolism (# gga00564) (Figure 10F) in blood endothelial cells, which correlated

with themRNA levels of relatedmetabolite enzymes. As expected, significant changes in phospholipidmetabolites caused byNDV infection,

including glycerolipid, sphingolipids and glycerophospholipids, had a strong significant correlationwith the single cell transcriptome in blood

endothelial cells. These results suggest that plasma metabolites serve as potential biomarkers for understanding metabolic changes in lung

tissue afterNDV infection. Future studiesmay further elucidate the underlyingmechanisms andpotential clinical implications of these findings.

Diglyceride as potential metabolic markers for NDV infection

We explored whether there was a correlation between plasmametabolites and the level of metabolic enzymemRNA in lung tissue after NDV

infection in chickens. The hypergeometric test was used to determine the correlation between plasma metabolites and mRNA in lung histio-

cytes. There was a correlation between the plasma metabolite diglyceride and the mRNA levels of related metabolic enzymes in pulmonary

endothelial cells and interstitial cells (Figure 11). Based on this evidence, it can be inferred that when chicken cells are infected with highly

virulent strains of Herts/33, there is a comprehensive downregulation of differentially expressed genes (DGs) in their plasma. Conversely,

in response to infection with the nonvirulent LaSota strain, it appears to be a compensatory upregulation of DGs. This significant alteration

in plasma metabolism may serve as a distinctive characteristic of infections caused by various NDV strains exhibiting different levels of viru-

lence. In summary, diglyceride as potential metabolic markers for NDV infection.

Figure 6. NDV strain Herts/33 downregulates plasma phospholipid metabolites

(A) Differential plasma metabolites content heatmap. Horizontal represents the sample name, vertical represents the metabolite classification, Group represents

grouping, red represents high content, green represents low content, and class represents the primary classification of the substance, see Table S2.

(B) KEGG enrichment analysis of plasma differential metabolites (Mock vs. Herts/33). The horizontal axis depicts the rich factor for each pathway, with the pathway

name being indicated on the vertical axis. The significance of the enrichment is reflected by the color of the point, with redder points indicating higher

significance (as dictated by P-value).

(C) Bubble plots of log2 fold changes in abundance of lipid species in Herts/33-infected chicken plasma relative to mock at 3 hpi.
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DISCUSSION

As a member of the Paramyxoviridae group, NDV is the key causative agent of ND that affects chickens, turkeys and other birds.32 ND is a

global issue that results in significant economic losses and poses a threat to the health andwelfare of poultry.33,34 It is widely accepted that the

pathogenicity of the NDV virus varies with its virulence.25 In comparison to a non-virulent NDV, virulent Newcastle disease virus elicits a strong

innate immune response in chickens, these results suggest that the host response itself may contribute to the pathogenesis of this highly

virulent strain in chickens.35,36 We conducted in-depth research on the pathogenesis of NDV in our prior studies, yet the molecular regulatory

mechanisms of chickens’ responses to NDV infection have yet to be fully elucidated.4–14,16–20Specifically, our prior research demonstrated

considerable differences in host transcriptional level changes provoked by NDV strains of different virulence levels, which may be attributed

to disparities in pathogenicity between virulent and non-virulent strains.25 There are significant differences in the expression levels of antiviral

genes induced by NDV strains with different virulence levels.37

Metabolomics has been widely used to investigate the responses in chickens to infection with nephropathogenic infectious bronchitis vi-

rus,38,39 infectious bursal disease virus,40 Avian leukosis virus subgroup J,41 avian infectious laryngotracheitis virus,42 avian infectious bronchitis

virus,43,44 and NDV.28 We previously have reported the transcriptomic and metabolomic profiles following infection with NDV, both in vitro

and in vivo.25,28,31 Currently, there are no reports on the alterations in plasmametabolic levels inducedbyNDV in chickens, and the interaction

between distinct virulent strains of NDV and host plasma metabolites remains unknown. To explore this knowledge gap, we conducted a

Figure 7. The GP-GL-SP network is a key determinant of NDV infection

(A) KEGG enrichment analysis of plasma differential metabolites (LaSota vs. Herts/33), see Table S3. The horizontal axis depicts the rich factor for each pathway,

with the pathway name being indicated on the vertical axis. The significance of the enrichment is reflected by the color of the point, with redder points indicating

higher significance (as dictated by P-value).

(B) Bubble plots of log2 fold changes in abundance of lipid species in Herts/33-infected chicken plasma relative to LaSota group at 3 hpi.

(C) Plasma metabolite changes were further examined with a Venn diagram after NDV infection.

(D) Compared with the Mock group, the top50 metabolites downregulated by Herts/33 infection were significantly upregulated in the La Sota group.
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comprehensive lipidomic survey on the plasma of chickens infected with the velogenic NDV strain Herts/33 or lentogenic NDV strain LaSota.

To our knowledge, this is the first report to create a plasma metabolic network map during NDV infection. We found that NDV infection re-

models the plasma phospholipid metabolism network in chickens. The Herts/33 strain significantly reduced the production of ceramide, di-

acylglycerol, triglyceride, sphingomyelin, phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, and

phosphatidic acid and other lipid molecules. In contrast, the LaSota strain induced significant upregulation of these substances. Importantly,

there was a correlation between the plasma metabolite diglyceride and the mRNA levels of related metabolic enzymes in pulmonary endo-

thelial cells and interstitial cells (Figure 11), and diglyceridemaybe as a potential metabolic marker for NDV infection. In general, there exists a

positive correlation between host lipid metabolism activity and virus release.45 In our previous study, we discovered that several the highly

virulent strains of NDV, including Herts/33, possess R247K mutations in their M protein.46 Notably, these strains exhibit a faster rate of virus

release due to the R247K mutations compared to the nonvirulent LaSota strain. We believe that the highly virulent strains of Herts/33 cause a

rapid decline in the consumption of host lipidmetabolites. Conversely, the nonvirulent LaSota strain triggers compensatory regulation of lipid

metabolism, resulting in an increase. In brief, Herts/33 infection induces a substantial degradation of diglyceride (DG). These degraded DGs

are utilized for the synthesis of glycerol sphingolipids, which play a crucial role as essential lipid components for viral envelope synthesis in

progeny viruses.47 Such changes in the levels of these metabolites, likely resulting from NDV targeting and interference with phospholipid

metabolism in the chicken plasma, may benefit viral replication. In conclusion, we have mapped out a host-virus wiring diagram of plasma

phospholipid metabolism.

Viruses lack a self-containedmetabolic network. Hence, they have evolvedmultiple mechanisms for rewiring themetabolic system of their

host to hijack the host’s metabolic resources for replication. Our previous research showed that NDV remodels nucleotide metabolism,5glut-

amine metabolism,48 glucose metabolism,12 iron metabolism17 and amino acid metabolism28 to support self-replication. We showed here

that NDV remodels plasma phospholipid metabolism, indicating a causal relationship between NDV virulence differences and phospholipid

homeostasis disorders, and the phospholipid network as contributing to the molecular processes underlying NDV virulence. Sphingolipids

aremajor components of cellular membranes, and at steady-state level, their metabolic fluxes are tightly controlled. On challenge by external

signals, they undergo rapid turnover, which substantially affects the biophysical properties ofmembrane lipid and protein compartments and,

consequently, signaling and morphodynamics.49 Currently, our findings indicate that NDV infection leads to a significant depletion of lipids,

Figure 8. Selective replication of NDV in different types of chicken lung cells

(A) t-SNE visualization of lung cells showing 15 distinct clusters with corresponding colors.

(B) Percentage of different cell populations in each group.

(C) Transcript counts (UMIs) in various cell types (D) t-SNE visualization of cells from the lungs, with two distinct clusters colored. Herts/33 Challenge group

colored red and Control group colored blue.

(E) The abundance of Herts/33 (GenBank: AY741404.1) infection in different types of cells in the lungs. The number represents the logarithm of relative

abundance.

(F) NP gene expression levels after infection with Herts/33 in different types of lung cells.
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as well as the activation and manipulation of genes associated with the sphingolipid ‘‘rheostat.’’ Notably, the expression levels of sphingo-

myelin synthase genes were observed to be upregulated, driving metabolic reprogramming and facilitating the accumulation of ceramide

content.25 Such alterations cater to the requirements for the self-assembly of virus particles and enable optimal replication to take place

(data not published). Further investigation could explore the potential relationship between the phospholipid metabolic remodeling caused

by the varying levels of virulence of NDV, and the corresponding viral proteins, as well as identify the functions of these phospholipid metab-

olites in the replication of NDV.

According to our data, there was noteworthy variation in the replication of Herts/33 among various cell types. Endothelial cells, antigen-

presenting cells, fibroblasts and neutrophils showed the greatest replication of Herts/33. Hence, it suggests that NDV replication in vivo dis-

plays a preference for distinct cell types (Figures 8E and 8F). It has been confirmed that endothelial cells, antigen-presenting cells, fibroblasts,

and neutrophils are the primary target cells for NDV infection and invasion in chickens. Prior research has demonstrated that poultry infected

with NDV exhibit neurological symptoms accompanied by severe immunosuppression.50–53 Our data confirmed that Herts/33 replicates

actively in immune cells such as antigen-presenting cells, T lymphocytes, and neutrophils. There is also a small amount of virus replication

in nerve cells (Figure 8F), whichmay be a potential factor forNDV to affect the normal function of immunosuppression and neural cells, leading

to immune suppression and neurological symptoms.

The single-cell transcriptome analysis revealed that NDV may directly regulate ribosome protein transcription to facilitate efficient viral

protein translation. This phenomenon was observed across different cell types and was not restricted to viral titers. As such, it appears

that NDV infection can exert a significant impact on the host ribosome translation function. Nonetheless, our previous research conducted

at the cellular level demonstrated that NDV infection inhibits cellular protein translation, and that the NP protein of NDV ‘‘hijacks’’ translation

initiation factors, causing them to preferentially translate viral proteins.6Based on our unpublished research, the original ribosome in the cell is

unable to effectively translate viral proteins. To overcome this, NDV needs to remodel the ribosomes. Then, by degrading the ribosomal pro-

tein, the shape of the ribosome can be altered. This not only allows for efficient translation of viral proteins but also impedes the translation of

cell proteins. In summary, NDV remodel ribosomes by regulating the transcription of ribosomal proteins.

In summary, we provide a comprehensive and in-depth understanding of the host response in chickens induced by NDV and provides a

basis for further research to clarify the interaction between NDV and host plasma metabolism (Figure 12). At present, the impact of NDV

Figure 9. NDV remodel ribosomes by regulating the transcription of ribosomal proteins

KEGG pathway enrichment analyses based on differentially expressed genes in different types of cells relative to the Mock group.

(A) was from fibroblast cells, (B) from antigen-presenting cells, (C) fromblood endothelial cells, (D) from lymphatic endothelial cells, (E) from natural killer cells, and

(F) from neuron cells. The x axis represents the log10 P-value. The y axis indicates different pathways in the enrichment analysis.
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infection on phospholipidmetabolism in chickens remains uninvestigated; likewise, themetabolic markers associated with infections by NDV

strains with different virulence are unknown, which hinders our understanding of the host response to the virus. Our research provides valu-

able insights into the demand for host cell lipid metabolism during NDV infection and sheds light on the regulatory role of NDV replication in

host cell metabolic pathways. These findings lay a solid theoretical foundation for further investigations into the reprogramming of host cell

metabolism by NDV. Future studies should focus on exploring the effects of phospholipid metabolites on NDV replication, and on investi-

gating the changes in key enzymes of phospholipid metabolism during the host’s response to NDV infection. The correlation betweenNDV’s

remodeling of the host’s phospholipid metabolism and its pathogenic mechanisms will prove to be a promising topic for research in the

future.

Figure 10. The relationship between transcriptome and plasma metabolome

The Wilcox test was used to analyze the differences in genes and metabolites between the experimental and control groups. Correlation analyses were

conducted between plasma metabolites and the single-cell transcriptomes of fibroblast cells (A), epithelial cells (B), and blood endothelial cells (C). p < 0.05

indicated significant differences in genes and metabolites. The wiring diagram displays the metabolic pathway and differential genes or metabolites involved

in the pathway. C00157, C00350, C00416, C00641, C00681, C02737, and C04230 represent the metabolites in the KEGG database as Phosphatidylcholine,

Phosphatidylethanolamine, Phosphatidate, 1,2-Diacyl-sn glycerol, 1-Acyl-sn glycerol 3-phosphate, Phosphatidylserine, and 1-Acyl-sn glycero-3-

photospholine, respectively. Correlation analysis between metabolites and metabolic enzyme mRNA levels in three pathways of blood endothelial cells: the

glycerol lipid metabolic pathway (# gga00561) (D), sphingomyelin metabolic pathway (# gga00600) (E), and glycerol phospholipid metabolic pathway (#

gga00564) (F). Metabolites are represented by dots, with blue indicating downregulation, yellow indicating upregulation, and white indicating no significant

difference. The metabolic enzyme mRNA is represented by a rectangle, with red indicating upregulation and green indicating downregulation.
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Limitations of the study

During viral infection, the cellular response involves the regulation of various pathways, gene and protein expression, and modulation of

cellular metabolism encompassing carbohydrates, amino acids, nucleotides, and lipids. Our previous research has already elucidated the

diversemetabolic remodeling induced byNDV, including host energymetabolism,12 nucleotidemetabolism,5 and amino acid metabolism.28

For this study, our focus was on constructing a metabolic network map of plasma phospholipids during NDV infection. Nonetheless, a

comprehensive and systematic investigation is necessary to fully comprehend how these metabolic factors precisely impact NDV. Addition-

ally, further validation using cell models is indispensable in uncovering the role of phospholipid metabolites in the replication cycle of NDV.

Figure 11. DAG can serve as metabolic markers for NDV infection

The hypergeometric test was used to detect the enriched P1 set of metabolic pathways associated with the gene set significantly upregulated or downregulated

in the single-cell transcriptome. Similarly, the hypergeometric test was used to identify the enriched set of metabolic pathways, P2, for the significantly

upregulated or downregulated metabolites in plasma metabolomics. The intersection of P1 and P2 was utilized to determine the correlated metabolites and

mRNA. The rectangle denotes the gene name, where green denotes a downregulation of gene expression, red indicates an upregulation of gene

expression, dots represent metabolites, blue indicates a downregulation of metabolite levels, and yellow indicates an upregulation of metabolite levels.

Figure 12. NDV infection remodels the plasma phospholipid metabolism in chickens
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While our study demonstrated the remodeling of plasma phospholipid metabolism during NDV infection, further research is warranted to

identify specific plasma phospholipid metabolites associated with NDV pathogenicity. However, conducting such an extensive experiment

exceeds the scope of this study.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Lead contact Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Chan

Ding (shoveldeen@shvri.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All specific pathogen-free (SPF) embryonated eggs were purchased fromBeijing Boehringer IngelheimVital Biotechnology Co. Ltd. and incu-

bated as described previously.44 A total of 21 healthy White Leghorns of similar weight were randomly and averagely divided into three

groups of seven: mock group, Herts/33 group, LaSota group. Herts/33 group SPF chickens were challenged via an eye dropper with

200 mL of 103EID50 Herts/33; LaSota group SPF chickens were challenged via an eye dropper with 200 mL of 108 50% EID50 LaSota; and

PBS was the negative control. At 3 days post-infection(dpi), single-cell RNA sequencing was used to determine the transcriptional character-

istics of lung tissue in chickens. The plasma sample extracts were analyzed using an LC-ESI-MS/MS system. To detect metabolites, full-spec-

trummetabolomics technology was used to extract and detect hydrophilic metabolites and lipids from plasma samples, following previously

reportedmethods54,55(see Figure S1). The use and care of animals were authorized by the Institutional Animal Care andUseCommittee of the

Shanghai Veterinary Research Institute Chinese Academy of Agricultural Sciences (SV-20201225-Y02).

METHOD DETAILS

Methods for extraction of hydrophilic compounds

Samples stored at�80�C were thawed on ice and vortexed for 10 s. Fifty microliters of sample and 300 mL of extraction solution (ACN: meth-

anol = 1:4, V/V) containing internal standards were added to a 2-mL microcentrifugetube. The samples were vortexed for 3 min and

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

NDV strain Herts/33 China Institute of Veterinary Drug Control

(Beijing, China)

N/A

NDV strain LaSota China Institute of Veterinary Drug Control

(Beijing, China)

N/A

Software and algorithms

R (base package) https://www.r-project.org/

R (MetaboAnalystR) https://www.r-project.org/

R (base package) https://www.r-project.org/

R (igraph; ggraph) https://www.r-project.org/

R (corrplot) https://www.r-project.org/

R (ComplexHeatmap) https://www.r-project.org/

R (base package; Hmisc) https://www.r-project.org/

R (fmsb) https://www.r-project.org/

Other

Specific pathogen-free (SPF) embryonated

eggs

Beijing Boehringer Ingelheim Vital

Biotechnology Co. Ltd.
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centrifuged at 12000 rpm for 10 min at 4�C. Supernatants (200 mL) were collected and placed at �20�C for 30 min, and centrifuged at

12000 rpm for 3 min (4�C). Aliquots of supernatant (180 mL) were transferred for LC-MS analysis.

Methods for extraction of hydrophobic compounds

Samples were removed from the�80�C freezer, thawedon ice and vortexed for 10 s.Wemixed 50 mL of sample and 1mL of extraction solvent

(MTBE: methanol = 3:1, v/v) containing internal standard mixture. After whirling the mixture for 15 min, 200 mL of water was added, and the

samples were vortexed for 1 min and centrifuged at 12,000 rpm for 10 min. The upper organic layer (200 mL) was collected and evaporated

using a vacuum concentrator. The dry extract was reconstituted using 200 mL mobile phase B prior to LC-MS/MS analysis.

UPLC of hydrophilic compounds

The sample extracts were analyzed using an LC-ESI-MS/MS system (UPLC, ExionLC AD, https://sciex.com.cn/; MS, QTRAP System, https://

sciex.com/). The analytical conditions were as follows. UPLC: column,Waters ACQUITYUPLCHSS T3C18 (1.8 mm, 2.1mm3 100mm); column

temperature, 40�C; flow rate, 0.4 mL/min; injection volume, 2 mL; solvent system, water (0.1% formic acid): acetonitrile (0.1% formic acid);

gradient program, 95:5 v/v at 0 min, 10:90 V/V at 11.0 min,10:90 V/V at 12.0 min, 95:5 V/V at 12.1 min, 95:5 V/V at 14.0 min.

UPLC of hydrophobic compounds

The sample extracts were analyzed using an LC-ESI-MS/MS system (UPLC, ExionLC AD https://sciex.com.cn/; MS, QTRAP System, https://

sciex.com/). The analytical conditions were as follows, UPLC: column, Thermo Accucore C30 (2.6 mm, 2.1 mm 3 100 mm internal diameter);

solvent system, A: acetonitrile/water (60/40, v/v, 0.1% formic acid, 10mmol/L ammonium formate), B: acetonitrile/isopropanol (10/90 v/v, 0.1%

formic acid, 10 mmol/L ammonium formate); gradient program, A/B (80:20, v/v at 0 min, 70:30 V/V at 2 min, 40:60 v/v at 4 min, 15:85 v/v at

9 min, 10:90 v/v at 14 min, 5:95 v/v at 15.5 min, 5:95 v/v at 17.3 min, 80:20 v/v at 17.3 min, 80:20 v/v at 20 min; flow rate, 0.35 mL/min; temper-

ature, 45�C; injection volume: 2 mL. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS.

ESI-Q TRAP-MS/MS of hydrophilic compounds

LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP LC-MS/MS

System, equippedwith an ESI Turbo Ion-Spray interface, operating in positive and negative ionmode and controlled byAnalyst 1.6.3 software

(Sciex). The ESI source operation parameters were as follows: source temperature 500�C; ion spray voltage (IS) 5500 V (positive), �4500 V

(negative); ion source gas I (GSI), gas II (GSII), curtain gas (CUR) was set at 55, 60, and 25.0 psi, respectively; the collision gas (CAD) was

high. Instrument tuning andmass calibration were performedwith 10 and 100 mmol/L polypropylene glycol solutions in QQQ and LIT modes,

respectively. A specific set of MRM transitions were monitored for each period according to the metabolites eluted within this period.

ESI-Q TRAP-MS/MS of hydrophobic compounds

LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP LC-MS/MS

System, equippedwith an ESI Turbo Ion-Spray interface, operating in positive and negative ionmode and controlled byAnalyst 1.6.3 software

(Sciex). The ESI source operation parameters were as follows: ion source, turbo spray; source temperature 500�C; ion spray voltage (IS) 5500 V

(positive), �4500 V(neagtive); GS1, GS2, and CUR were set at 45, 55, and 35 psi, respectively; CAD was medium. Instrument tuning and mass

calibration were performed with 10 and 100 mmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ scans were

acquired as MRM experiments with collision gas (nitrogen) set to 5 psi. DP and CE for individual MRM transitions were done with further DP

andCE optimization. A specific set ofMRM transitions weremonitored for each period according to themetabolites eluted within this period.

Single-cell transcriptome

In our previous research,31 we detailed the steps involved in single-cell transcriptome sequencing of lung tissue from chickens infected with

NDV. The process included single cell sorting, sample preparation, RNA sequencing data processing, cell type annotation, gene set variation

analysis, pseudo time analysis, and NDV sequence analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The identification of differentially enrichedmetabolites andmetabolic pathways was as our previously described.28,44 In short, we used a com-

bination of UPLC-MS/MS detection platform, self-built database (Wuhan Metware Biotechnology Co., Ltd.), and multivariate statistical anal-

ysis to study themetabolomic differences between samples. For two-group analysis, differential metabolites were determinedby VIP (VIPR1)

and fold change (fold changeR2 or fold change%0.5). The data analysis of this study involves principal component analysis (PCA), K-Means

analysis, orthogonal partial least square discriminant analysis (OPLS-DA), hierarchical cluster analysis (HCA) and pearson correlation coeffi-

cients (PCCs). The software and version used for these analyses are shown in key resources table.
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