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Abstract 19 

The apicomplexan cattle parasite Theileria parva is a major barrier to improving the livelihoods 20 

of smallholder farmers in Africa, killing over one million cattle on the continent each year. 21 

Although exotic breeds not native to Africa are highly susceptible to the disease, previous 22 

studies have illustrated that such breeds often show innate tolerance to infection by the 23 

parasite. The mechanisms underlying this tolerance remain largely unclear. To better 24 

understand host response to T. parva infection we characterised the transcriptional response 25 

over 15 days of tolerant and susceptible cattle (n=29) naturally exposed to the parasite. We 26 

identify key genes and pathways activated in response to infection as well as, importantly, 27 

several genes differentially expressed between the animals that ultimately survived or 28 

succumbed to infection. These include genes linked to key cell proliferation and infection 29 

pathways. Furthermore, we identify response expression quantitative trait loci containing genetic 30 

variants whose impact on the expression level of nearby genes changes in response to the 31 

infection. These therefore provide an indication of the genetic basis of differential host response. 32 

Together these results provide a comprehensive analysis of the host transcriptional response to 33 

this under-studied pathogen, providing clues as to the mechanisms underlying natural tolerance 34 

to the disease. 35 

Key words 36 

RNA, gene expression, host, parasite, Boran, tolerance, theileria. 37 

 38 

 39 

 40 
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1. Introduction 41 

The apicomplexan parasite Theileria parva infects cattle and buffalo causing a fatal 42 

lymphoproliferative disease in the former known as either East Coast Fever (ECF) or Corridor 43 

disease. ECF is transmitted from cattle to cattle by the tick Rhipicephalus appendiculatus, while 44 

Corridor disease occurs when the parasite is transmitted from buffalo to cattle by the same 45 

vector (Nene and Morrison, 2016; Cook et al., 2021). In susceptible animals, fatality rates from 46 

the diseases are over 90%, causing an estimated economic impact of over US$300 million 47 

annually to African farmers (Mukhebi and Perry, 1992; Tretina et al., 2015). However, previous 48 

work has illustrated that several native African breeds show elevated survival following 49 

exposure to the disease, suggestive of genetic tolerance. For instance, Ndungu et al. (2005) 50 

reported differential susceptibility of different cattle breeds in Kenya to the infection, with exotic 51 

and improved cattle breeds being more susceptible than indigenous cattle breeds. More 52 

recently, tolerance has been observed within a line of Boran cattle exposed to T. parva (Sitt et 53 

al., 2015; Latre de Late et al., 2021) and a genomic region of about 6 Mbp has been shown to 54 

be highly associated with the tolerance phenotype in these cattle (Wragg et al., 2022).  55 

Previous studies of ECF have described the pathogenesis in detail (Lawrence et al., 2004), in 56 

addition to changes in parasite gene expression during infection (Bishop et al., 2005; Tonui et 57 

al., 2018; Atchou et al., 2020). As with other apicomplexan parasites, the Theileria species are 58 

known to hijack host gene expression during infection. By co-opting host cellular pathways of 59 

infected T and B cells, the parasites can transform the host cells and induce uncontrolled 60 

proliferation. Key host targets include repression of the NF-κB apoptotic pathway and elevated 61 

expression of metalloproteases that have been linked to invasion. Studies on the involvement of 62 

host genes during infection have largely focused on specific candidate genes within these 63 

pathways (Eichhorn et al., 1990; Heussler et al., 2001; Dessauge et al., 2005a; Tretina et al., 64 

2020) and little is known of the genome-wide host transcriptional response during T. parva 65 

https://www.zotero.org/google-docs/?rFdLjs
https://www.zotero.org/google-docs/?kI4osC
https://www.zotero.org/google-docs/?AcseIG
https://www.zotero.org/google-docs/?NzXr3P
https://www.zotero.org/google-docs/?NzXr3P
https://www.zotero.org/google-docs/?jp8chO
https://www.zotero.org/google-docs/?86lvC3
https://www.zotero.org/google-docs/?IaSjrW
https://www.zotero.org/google-docs/?IaSjrW
https://www.zotero.org/google-docs/?6R1bQS
https://www.zotero.org/google-docs/?6R1bQS
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infection. Further understanding host transcriptional changes is likely to provide important 66 

insights into the effects of infection and how the host responds.  67 

Understanding of T. parva pathogenetic processes has benefitted considerably from studies on 68 

the related parasite Theileria annulata which also infects cattle and immortalizes infected cells. 69 

T. annulata infects and transforms B cells and monocytes whereas T. parva transforms T cells 70 

and B cells, with infected T cells being considered the more pathogenic (Emery et al., 1988; 71 

Spooner et al., 1989; Morrison et al., 1996; Tindih et al., 2012). As a result, the pathways 72 

involved in host cell infection and transformation may differ due to the cell types involved. An 73 

example is the interferon production by infected cells. Interferon gamma production has been 74 

associated with T. parva-infected T cells only, while T. annulata-infected cells has been 75 

associated with interferon beta production (Ahmed et al., 1993; Sager et al., 1998). 76 

As well as informing its role in cattle disease, the study of T. parva infection also has relevance 77 

to human diseases. T. parva is related structurally and functionally to other apicomplexan 78 

parasites, including the Plasmodium species that cause malaria. T. parva infects lymphocytes, 79 

immortalizing them into exponentially dividing lymphoblasts with metastatic capacity similar to 80 

that of cancerous cells (Fry et al., 2016; Tretina et al., 2020). T. parva transformed cells share a 81 

range of hallmarks with cancer cells which influence the pathogenesis of the infection including, 82 

for example, impairment of the apoptotic process contributing to the immortalization of infected 83 

cells (Heussler et al., 1999). Similarly, the exponential proliferation of infected cells is another 84 

hallmark shared between T. parva-infected cells and cancer cells. This has been associated 85 

with production of certain cytokines that mediate this process in addition to changes in the 86 

transcription factors involved in regulation of the cell cycle (Eichhorn et al., 1990; Dobbelaere et 87 

al., 2000; Heussler et al., 2001; Tretina et al., 2020). It has been proposed that a better 88 

understanding of host-Theileria interactions may identify cancer drugs that can be co opted to 89 

https://www.zotero.org/google-docs/?3vOKMF
https://www.zotero.org/google-docs/?3vOKMF
https://www.zotero.org/google-docs/?EUbO6N
https://www.zotero.org/google-docs/?2nIbUE
https://www.zotero.org/google-docs/?oRXXiI
https://www.zotero.org/google-docs/?xqHnaj
https://www.zotero.org/google-docs/?xqHnaj
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treat Theileria infection, as well as, potentially, provide insights into the shared mechanisms 90 

underlying cellular immortalization (Tretina et al., 2015). 91 

Here, we characterise the transcriptional response in cattle across the course of natural 92 

infection with buffalo derived T. parva. This study investigates changes in the expression of host 93 

genes during infection and associated biological pathways. In addition, we compare gene 94 

expression profiles between animals that survived infection to those that succumbed, providing 95 

insights into potential mechanisms underlying tolerance to infection. 96 

2. Materials and Methods 97 

The study protocols were approved by the International Livestock Research Institute’s (ILRI’s) 98 

Institutional Animal Care and Use Committee (Reference 2018-10). 99 

2.1. Field challenge and sampling 100 

In 2018, 30 Boran cattle from the Kapiti research station in Machakos county, a region of low T. 101 

parva prevalence, were transported to the Ol Pejeta Conservancy (Nanyuki, Kenya) where they 102 

were naturally exposed to buffalo-derived T. parva. The cattle were part of an ongoing study 103 

investigating genetic tolerance to East Coast fever, and their pedigree was known. Cattle were 104 

tested by enzyme linked immunosorbent assay (ELISA) using an established protocol to ensure 105 

no prior exposure to T. mutans and T. parva infection (Katende et al., 1998). While at Ol Pejeta, 106 

cattle were kept in an area of the ranch free from other cattle, but in the presence of buffalo. 107 

Whole blood samples were collected in 10 ml EDTA (ethylenediaminetetraacetic acid) tubes 108 

prior to transporting cattle to Ol Pejeta (day 0) and exposure to T. parva, to characterise innate 109 

differences between the cattle. Additional blood sampling was conducted on days 7 and 15 of 110 

the trial to compare differences in transcriptome profiles during infection. Infection with T. parva 111 

was confirmed by microscopy of lymph node smears. 112 

https://www.zotero.org/google-docs/?dzRwDn
https://www.zotero.org/google-docs/?5Dn3He
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2.2. Isolation of white blood cells (WBCs) and RNA 113 

Blood (4-5 ml) was transferred into 15ml falcon tubes containing 10 ml red blood cell lysis buffer 114 

(tris NH4CL2) and incubated at room temperature (RT) for 5 minutes. Tubes were then 115 

centrifuged at 300 xg for 5 mins at RT and the supernatant discarded. The pellet was rinsed 116 

twice with 15 ml of phosphate buffered saline (PBS) and centrifuged at 300 xg for 5 mins each 117 

time. The pellet was resuspended in 1.4 ml of tri-reagent, mixed using a pipette to form a 118 

homogenous lysate, and a 0.7 ml aliquot incubated at RT for 5 mins before storing at –20°C. At 119 

the end of the field trial, samples were transferred to ILRI Nairobi and stored at –80°C until RNA 120 

extraction.  121 

RNA was extracted by phenol chloroform extraction as follows. The WBCs in tri-reagent were 122 

thawed at RT, vortexed briefly to homogenize the lysate, 0.2 ml of chloroform added and left to 123 

incubate at RT for 3 mins before being centrifuged for 15 mins at 12000 xg at 4°C. The aqueous 124 

phase containing the RNA was collected by pipette and transferred into a sterile microtube, to 125 

which 1.5 ml of isopropanol was added and left to incubate at RT for 10 mins. The sample was 126 

then centrifuged for 10 mins at 12,000 xg at 4⁰C and the supernatant discarded. The pellet was 127 

resuspended in 1 ml of 75% ethanol, vortexed briefly, centrifuged for 5 mins at 7500 xg at 4⁰C, 128 

supernatant discarded, and pellet left to dry for 10 mins before resuspending in RNAse-free 129 

water. RNA quality was assessed by NanoDropTM spectrophotometer to ensure an A230/280 130 

ratio > 1.8, and by running the sample on a 1.5% agarose gel to check for the presence of 28S, 131 

18S, mRNA and micro-RNA bands. Samples were shipped on dry ice to the Roslin Institute in 132 

the UK. 133 

2.3. Processing of RNA-seq data 134 

Library preparation (TruSeq Stranded mRNA) and sequencing of RNA samples was performed 135 

by Edinburgh Genomics on the Illumina HiSeq platform. Each sample was sequenced across 136 
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three lanes with a target coverage of 70 M x 50 bp reads per sample. Sample sequencing 137 

qualities were assessed using fastQC (v0.11.7) (Andrews, 2010). Reads were aligned to the 138 

Bos taurus ARS-UCD1.2 genome assembly (http://ftp.ensembl.org/pub/release-139 

97/fasta/bos_taurus/dna/Bos_taurus.ARS-UCD1.2.dna.toplevel.fa.gz) (Cunningham et al., 140 

2019) using STAR (v2.7.1a; --sjdbOverHang 49 --genomeSAindexNbases 14) (Dobin et al., 141 

2013), for which the ARS-UCD1.2 gene annotation file (http://ftp.ensembl.org/pub/release-142 

97/gtf/bos_taurus/Bos_taurus.ARS-UCD1.2.97.gtf.gz) was also provided. Unmapped reads 143 

were subsequently aligned to the T. parva ASM16536v1 genome assembly 144 

(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/165/365/GCF_000165365.1_ASM16536v1/G145 

CF_000165365.1_ASM16536v1_genomic.fna.gz) using STAR (--sjdbOverHang 49 --146 

genomeSAindexNbases 10). The resulting sample alignment qualities were assessed using 147 

fastQC. Per base sequence content from the fastQC reports were analysed in R. Gene GC 148 

content was retrieved within R (v4.0.2) from Ensembl’s BioMart (Ensembl Genes 104; 149 

btaurus_gene_ensembl; version ARS-UCD1.2) with the biomartr package (Drost and 150 

Paszkowski, 2017). Functional profiling of genes in the upper and lower 5% of the distribution of 151 

log normalised gene expression ratios (day 15 / day 0), from equal content-sized bins of day 0 152 

gene expression, was performed using the g:GOSt tool of g:Profiler (Raudvere et al., 2019). All 153 

expressed genes were provided as the custom domain space, the query list of genes was 154 

ordered by log normalised gene expression ratio, and an ordered query performed with the 155 

g:SCS algorithm (Reimand et al., 2007). 156 

Non-parametric Wilcoxon tests were used in Figures 1 and 2 as the underlying data was 157 

generally not normally distributed. 158 

 159 

https://www.zotero.org/google-docs/?k83VCR
http://ftp.ensembl.org/pub/release-97/fasta/bos_taurus/dna/Bos_taurus.ARS-UCD1.2.dna.toplevel.fa.gz
http://ftp.ensembl.org/pub/release-97/fasta/bos_taurus/dna/Bos_taurus.ARS-UCD1.2.dna.toplevel.fa.gz
https://www.zotero.org/google-docs/?kcQaRj
https://www.zotero.org/google-docs/?kcQaRj
http://ftp.ensembl.org/pub/release-97/gtf/bos_taurus/Bos_taurus.ARS-UCD1.2.97.gtf.gz
http://ftp.ensembl.org/pub/release-97/gtf/bos_taurus/Bos_taurus.ARS-UCD1.2.97.gtf.gz
https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/165/365/GCF_000165365.1_ASM16536v1/GCF_000165365.1_ASM16536v1_genomic.fna.gz
https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/165/365/GCF_000165365.1_ASM16536v1/GCF_000165365.1_ASM16536v1_genomic.fna.gz
https://www.zotero.org/google-docs/?CIHwAk
https://www.zotero.org/google-docs/?CIHwAk
https://www.zotero.org/google-docs/?bCiem3
https://www.zotero.org/google-docs/?Kse2tO
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2.4. Differential gene expression analyses 160 

Mapped reads were summarised using featureCounts (-F "GTF" -t "exon" -g "gene_id") (Liao et 161 

al., 2014). The gene counts were then analysed for differential gene expression using the 162 

DESeq2 R package (Love et al., 2014). We ran a likelihood ratio comparison between the full 163 

model with an interaction term between day and status (design = ~ day + sex + group + status + 164 

day:status) and a reduced model (reduced = ~day + sex + group). Covariate factors were sex 165 

(M or F), day (0, 7, or 15), and group (pedigree or unrelated), while status was a binary indicator 166 

of survival outcome. We also fit independent models for each day (design = ~ sex + group + 167 

status) and compared to a reduced model (reduced = ~ sex + group). Model comparisons were 168 

performed using likelihood ratio tests (LRTs). 169 

Log2 fold change and p value outputs were considered for the description of DEGs. We 170 

explored genes that were significantly differentially expressed at a false discovery rate (FDR) of 171 

≤ 0.05 as well as those that were differentially expressed at a nominal p value of < 0.01, or had 172 

a log2 fold change > 1. The gene lists generated from these comparisons were used for gene 173 

set enrichment analyses (GSEA). LRT results for these genes were clustered using the 174 

hierarchical clustering implementation tool DEGreport (Pantano et al., 2021).  175 

2.5. eQTL and reQTL analyses 176 

Statistical modeling was performed in R (v4.0.2). Expression quantitative trait loci (eQTL) 177 

analyses were performed using DESeq2 normalised gene expression values and Illumina 178 

BovineHD genotype data generated by Wragg et al. (2022). To identify eQTL within each time 179 

point for each gene and cis variant we fit a linear model of gene expression against allele 180 

dosage at the cis variant, accounting for sex (male or female) and group (pedigree or unrelated) 181 

https://www.zotero.org/google-docs/?dd0E3B
https://www.zotero.org/google-docs/?dd0E3B
https://www.zotero.org/google-docs/?pU5DRj
https://www.zotero.org/google-docs/?gNB6x5
https://www.zotero.org/google-docs/?MsfUvt
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as factors. A cis variant included any bi-allelic variant within 1 Mb upstream and 1 Mb 182 

downstream of the gene’s start and end positions, respectively, with a minor allele frequency > 183 

0.1. Within each time point we adjusted the eQTL F-statistic p values to FDRs. From the eQTL 184 

models we sought to identify response eQTL (reQTL) by performing a beta-comparison of 185 

regression slopes. Briefly, regression coefficients (�) and variance (�) were calculated for each 186 

eQTL and compared between time points using a z-test:  187 

𝑧 =  
𝛽𝑎𝑑𝑎𝑦𝐴 − 𝛽𝑏𝑑𝑎𝑦𝐵

√𝜎2𝑑𝑎𝑦𝐴 + 𝜎2𝑑𝑎𝑦𝐵
 188 

 189 

2.6. Functional enrichment analyses 190 

We employed the Database for Annotation, Visualization, and Integrated Discovery (DAVID), 191 

functional annotation tool (Huang et al., 2009) to test for functional enrichment. This was further 192 

supplemented by analysis of the same genes using the Functional Mapping and Annotation of 193 

Genome-Wide Association Studies (FUMA-GWAS) tool (Watanabe et al., 2017) using the 194 

Gene2Func function.  195 

3. Results 196 

Pedigree, gender and survival details for the animals in the study are provided in 197 

Supplementary Table S1. One animal was killed by a lion on day nine of the trial and thus was 198 

lost to follow up study. We analysed the transcriptional response of the remaining 29 Boran 199 

cattle exposed to field infection with T. parva. Among them, 23 were progeny of three sibling 200 

sires (sire 1 n=5; sire 2 n=9; sire 3 n=9), which we refer to below as “pedigree” animals, while 201 

six were unrelated. In total, 20 cattle succumbed to infection (dead, treated or euthanised) while 202 

nine cattle survived without intervention. The mean time to death or intervention was 20.4 days. 203 

https://www.zotero.org/google-docs/?noeJS8
https://www.zotero.org/google-docs/?p1rAdj
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Some samples for a given time point did not produce sequence data due to low RIN scores 204 

(RNA integrity number), giving a total of 28, 23 and 28 samples at days 0, 7 and 15, 205 

respectively.  206 

3.1. Transcriptome base sequence content diverges post-infection 207 

Analysis of B. taurus-aligned reads revealed a marked global transcriptional response during 208 

the 15 days following translocation to the field site, with a clear shift in the GC content of 209 

transcribed genes (Fig 1A). Whereas the median GC content of transcripts expressed at day 0 210 

was 50.9 ± 4.24 SD, this increased to 54 ± 4.15, on day 7 and 55 ± 3.99 on day 15 (Wilcoxon p 211 

< 0.05, Fig 1B). Breaking down genes by their expression level on day 0 highlighted that highly 212 

expressed genes with a low GC content are more likely to decrease in their relative expression 213 

levels over the course of the infection (Fig 1C,D). These results indicate a general 214 

transcriptional response to infection linked to the GC content of genes.  215 

To further illustrate this, we undertook functional analysis of highly expressed genes (Fig 1D) 216 

whose log normalised expression ratio (day 15 / day 0) was in the upper or lower 5% of the 217 

distribution, and which had a low (≤ 41.7) or high (≥ 51.1) GC content. In particular, we find 218 

significant enrichment (g:SCS adjusted P < 0.05) of the TSLP and TGF-β signalling pathways 219 

among low GC content genes exhibiting a reduction in relative expression, and for a range of 220 

immune-related terms among high GC content genes exhibiting an increase in relative 221 

expression (Supplementary Tables S2-S5). 222 

 223 

 224 
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3.2. Analysis of unmapped reads confirms T. parva infection 225 

Reads that failed to align to the B. taurus genome were aligned to the T. parva genome to study 226 

parasite expression. We observed a 20-fold increase in the proportion of these reads that 227 

aligned to the T. parva genome from background levels on day 0, (median 3562 ± 3762 SD 228 

reads) to day 15 (median 71511 ± 124551). The relative increases in the proportion of T. parva-229 

aligned reads were significant at both day 7 (Wilcoxon p = 0.0084) and day 15 (Wilcoxon p = 1 x 230 

10-15; Fig 2A). Comparing the day 15 proportion of T. parva-derived reads between animals that 231 

died (n = 15), were treated (n = 2) or euthanised (n = 2) due to severe illness, to those that 232 

survived (n = 9) returned a Wilcoxon p value of 0.076, with survivors possessing, on average, 233 

the smallest proportion of T. parva-derived reads (Fig 2B).  234 

 235 

3.3. Host genes change in expression pattern throughout the course of the field trial 236 

A principal component analysis (PCA) of normalised bovine gene expression levels revealed 237 

both a clear differentiation of samples collected before and after exposure to T. parva along 238 

PC1, and divergence between samples collected at days 7 and 15 on PC2 (Fig 3). To identify 239 

genes differentially expressed across the course of infection (DEGs) a time course analysis 240 

across the three days (0, 7 and 15) was carried out. When accounting for survival status, sex, 241 

and relatedness (pedigree or unrelated), DEGs significant at FDR < 0.05 clustered into four 242 

groups (Fig 4A) which can broadly be described as: (1) genes whose expression is relatively 243 

high on day 7 but reduced by day 15 (cluster 1, n= 2603); (2) genes that have higher expression 244 

on day 7 and remain so on day 15 (cluster 2, n= 6095); (3) genes that show a gradual increase 245 

in expression from day 0 to 15 (cluster 3, n= 748); and (4) genes whose relative expression is 246 

lower at day 15 compared to day 0 (cluster 4, n= 7238).  247 
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Gene set enrichment analysis (GSEA) was performed to identify gene ontologies and pathways 248 

that were enriched across the genes within the different clusters (Table 1). A more detailed 249 

presentation of the data can be found in Supplementary Fig S1. Many of the annotations 250 

identified are linked to the establishment of infection, cell proliferation, cell death or metastasis. 251 

Cytokine signalling through the JAK-STAT pathways among others are highlighted. These 252 

include proinflammatory cytokines like interleukin 6 (IL6), tumor necrosis factor alpha (TNFα) 253 

and interferons gamma and alpha (IFNγ, IFNα), which have all been described to increase in 254 

production in Theileria infections (McGuire et al., 2004; Razmi et al., 2019), where they 255 

potentially contribute towards survival, invasiveness, and metastasis of Theileria transformed 256 

cells (Ma and Baumgartner, 2014). Some genes which are targets of either E2F or MYC are 257 

enriched among cluster 2 genes. E2F and MYC related pathways have been shown to play a 258 

role in enhancing survival and proliferation of Theileria-infected cells (Dessauge et al., 2005a; 259 

Tretina et al., 2020). The JAK/STAT3 signalling pathway has previously been suggested to 260 

contribute to c-Myc activation and is associated with host cell transformation by Theileria 261 

(Dessauge et al., 2005a), which is supported by our results showing that genes involved in the 262 

IL6_JAK_STAT3 signalling pathway are differentially expressed on days 7 and 15. Other 263 

pathways highlighted include the tumour protein 53 (P53) and members of class O of forkhead 264 

box transcription factor (FoxO) signalling pathways - which have been associated with apoptosis 265 

of host proliferating cells (Haller et al., 2010; Aster et al., 2017). P53 is a pro-apoptotic protein 266 

whose expression is directly dependent on parasite interaction (Haller et al., 2010). In our study, 267 

P53 shows higher expression (Fig 4B) on days 7 and 15 compared to day 0. P53 interacts with 268 

TNFα-activated nuclear factor kappa beta (NFkB) competitively and they inhibit each other’s 269 

activities (Webster and Perkins, 1999; Dobbelaere et al., 2000). TNFα signalling via NFkB, 270 

which is enriched among cluster 3 genes, is not only involved in pro-apoptotic and pro-survival 271 

signals but also promotes invasiveness and metastasis of Theileria-transformed cells (Ma and 272 

https://www.zotero.org/google-docs/?xFguZc
https://www.zotero.org/google-docs/?8N5eTP
https://www.zotero.org/google-docs/?xnvHaH
https://www.zotero.org/google-docs/?xnvHaH
https://www.zotero.org/google-docs/?oeL4Ty
https://www.zotero.org/google-docs/?QXU5N2
https://www.zotero.org/google-docs/?hjSm5E
https://www.zotero.org/google-docs/?Dd2hdQ
https://www.zotero.org/google-docs/?5Nais7
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Baumgartner, 2014). In this study, expression of NFkB was highest prior to infection by T. 273 

parva, and the number of transcripts reduced along the course of infection (Fig 4B). This is 274 

contrary to previous results which described NFkB to be persistently induced by T. parva 275 

infection and is required for T cell activation and proliferation (Palmer et al., 1997). Genes 276 

involved in IL2-STAT5 signalling are differentially expressed among cluster 1 genes. IL2 is a 277 

primary growth factor for activated T cells in this pathway (Mahmud et al., 2013). We observe a 278 

marginal but non-significant increase in IL2 expression at day 7, and a significant (Wilxocon p < 279 

0.05) decrease by day 15, while IL2 receptors (IL2RA, IL2RB and IL2RG) show a significant 280 

increase in expression at day 15 (Fig 4C).  281 

 282 

Table 1: Biological functions/pathways significantly enriched (FDR ≤ 0.05) in gene clusters 283 

showing differential expression across time in T. parva infected cattle.  284 

Annotation 

Pathways enriched in gene clusters (from Fig 
4A) 

1  2  3  4  

Complement  ●    

Epithelial-mesenchymal transition  ●    

Apical junction  ●    

KRAS signalling  ●    

IL2_STAT5 signalling  ●  ●  

Hypoxia  ●     ● 

Oxidative phosphorylation    ●    

MYC targets    ●    

DNA replication    ●   

Biosynthesis of amino acids    ●   

Fatty acid metabolism    ●    

Mitochondrial translation    ●    

E2F    ●   

Mitochondrion    ● ●  

Nucleoplasm        ●  

Interferon gamma response    ● ●   

Apoptotic process    ●      

Ribonucleotide binding    ●   ●  

https://www.zotero.org/google-docs/?5Nais7
https://www.zotero.org/google-docs/?uHQs7C
https://www.zotero.org/google-docs/?zs7MFV
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T cytotoxic pathway    ●      

MAPK pathway    ●      

 EDG1 pathway    ●      

AHSP pathway    ●      

TCR pathway    ●      

Inflammatory response      ●    

Cell response to lipopolysaccharide      ●    

Allograft rejection      ●    

Chemokine signalling pathway      ●    

Interferon Alpha response      ●    

IL6_JAK_STAT3 signalling      ●    

TNFA signalling via NFKB      ●  ●  

TGF beta signalling      ●    

TH1TH2 pathway      ●    

TID pathway      ●    

Reck pathway      ●    

Apoptosis        ●  

P53 pathway        ●  

Regulation of cell proliferation      ●    

Defense response      ●    

Enrichment analyses were conducted with FUMA and DAVID, and reported only where both 285 

tools returned FDR <0.05 in the categories: hallmark gene sets, KEGG pathways, Biocarta 286 

pathways, GO biological processes, GO cellular components, and GO molecular functions. 287 

Detailed results are presented in Supplementary Fig S1. 288 

 289 

3.4. Expression pattern of certain genes is different in surviving and susceptible cattle  290 

To investigate whether there was potentially a different transcriptional response in the animals 291 

that survived infection, we compared those that died, were euthanised or were treated to those 292 

that survived and had cleared the parasite from their lymph node smears by the end of the trial 293 

without intervention (Fig 2B: survived group). We identified 64 genes significantly differentially 294 

expressed between the dead and survivor cattle across the timepoints at a FDR < 0.05. The 295 

majority of genes clustered into 2 groups reflecting a reduction (cluster 1 n=22) or an increase 296 

(cluster 2 n=34) in expression levels following field exposure to infection. 297 



   
 

15 

The most significant differentially expressed gene (FDR = 5.0 x 10-4) was kinesin family member 298 

12 (KIF12), which was expressed more highly in the survivor group on day 15. KIF12 has been 299 

reported to play a critical role in cell division, specifically in cytokinesis (Lakshmikanth et al., 300 

2004), and in cellular response to oxidative stress (Yang et al., 2014). Other highly differentially 301 

expressed genes with known functions include RNA binding motif protein 3 (RBM3) for which 302 

high expression has been associated with increased survival rates for patients with certain types 303 

of cancers (Pilotte et al., 2018; Gao et al., 2020). Although in our analysis, expression of RBM3 304 

generally decreased following infection, its expression was higher in cattle that survived. 305 

Vasohibin1 (VASH1) inhibits proliferation and migration of endothelial cells thus limiting the 306 

metastasis of tumor cells in cancers (Du et al., 2017; Zhao et al., 2017; Wang et al., 2019) as 307 

well as protecting endothelial cells from the effects of toxic stress (Miyashita et al., 2012). 308 

VASH1 expression generally increased following infection and was significantly higher (FDR = 309 

0.0012) in cattle that survived infection. High mobility group box 3 (HMGB3), which has been 310 

shown to have pro-proliferative and pro-metastatic effects in cancer cells (Nemeth et al.,2005, 311 

2006; Guo et al., 2016; Liu et al., 2018), decreased in expression from day 0 to day 15 and was 312 

more highly expressed in survivor cattle. Interferon induced protein with tetratricopeptide 313 

repeats 1 (IFIT1) was the most upregulated gene in survivors among the significant DEGs 314 

(log2fold change = 3.73), followed by protein C receptor (PROCR) (Supplementary Table S6). 315 

IFIT1 has roles in immune response, metastasis, and apoptosis and has been described to 316 

have increased expression in cancers (Critchley-Thorne et al., 2007; McDermott et al., 2012; 317 

Wah et al., 2018; Pidugu et al., 2019) while certain alleles of the gene have been linked to better 318 

malaria prognosis (Wah et al., 2018). In our study, IFIT expression generally reduced across 319 

time but was higher in the survivors than those that subsequently died. Syntaxin-binding protein 320 

1 (STXBP1) was the most down regulated gene among the significant DEGs (Log2 fold change 321 

= -2.73) followed by purinergic receptor P2X3 (P2RX3; log2 fold change = -2.04), both of which 322 

https://www.zotero.org/google-docs/?mw7VOF
https://www.zotero.org/google-docs/?mw7VOF
https://www.zotero.org/google-docs/?yUznrz
https://www.zotero.org/google-docs/?8SYeSj
https://www.zotero.org/google-docs/?K1DX1e
https://www.zotero.org/google-docs/?z3TJcK
https://www.zotero.org/google-docs/?MNpwrx
https://www.zotero.org/google-docs/?MNpwrx
https://www.zotero.org/google-docs/?FwkqPx
https://www.zotero.org/google-docs/?FwkqPx
https://www.zotero.org/google-docs/?3Mx8VL
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follow the cluster 2 expression pattern across time. We performed GSEA on all 64 significant 323 

DEGs (Supplementary Table S6). Toll like receptors (TLRs), protein kinase B (AKT) and 324 

mechanistic target of rapamycin kinase (MTOR) immunologic functions and pathways were 325 

found to be enriched, and are widely reported to play a role in T. parva infection in the literature 326 

(Heussler et al., 2001; Chi, 2012; Kinnaird et al., 2013; Kamau et al., 2016; Saxton and Sabatini, 327 

2017; Kim and Guan, 2019). AKT and MTOR enrichment was associated with 4 genes (IFIT1, 328 

KCNE3, KLRB1 and DLG4), and although AKT and MTOR can interact affecting cell survival 329 

(Hay and Sonenberg, 2004), they are not reported to interact directly with one another (based 330 

on a STRING db analysis; (Szklarczyk et al., 2019)).  331 

We next assessed genes that were differentially expressed between survivors and those that 332 

subsequently died at specific timepoints, rather than across the time-series as a whole. We ran 333 

a similar model using LRTs to identify differentially expressed genes associated with survival 334 

status at individual timepoints (days 0, 7 or 15) while accounting for sex and relatedness 335 

(pedigree or unrelated). No significant DEGs were found between these groups on day 0 at an 336 

adjusted p value of 0.05 (FDR). However, 141 genes were differentially expressed at a nominal 337 

p value of 0.01. We considered these as candidate genes that were innately differentially 338 

expressed (pre-infection with T. parva) between survivors and those that went on to succumb to 339 

infection. On day 7, 95 genes that were differentially expressed at a nominal p value of 0.01 340 

were considered as genes that responded early to infection, none of which were significant after 341 

correcting for multiple testing. At day 15, we identified 11 DEGs (Table 2) with FDR < 0.05 and 342 

596 genes with a nominal P < 0.01. Of the 11 DEGs with FDR < 0.05, six (IGHE, TMEM213, 343 

PKD2L1, KIF12, IL9R and ENSBTAG00000053829; Fig 5A-F) were also present among the 344 

overall significant DEGs in Supplementary Table S6.  345 

Among the 11 genes displaying a difference between the animals that survived and succumbed 346 

at day 15 the most differentially expressed gene, ENSBTAG00000047632, is a novel gene 347 

https://www.zotero.org/google-docs/?K0rz3F
https://www.zotero.org/google-docs/?K0rz3F
https://www.zotero.org/google-docs/?lARq3g
https://www.zotero.org/google-docs/?qvlmDD
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orthologous (40.94%) to human immunoglobulin heavy constant epsilon (IGHE). Human IgE, 348 

the product of IGHE, has been observed to be upregulated in response to malaria (Duarte et al., 349 

2007). These data suggest this gene shows a differential response in survivors and those that 350 

succumbed to T. parva infection. ENSBTAG00000048135 (Table 2), another novel gene, is 351 

orthologous to several human immunoglobulin heavy constant gamma genes (IGH1, 63.50%; 352 

IGHG2, 65.03%; IGH3, 62.58%; IGH4, 63.80%). IGHG2 is the heavy chain of IgG2 353 

immunoglobulin whose expression has been associated with protecting individuals against 354 

infection with both malaria (Aucan et al., 2000) and T. parva (Musoke et al., 1982). 355 

Transmembrane protein 213 (TMEM213) has been associated with invasion and metastasis in 356 

cancers when down regulated and is considered an independent predictor of overall survival in 357 

lung cancer with individuals who survive longer showing higher expression of the gene (Zou et 358 

al., 2019). In our study, levels of TMEM213 increased in all cattle across time with survivors 359 

having a significantly higher abundance of the gene transcripts. Another notable gene identified 360 

is the receptor for interleukin 9 (IL9R). IL9 can play both a tumorigenic role and antitumor role in 361 

cancers depending on the interacting molecules (Wan et al., 2020). We observe IL9 expression 362 

to generally reduce in all animals during the field challenge, with abundances being lower in the 363 

survivors - although this difference was not significant (p value 0.7, Fig 5G). 364 

 365 

Table 2: Significantly differentially expressed genes (FDR < 0.05) on day 15 between surviving 366 

animals and those that succumbed to infection. Gene names in brackets are the human 367 

orthologs of cattle genes which remain to be annotated in the cow genome. 368 

Gene stable ID Gene name 
Succumbed/Survivors 

expression  
(fold change)  

Adjusted P value 

ENSBTAG00000047632 (IGHE) 0.16 4.54E-05 

ENSBTAG00000049598 H2BC7 0.29 0.011 

ENSBTAG00000054686 CRACDL 0.40 0.043 

ENSBTAG00000001527 TMEM213 0.14 0.049 

https://www.zotero.org/google-docs/?d0h6Se
https://www.zotero.org/google-docs/?d0h6Se
https://www.zotero.org/google-docs/?Fp8CfN
https://www.zotero.org/google-docs/?oEcKAe
https://www.zotero.org/google-docs/?d76Ad2
https://www.zotero.org/google-docs/?d76Ad2
https://www.zotero.org/google-docs/?ABh6dU
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ENSBTAG00000048135 (IGHG2) 0.19 0.049 

ENSBTAG00000004739 SLC18A2 0.23 0.049 

ENSBTAG00000010742 PKD2L1 0.25 0.049 

ENSBTAG00000015685 KIF12 0.26 0.049 

ENSBTAG00000048257 (CYP4F22) 0.33 0.049 

ENSBTAG00000007558 IL9R 0.42 0.049 

ENSBTAG00000053829  0.49 0.049 

 369 

 370 

3.5. Functional enrichment of genes differentially expressed in T. parva tolerant cattle 371 

DEGs with nominal p ≤ 0.01 at each day (0,7,15) were separated into lists where their 372 

expression was either (i) higher or (ii) lower in cattle that survived infection. Functional 373 

enrichment analyses were subsequently performed on each list independently, and the 374 

complete results are provided in Supplementary Table S7. Biological pathways and annotations 375 

exhibiting significant enrichment (padj ≤ 0.05) in surviving animals are presented in Fig 6 for 376 

each time point. The interferon gamma response was significantly enriched at all three 377 

timepoints with different gene sets being associated with the signal at each point 378 

(Supplementary Table S7). This suggests that the signalling pathway may be regulated 379 

differently between survivors and cattle that succumbed to infection, and that its effect at the 380 

various time points may vary depending on the receptors and molecules modulating it. Further 381 

investigation of gene interaction networks may help to elucidate the impact of infection by T. 382 

parva on interferon gamma response.  383 
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At day 0, the nominally significant (p ≤ 0.01) gene set returned enrichment signals across genes 384 

that were more highly expressed in survivor cattle compared to those that succumbed to 385 

infection, but not for genes with lower expression levels in survivors. Several of the enriched 386 

signals returned were previously identified (table 1), including IL2-STAT5 signalling, interferon 387 

alpha and gamma response, interleukin-1β secretion, and positive regulation of the NLRP3 388 

inflammasome complex (Fig 6). IFIT3 was among four genes associated with interferon alpha 389 

response and exhibited higher expression levels in survivors at day 0. Its expression profile was 390 

reversed by day 7, with average expression levels being higher in cattle that ultimately 391 

succumbed to infection, and by day 15 its expression returned to being higher on average in 392 

survivors. However, these differences were not significant after FDR adjustment. IFIT3 can be 393 

induced by either interferon alpha or interferon gamma, and it has been suggested that 394 

increased expression of IFIT3 through IFN induction contributes to increased cell survival and a 395 

reduction in cellular apoptosis (Hsu et al., 2013).  396 

At days 7 and 15, we observe various pathways enriched among genes whose expression is 397 

reduced at these time points in survivors relative to cattle that succumbed to infection (Fig 6). 398 

These results show that some processes necessary for T. parva to infect, proliferate, and 399 

metastasize are associated with genes that are expressed at significantly lower levels in cattle 400 

that survive infection. The most enriched signal at day 15 was hypoxia, for which the functions 401 

of the three most significant genes (SDC3, GPC1 and PRKCA) appear to be mediated through 402 

interaction with hypoxia inducible factor-1α (HIF-1α).  403 

 404 

 405 

https://www.zotero.org/google-docs/?wbsKSA
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3.6. Expression quantitative trait loci (eQTL) 406 

To identify potential genetic drivers of expression differences between samples and timepoints 407 

we mapped expression quantitative trait loci (eQTL) and response eQTLs in the cohort. Here an 408 

eQTL is a genetic variant whose genotypes are correlated to the expression of a nearby gene at 409 

a given time point (Nica and Dermitzakis, 2013). To identify eQTLs, at each time point we fit 410 

models testing the association of each gene’s expression with cis variants, while accounting for 411 

sex and relatedness (see methods). Any variant within 1 Mb upstream of a gene’s start position 412 

and 1 Mb downstream of a gene’s end position was considered to be a cis variant. After 413 

correcting for multiple testing, the proportion of genes with an eQTL (FDR < 0.05) was 414 

significantly different between days (chi-sq p = 1.66 x 10-37) with the number of genes identified 415 

at day 0 (n = 316) being greater than days 7 (n = 86) and 15 (n = 115), which collectively 416 

represented a total of 462 unique genes. 417 

These data suggest the impact of genetic variants on gene expression may be changing over 418 

the course of the infection. To investigate this further we characterised response eQTLs by 419 

comparing the coefficients of eQTLs between timepoints (see methods). The proportion of 420 

genes with a response eQTL (reQTL; |Z| > 4) was significantly different between pairs of days 421 

(chi-sq p = 3.48 x 10-82), with the number of genes identified being greatest between days 0 and 422 

15 (n = 1626), followed by day 0 versus day 7 (n = 1282), and day 7 versus day 15 (n = 712), 423 

representing a total of 1958 unique genes of which 233 were identified in the previous step as 424 

having a significant eQTL. An example of an reQTL associated with the RTN4IP1 gene is 425 

presented in Fig 7. 426 

From the significant DEG lists relating to survival, 28 genes with a nominal p < 0.01 were also 427 

found to have one or more significant eQTL, which is significantly more than expected by 428 

chance (chi-sq p = 0.018 comparing DEGs with significant eQTL to non-DEGs with significant 429 

https://www.zotero.org/google-docs/?thFYxV
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eQTL). These include PKD2L1 which was the only DEG with FDR < 0.05 to have a significant 430 

eQTL (eQTL on day 15 FDR = 0.008). VASH1 plays a role in cancer cell metastasis (Ito et al., 431 

2013; Mikami et al., 2017) and had a significant reQTL between days 0 and 7 (Z = -6.2), and 432 

days 0 and 15 (Z = 6.5).  433 

Functional enrichment of the 28 putative DEGs with significant eQTLs revealed enrichment for a 434 

single term: NOTCH signalling (cancer gene module of FUMA software). This signalling 435 

pathway was associated with 4 genes in our analysis: PKD2L1, CLSTN3, MYO1A and HS1BP3, 436 

which suggests that the dysregulation of the NOTCH signalling process in the immune response 437 

to T. parva infection is dependent on host genetics across these genes. 438 

4. Discussion 439 

This study describes differential expression of genes across time after field exposure to buffalo-440 

derived T. parva infection. We report here genes that are differentially expressed in the bovine 441 

host and the associated functions enriched among the significantly differentially expressed 442 

genes. Our aim in taking this approach was to describe how the host responses evolve in 443 

response to buffalo-derived T. parva infection. Although the presence of co-infections is 444 

possible in field studies, we confirmed the presence of T. parva infection in all study animals, 445 

ascertained T. parva as the cause of death of all cattle regarded as susceptible in this study, 446 

and confirmed the presence (Latre de Late et al., 2021) and clearance of T. parva parasites 447 

from the lymph nodes of all cattle that survived infection. 448 

We used peripheral white blood cells for this work. Despite the anticipated lower abundance of 449 

parasitized and responding cells in this sample type compared to the draining lymph nodes, we 450 

were still able to detect significant signals and genes that are differentially enriched at different 451 

time points and cattle groups. These genes can be explored further in in vitro cellular studies. 452 

https://www.zotero.org/google-docs/?X8oQYI
https://www.zotero.org/google-docs/?X8oQYI
https://www.zotero.org/google-docs/?OaNM2c
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The proportion of reads unmapped to the bovine genome that aligned to the T. parva genome 453 

was very low at days 0 and 7 and is likely attributable to background levels of read mismapping. 454 

The source of the T. parva-aligned transcripts is presumably macroschizont-infected 455 

lymphocytes, as the major form found in peripheral blood in most theilerial infections is the 456 

piroplasm, which does not occur regularly in cattle infected with buffalo-derived parasites (Neitz, 457 

1957). 458 

The response of cattle to T.parva exposure is expected to represent both features of the 459 

parasite, e.g. its potential to transform and proliferate cells, and the host immune response. The 460 

T. parva parasite load has been associated with the clinical severity and outcome of disease in 461 

cattle (Jura and Losos, 1980; Yamada et al., 2009). We have reported previously that the 462 

animals which succumbed to T. parva infection in these field studies showed a lymph node 463 

parasitosis of earlier onset and greater severity (Latre de Late et al., 2021; Wragg et al., 2022). 464 

This led to the working hypothesis that the tolerant cattle limit the proliferation of infected cells. 465 

Our current results support this idea, in that there are, potentially fewer T. parva-aligned 466 

transcripts at day 15 in the animals which survived (p = 0.076). Although it cannot be excluded 467 

though that these animals were infected with forms of the pathogens that proliferated less 468 

readily, the higher proportion of T. parva transcripts in the animals which were treated or 469 

euthanized supports the field diagnosis that these animals were undergoing severe disease due 470 

to T. parva infection. As the last sequencing samples were collected on day 15 and the mean 471 

time to death or intervention was 20.4 days, it is likely that further increases in the parasite load 472 

occurred and that the proportion of T. parva-aligned reads observed on day 15 is an 473 

underestimate of the maximum level which occurred. 474 

The relatively lower number of parasite transcripts derived from the tolerant cattle was not 475 

uniform, in that several susceptible cattle had fewer transcripts than some of the tolerant ones 476 

https://www.zotero.org/google-docs/?MwVNVe
https://www.zotero.org/google-docs/?MwVNVe
https://www.zotero.org/google-docs/?8glKxd
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(Fig 2A). It should be noted that the number of parasite transcripts may not be absolutely 477 

correlated to the number of infected cells. The number of transcripts detected in circulating 478 

lymphocytes depends on the number of infected cells which have migrated from the draining 479 

lymph node into the circulation, the number of parasite nuclei per cell and the overall 480 

transcriptional activity of the parasite. We cannot at this stage also exclude host genetic effects, 481 

such as a decreased sensitivity of tolerant animals to the pathogenic effects of the infected cell, 482 

to account for this seemingly anomalous observation.  483 

Our results showed good mapping of our reads to the host genome. The divergence observed 484 

in base sequence GC content throughout the time course indicates the gross host response to 485 

infection and is possibly a result of genes with longer transcripts being expressed, as GC 486 

content is proportional to gene length, or possibly an increase in expression of broadly 487 

expressed genes, such as housekeeping genes, which typically cluster in GC-rich regions 488 

(Lercher et al., 2003; Pozzoli et al., 2008). Functional annotation of GC-rich genes exhibiting the 489 

largest change in expression following infection revealed enrichment for immune-related 490 

ontologies and pathways, while among genes with low GC content the TSLP and TGF-β 491 

signalling pathways were enriched. These pathways are notable as Thymic Stromal 492 

Lymphopoietin (TSLP) plays a key role in mediating type 2 immunity (Marković and Savvides, 493 

2020), while the production of cytokines by Theileria-infected lymphocytes activate c-MYC - for 494 

which TGF-β is a target and activates AP-1 - which is characteristic of Theileria-transformed 495 

cells (Dessauge et al., 2005b). 496 

There was a clear difference in the expression patterns of host genes before the trial (day 0) 497 

and after exposure to the infection (days 7 and 15). Examination of the specific gene expression 498 

changes reveals clusters of genes that responded in specific patterns i.e., some were more 499 

enhanced at day 7 but not at day 15, while others were persistently enhanced from day 7 up to 500 

day 15. We identified genes that have been described to play a role in the establishment of T. 501 

https://www.zotero.org/google-docs/?vN3EPk
https://www.zotero.org/google-docs/?YFN6Nw
https://www.zotero.org/google-docs/?YFN6Nw
https://www.zotero.org/google-docs/?kGzJ8o
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parva infected cells, successful cell proliferation, cell death and metastasis of cells, including: 502 

E2F (Tretina et al., 2020), c-MYC (Dessauge et al., 2005a), and TNFα (Guergnon et al., 2003).  503 

We also observed genes whose expression was relatively enhanced on day 15 compared to 504 

days 0 and 7. These genes are associated with the functions of proliferation, cell death, 505 

metastasis, and cellular hypoxia. The main pathway highlighted from our analysis is the JAK-506 

STAT signalling pathway whose primary role is in the transference of cell signals from the 507 

membrane to the nucleus, and which is essential for the functioning of cytokines and other 508 

growth factors. 509 

One of the ways that T. parva infected cells have been shown to evade programmed cell death 510 

is by manipulating NFkB activation. Our observation of decreasing expression of NFkB across 511 

time is contrary to previous results which described persistent induction of NFkB to be essential 512 

in T. parva infection as it is required for T cell activation and proliferation (Ivanov et al., 1989; 513 

Heussler et al., 1999). T. parva degrades IkB kinases in the host cell leading to continuous 514 

translocation of NFkB to the host cell nucleus and thus prolonged cell survival (Palmer et al., 515 

1997). The contrasting results may be due to the sample type under investigation. Most studies 516 

that have described elevated levels of NFkB used cells from in vitro cultures, in which most if 517 

not all cells are infected, whereas only a small percentage of circulating lymphocytes would be 518 

expected to be infected. This may confound the detection of NFkB transcripts in the T. parva 519 

transformed cell fraction.  520 

Investigations into which genes and functions are regulated differently during infection in cattle 521 

that are tolerant to T. parva infection reveals that although this group of cattle does not exhibit a 522 

distinct pattern of gene expression, they do exhibit enhanced responses that might limit cell 523 

proliferation and metastasis during infection. KIF12 is the most significantly differentially 524 

expressed gene between tolerant and susceptible cattle, suggesting that differences in cell 525 

https://www.zotero.org/google-docs/?biz4bZ
https://www.zotero.org/google-docs/?jOh8Cr
https://www.zotero.org/google-docs/?5BvsfB
https://www.zotero.org/google-docs/?LYiVRF
https://www.zotero.org/google-docs/?LYiVRF
https://www.zotero.org/google-docs/?Kv6oGH
https://www.zotero.org/google-docs/?Kv6oGH
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division (cytokinesis) and consequently proliferation between the two groups of cattle might 526 

contribute to innate tolerance. KIF12 has not previously been identified in relation to T. parva 527 

pathogenesis, and is thus an avenue for future research. RBM3 was also identified, and has 528 

been reported to play a role in cell proliferation and cell death (Wellmann et al., 2010). Another 529 

key cellular process highlighted among genes significantly differentially expressed between 530 

tolerant and susceptible cattle is metastasis, for which VASH1, HMGB3, IFIT1 and TMEM213 531 

were among the identified genes which potentially influence this cellular process. 532 

A related publication by Latre de Late et al. (2021) using the same animals used in this study, 533 

quantified the expression of pro-inflammatory cytokines that have been previously described to 534 

have increased expression in Theileria transformed cells (McGuire et al., 2004; Yamada et al., 535 

2009). That study describes an increase in the expression of TGFβ, IL1β, IL6 and TNFα in the 536 

susceptible cattle, unlike in the tolerant cattle which maintained a relatively stable expression 537 

across time (Latre de Late et al., 2021), broadly in agreement with the observations in our study. 538 

Linking gene expression levels to the animal’s genotypes we identify a large number of 539 

regulatory variants whose links to the expression of nearby genes change through the course of 540 

infection. These provide potential initial indications of how the host’s response to infection can 541 

depend on their genome. However, it should be noted cell type composition differences can 542 

confound these kinds of analyses, and future studies on isolated cell types may provide clearer 543 

insights into the genetics of host response.  544 
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 850 

 851 

Figure legends 852 

 853 

Fig 1: Global change in transcript sequence content divergence following infection. (A) Median 854 

nucleotide base sequence content across samples at day 0, 7 and 15. (B) Comparison of GC 855 

content across base positions 20 to 40 between day 0, 7 and 15. The difference in GC content 856 

was significant (Wilcoxon p < 0.05) in all comparisons. (C) Genes whose expression level 857 

exceeds the 50th percentile for each day, plotted as log normalised expression against %GC 858 

content with regression lines showing increase in GC content of these most highly expressed 859 

genes post-infection. Marginal box plots indicate a significant shift in GC content (Wilxcoxon p < 860 

0.05) post-infection. (D) Genes were grouped into three equal content sized bins based on day 861 

0 expression levels (low, medium, high), and the ratio of normalised expression levels between 862 

days 15 and 0 logged and plotted against GC content, confirming the relationship between GC 863 

content and expression level change, particularly among the genes more highly expressed pre-864 
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infection. Horizontal dashed lines in panel D indicate the 5th and 95th percentiles of the 865 

normalised expression data. 866 

 867 

Fig 2: Proportion of reads mapping to the T. parva genome relative to all reads mapped. (A) The 868 

log10 number of reads mapped to the T. parva genome versus all reads mapped. Differences in 869 

the total number of reads mapped between time points were not significant, whereas there was 870 

a significant difference in the number of reads mapping to T. parva between each time point, 871 

with the most significant increase from day 0 to day 15 (Wilcoxon p = 1 x 10-15). (B) The 872 

proportion of reads mapped to the T. parva genome grouped by survival outcome. Comparison 873 

of means between animals that succumbed or were treated to those that survived infection 874 

returns a Wilcoxon p of 0.076. 875 

 876 

Fig 3: PCA of normalised gene expression data. Each circle represents a sample from an 877 

individual animal at a specific time point, as indicated.  878 

 879 

Fig 4: Trends of host gene expression in response to field exposure to T. parva. (A) Heatmap of 880 

significantly differentially expressed genes across sampling time points. The heatmap is scaled 881 

by column with each row representing an individual sample and each column representing a 882 

gene. The genes cluster into 4 groups, as denoted above the heatmap. (B) Antagonistic 883 

expression patterns of NFkB and P53 proteins across the time course. (C) The expression 884 

patterns of IL2 and its receptors (IL2RA, IL2RB, IL2RG) across time. 885 

 886 
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Fig 5: (A-F) Expression profiles of the six genes significantly differentially expressed between 887 

the survivors and deceased animals at day 15 as well as across the entire time course. (G) 888 

Expression profile of IL9. 889 

 890 

Fig 6: Functional enrichment analysis of genes differentially expressed at the three time points 891 

in cattle that survived versus those that succumbed to infection with T. parva. The gene sets 892 

used for the analysis in this were termed as upregulated or down regulated in the tolerant group 893 

based on the fold change observed. The gene sets were identified via functional enrichment 894 

analyses using FUMA and DAVID. The input genes were those with a nominal p value < 0.01 895 

following differential gene expression analyses. The results of the enrichment analyses were 896 

retained if they had an FDR < 0.05. 897 

 898 

Fig 7: Example of a significant response expression quantitative trait loci (reQTL) for RTN4IP1. 899 

The expression of RTN4IP1 is significantly correlated with allele dosage at SNP 9:43255137. 900 

Beta comparisons indicate a significant change in the regression slope following infection, 901 

revealing the eQTL to be a response eQTL. The expression of RTN4IP1 is nominally 902 

significantly (ANOVA p < 0.05) higher at day 15 in animals that survived infection compared to 903 

those that succumbed. RTN4IP1 was not among the significant DEGs following (FDR) 904 

correction for multiple testing.  905 

 906 

 907 

 908 

 909 
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