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Abstract 24 

Background: 25 

Host resilience (HR) to parasites can affect growth in pastured raised cattle. This study is a detailed 26 
investigation of the genetic mechanisms of HR to ticks (TICK), gastrointestinal nematodes (GIN), and 27 
Eimeria spp. (EIM) under natural infestation. HR was defined as the slope coefficient of random 28 
regression models of body weight (BW) when TICK, GIN, and EIM burdens were used as 29 
environmental gradients. The BW was evaluated in five measurement events (ME): when animals were 30 
331, 385, 443, 498, and 555 days old on average. 7307 BW records were available from 1712 animals 31 
weighted at least in one ME. Out of those, 1075 animals had valid genotypic information after quality 32 
control analysis that were used in genome-wide association studies (GWAS) and GWAS meta-analyses 33 
to identify genomic regions associated with HR. 34 

Results: 35 

Both the genetic correlations between intercept and HR to each parasite, and the genetic correlations 36 
between BW measured in animals submitted to different parasite burden indicated that there was 37 
genotype x parasite burden interaction for BW, and selection for BW under environment with 38 
controlled parasite burden might be an efficient strategy to improve both, BW and HR. Furthermore, 39 
there was no impact of age of measurement on genetic variance estimates for HR to different parasites. 40 
However, genetic correlation between HR to the same parasite measured in different ages ranged from 41 
low to moderate in magnitude, with a posteriori means (high posterior density interval with 90% of 42 
samples) varying from 0.13 (-0.05; 0.35) to 0.40 (0.15; 0.63) for TICK, from 0.11 (-0.06; 0.29) to 0.52 43 
(0.37; 0.67) for GIN and from 0.25 (0.07; 0.43) to 0.56 (0.34; 0.77) for EIM. These results indicate the 44 
importance of age of measurement in studies on HR.  45 

Conclusions: 46 

HR to GIN and EIM can be used as a complementary tool to parasitic control management, and a 47 
multiple trait selection method that combine BW and HR to parasites should be used in parasitic 48 
endemic areas to avoid economic losses due parasitic diseases.  49 

Keywords: ticks, gastrointestinal nematodes, genetic parameters, Eimeira spp., random 50 
regression models, response to disease, parasitic disease, GWAS 51 
  52 
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1 Background 53 

Ecto and endoparasites such as ticks (TICK), gastrointestinal nematodes (GIN), and Eimeria spp. 54 
(EIM) are endemic in tropical countries and they are also responsible for several economic and 55 
productivity losses in cattle production systems [1]. Moreover, parasitic loads represent an important 56 
challenge to the sustainability of cattle production, especially in tropical countries, such as Brazil.  57 

The negative impact of ticks on cattle production is due to the direct effects of feeding, such as weight 58 
loss, anaemia, and damage of leather, and indirect effects, such as the transmission of tick-borne 59 
pathogens [2]. Gastrointestinal parasites like GIN and EIM also negatively affect the cattle 60 
performance due to both direct and indirect effects: competition for nutrients, physical tissues damage, 61 
and the host immune response to parasite invasion [3–5]. Reduced food intake, weight loss, diarrhea, 62 
and dehydration are the main symptoms of these intestinal parasitosis [4,6,7]. For EIM infections, 63 
anaemia is also an important symptom [3].  64 

The sustainability of cattle production in endemic areas depend on the animal’s ability of respond to 65 
stressor factor as parasite loads. The terminology around the different mechanisms of host’s response 66 
to disease is still confuse. In general, animals can respond to disease using two complementary 67 
mechanisms: resistance and tolerance [8]. The host resistance can be characterized by the ability of a 68 
host to limit parasite burdens while host tolerance can be defined as the ability to limit the damage 69 
caused by a given parasite burden (Råberg et al., 2009). Therefore, the host resilience (HR) is the 70 
phenotype that captures these two mechanisms against pathogens [8,9], and can be defined as the 71 
animal capability of maintain a relatively undepressed production level when subjected to 72 
environmental parasite burdens [10,11]. 73 

The HR can be estimated as a continuous trait using reaction norm models of performance on 74 
environmental parasitic load [8]. In this case, the additive variance of dependent variable, is divided 75 
into two coefficients: the intercept that is the additive component of the variability in performance and 76 
the slope that is the HR [12]. Moreover, when linear regressions are used, the genetic correlation 77 
between the intercept and slope coefficients quantify the genetic association between host fitness and 78 
HR [13]. Significative correlations between these two parameters indicate, thus, the presence of 79 
genotype x environmental interaction [14].  80 

Reaction norm models have been used to estimate HR in milk production and fertility traits to Fasciola 81 
hepatica in Irish cattle [15]. The authors used the prevalence of Fasciola hepatica in each herd and 82 
year to define the environmental gradient. In our study, we estimated HR in body weight to TICK, 83 
GIN, and EIM burdens to estimate genetic parameters of HR in beef cattle. The slope solutions were 84 
considered as the estimated breeding values for HR and used as a phenotype to perform genome-wide 85 
association studies (GWAS) for HR to each parasite. Therefore, the main objectives of the present 86 
study are to estimate genetic parameters for HR of cattle to different parasites, evaluate the trends of 87 
these traits with aging, and suggest possible mechanisms influencing HR to parasites in Nellore cattle. 88 
In short, this study is an investigation of the genetic mechanisms of HR to endo and ectoparasites under 89 
natural infestation. The genetic parameters of HR and its association with BW uncovered here are 90 
evidence for discussing the inclusion of HR as selection criteria in cattle breeding programs. 91 

2 Material and Methods 92 

2.1 Data collection and edition 93 
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2.1.1 Data collection 94 

The phenotype and genotype data from Nellore bulls, born between 2010 and 2016 and raised in a 95 
commercial farm named Mundo Novo, located in Uberaba, Minas Gerais state, Brazil (19° 24'33 "S 96 
and 48° 06'34" W, altitude of 840 meters, Monsoon-influenced humid subtropical climate or Cwa 97 
weather according to Köppen scale) were used in this study. Only animals that were born and raised in 98 
the same farm were considered in the present study. The Ethics and Animal Experimentation 99 
Committee of the Universidade Federal de Minas Gerais approved the experiment and data collection 100 
(Protocol 255/2010). 101 

The bulls were pasture raised, with pasture formed mainly (>80%) by grass of Uruchloa genus, with a 102 
stocking rate of approximately 0.98 animal unit per hectare (one animal unit is equivalent to 450-kg). 103 
Animals had free access to mineral supplementation and clean water throughout the year. After 104 
weaning (210 days old in average), the males were arranged into groups of around 45 animals with age 105 
range of 90 days in each group. These animals were evaluated in performance tests that lasted 294 106 
days, being 70 days of adaptation and 224 days of evaluation (Figure 1). The adaptation period is 107 
required because animals are submitted to nutritional stress (changes in mineral supplementation), and 108 
social stress (they were weaned, and new groups were formed according to age). 109 

The bulls were weighed at six measurement events (ME): at day 1 of the performance test, at the end 110 
of the adaptation period (day 70) and in intervals of 56 days until the end of the test. BW information 111 
registered at day 1 was not used in this study. The intervals of 56 days defined five ME. The animals 112 
were on average 331, 385, 443, 498, or 555 days old in each of the five ME. 113 

The parasite counts used in the present study were obtained at each ME through counts of engorged 114 
female ticks (length size > 4.5 mm - TICK) on the right side of each animal. The length size of the 115 
engorged female ticks were defined according to the technique proposed by Wharton and Utech [16]. 116 
Furthermore, fecal samples were collected directly from the animals' rectum using properly identified 117 
and lubricated plastic bags to proceed to the count of gastrointestinal parasites. The fecal samples were 118 
cooled and transferred in chilled coolers to the Laboratory of Parasitic and Mycotic Diseases of the 119 
Escola de Veterinária - Universidade Federal de Minas Gerais (EV-UFMG). In the laboratory, the 120 
counting of eggs of gastrointestinal nematodes (GIN) and oocysts of Eimeria spp. (EIM) per gram of 121 
faeces were processed, according to the modified McMaster technique [17]. To perform the counts, we 122 
diluted 2g of faeces with 28ml of water, aliquoted 2ml of this mixture and mixed with 2ml of saturated 123 
Sheater’s solution (500 g of sugar, 6.5 ml of phenol and 360 ml of water). Then, 0.15ml of the final 124 
solution was used to fill the McMaster chamber used to perform the counts for eggs and oocysts.  125 

There is a practice of multiplying tick counts by two to estimate the tick burden in the entire animal 126 
[18]. For the modified McMaster technique, a multiplicative factor can also be used to infer on the 127 
animal’s parasite burden. This multiplicative factor depends on the dilution used to prepare the test. 128 
For the dilution we used, the adequate multiplicative factor is 50 [19,20]. Ticks, eggs, and oocysts 129 
counts used in the present study are the real counts observed on the right side of each animal or at the 130 
McMaster chamber, without multiplication by any constant. The bulls included in the present study 131 
were subjected to natural parasite infestation because they were raised in a herd with commercial 132 
purposes. Approximately 65% of the bulls were dewormed at the beginning of the performance tests 133 
(day 1 of adaptation period) with Ivermectin 4% (1ml of Ivermectin per 50Kg of live BW - Master LP, 134 
Ouro Fino Saúde Animal, Cravinhos, SP). The dewormed bulls were randomly chosen by 135 
contemporary group, in such a way that we had some entire groups dewormed or not. The 136 
contemporary groups were defined as the group of animals that were raised together in the same 137 
paddock. 138 
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Blood samples were collected with sterilized syringes into vacuum tubes of 3.5 ml containing 9NC 139 
Coagulation Sodium Citrate 3.2%, to conserve the host’s DNA. Blood samples were frozen and 140 
transferred in chilled coolers to the Laboratory of Genetics at EV-UFMG, where they were stored in 141 
freezers at -20ºC. 1230 blood samples were selected for genotyping with a low-density DNA array: the 142 
Z-chip v2 (Neogen, Lincoln, Nebraska, EUA, which genotypes – 27533 SNPs). Most of the genotyped 143 
bulls were from the performance tests with more than 20 animals per group, as described above, and 144 
each animal had information regarding the three parasites, in at least four ME. Some genotyped animals 145 
did not have phenotypic measures, but they were representative sires of this herd (31 genotyped sires 146 
without phenotypic records with an average of 25.26 offspring in the relationship matrix). 147 

2.1.2 Phenotypic data editing 148 

The data set of phenotypes had information on BW, TICK, GIN, and EIM. For each ME we have only 149 
considered animals that had information regarding the four phenotypes. Cohorts were defined by the 150 
combination of contemporary group and ME. Bulls belonging to cohorts with less than five animals 151 
were not considered in the study. At the end of the data editing process, 1712 animals had information 152 
in at least one ME (Table S1). These animals were offspring of 130 sires (with 13.17 ± 12.46 offspring 153 
- mean ± standard deviation) and 1132 cows (1.51 ± 0.77 offspring). The relationship matrix was 154 
formed by 5933 animals. The summary statistics of the phenotypes used in the present study are 155 
presented in Table 1, phenotypes' distributions are presented in Supplementary Figure 1. 156 

2.1.3 Genotypic data editing 157 

Blood samples of 1230 animals were collected according to the criteria described above. The quality 158 
control of DNA samples and markers was carried using the SNP & Variation Suite v8.8.3 software 159 
[21]. Alleles with a GenTrain Score < 0.6 were considered as missing calls in the panel. Only SNPs 160 
with call rate ≥ 0.95, minor allele frequency ≥ 0.05, and located at the autosome and X chromosomes, 161 
and samples with call rate > 0.90 were analyzed. After the quality control procedure, the SNP panel 162 
was formed by 21667 SNPs (78.7% of all tested SNPs) and 1075 samples (87.4% of genotyped 163 
samples). 164 

2.2 Covariance components 165 

2.2.1 Environmental parasite burden 166 

The environmental pathogen load is a crucial component of resilience that must be considered [8]. 167 
Thus, we used the median counts of TICK, GIN, and EIM in each cohort as the environmental gradient, 168 
that is formed by the combination of animals raised in the same paddock (contemporary groups) on the 169 
same period of the year (ME). Each combination of parasite x ME was used to generate a different 170 
dataset, for which the genetic parameters were estimated. Cohorts with median parasite count equal to 171 
zero do not indicate they are parasite free cohorts because at least one animal in each cohort had parasite 172 
counts greater than zero. In short, every animal in our dataset were exposed to natural infestation of 173 
the three different evaluated parasites.  174 

2.2.2 Genetic parameters for body weight and host resilience 175 

We used single trait linear random regression models (STM) where BW in each ME was considered 176 
as a dependent variable (trait) and the median counts of parasites as an independent variable. It is 177 
important to emphasize that in this study the random slope coefficient was considered as the HR to 178 
parasite. The analysis was performed for each ME and each parasite separately, and no effect of co-179 
infection was considered. The STM was performed using Bayesian inference methodology, and can be 180 
described as: 181 
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( ) ( )1 ( ) 0 1 ( ) 0 1 ( )i iijkl j k l l ijkl
y C d M b b X a a X e       , 182 

where 
ijkl

y , represents the weight of the animal i, evaluated at the cohort j, with the age k and submitted 183 

to an environmental parasite burden l; 
j

C , is the systematic effect of the cohort; 1d , is the slope to fit 184 

the effect of age in which each animal was evaluated; 
( )k

M  is the age (in days) of the animals at the 185 

day of evaluation; 0b  and 1b  are the intercept and slope to fit the BW mean trajectory along the parasite 186 

burden, respectively; 
( )l

X , represents the median of parasite counts (TICK or GIN or EIM) of the 187 

animals’ cohort; 
( )0 i

a  and 
( )1 i

a , represent the random intercept and slope to fit the additive genetic effect 188 

of each animal i, respectively; and 
ijkl

e , represents the error associated with each observation. 189 

For this model, we assumed that intercept and slope were associated, in such a way that the covariance 190 
matrix for the random coefficients of the model (G0) can be described as: 191 

2

int int,

2

int,

0
slope

slope slope

G
 

 
 

  
  

; 192 

where 2

int  and 
2

slope  are the additive genetic variances for the intercept and slope that adjusted parasite 193 

burden for each trait, respectively; and 
int,slope

 , is the additive genetic covariance between intercept 194 

and slopes for a same trait. 195 

The additive genetic variances for body weight in each observed parasite burden were estimated by the 196 
product 0 'P G P  . The P matrix has the number of lines equal to the number of different 197 
environments and two columns. The first column of P is a vector of 1 for adjusting the intercept, and 198 
the second column is the vector containing the observed parasite burden; P' is the transpose of P matrix; 199 
the matrix 0G  is the covariance matrix between the regression coefficients, and;  is the direct product 200 
operator. Further information about the STM are presented at the Supplementary Material and 201 
Methods.  202 

2.2.3 Genome-wide association studies 203 

Genome-wide Association Studies (GWAS) were carried out for HR to the three different parasites 204 
and BW measured in each ME. To perform GWAS we used the SNP & Variation Suite v8.8.3 software 205 
[21]. A mixed model was used to estimate the solutions for each SNP marker that passed quality 206 
control. As a result, we report on the association test P-values for each SNP and each studied trait (BW, 207 
and HR to TICK, GIN, and EIM), in each ME. The GWAS model used for BW can be described as:  208 

BW Xb Zu s e    ; 209 

where BW, is the vector with body weight information of each animal in each evaluated age; X, is the 210 
incidence matrix for the fixed covariates (cohort and age); b, is the vector of solutions for the fixed 211 
effects; Z, is a incidence matrix for the genetic additive random effects (estimated from 212 
polymorphisms); u, is the vector with solutions for the random additive genetic effects related to the 213 
observations; s, represents the SNP effects vector; and e, represents the error associated with each 214 
observation. SNP & Variation Suite v8.8.3 [21] uses a restricted maximum likelihood to estimate the 215 
solutions for the unknown parameters of the model. 216 
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The breeding values (EBV) estimated for HR to each parasite in each ME using STM were considered 217 
as the phenotypes of HR for GWAS analysis. No fixed effect was considered since all the known 218 
environmental effects were considered in the previous analysis to estimate the breeding values for HR. 219 
The model used for the GWAS analysis for HR can be described as: 220 𝐻𝑅 = 𝑍𝑢 + 𝑠 + 𝑒; 221 

Where HR is the vector of EBVs for host resilience to TICK, GIN, or EIM in each ME and the other 222 
terms as previously described. 223 

In the GWAS mixed models, for BW and HR, we used a genomic relationship matrix (GRM) [22]. 224 
The GRM was built from our SNP Panel with 21,667 markers and their genotypes for the 1,075 animals 225 
available after quality control. The GRM was generated using the SNP & Variation Suite v8.8.3 [21], 226 
and a full dosage compensation correction was applied to include the X chromosome markers in the 227 
estimate for the GRM. This software uses the algorithm proposed by Taylor [23]. The effect of sex 228 
over the solutions for SNPs located in the X chromosome was also considered in this GWAS analysis. 229 

The heritability for BW and HR were estimated based on the variances obtained from the markers 230 
(using GRM), so we refer to that estimate as "SNP-derived heritability". It is important to highlight 231 
that, in the present study, the heritability for BW was estimated based in both GRM and the pedigree-232 
based relationship matrix, so for BW we presented both the conventional heritability and the SNP-233 
derived heritability estimates. 234 

The correlation matrix among BW and HR to TICK, GIN, and EIM measured in each ME was 235 
computed by the Pearson correlations between the SNP effects (SNP correlations) for each one of the 236 
traits, as proposed by Fortes et al. [24]. To compute the SNP correlation matrix, we first standardized 237 
the SNP effects estimates by its standard error.  238 

2.2.4 Genetic variances for host resilience across ages 239 

We used two-trait linear random regression models (TTM) to model BW in each ME in function of an 240 
intercept and a slope defined by the median counts of parasites. The ME information (ME.331, 241 
ME.385, ME.443, ME.498, and ME.555) were analyzed by two-trait analysis, to achieve convergence 242 
of the parameters of the model. The TTM can be described by the same equation of STM. For this 243 
model, the covariance matrix for the random effects (G1) was assumed as: 244 

1 1 1 1 2

1 1 2

2 2 2

2

2

int int , int ,int

2

,

2

int int ,

2

0

0
1

slope

slope slope slope

slope

slope

G

sym

  

 

 



 
 
 

  
 
 
 

; 245 

where 
2

inth
  and 

2

hslope  are the additive genetic variances for the intercept and slope that adjusted 246 

parasite burden for each BW, respectively; 
int ,h hslope

 , is the additive genetic covariance between 247 

intercept and slope for a same trait; 
1int ,inth h




, is the additive genetic covariance between the intercepts 248 

of the two evaluated BW; and 
1,h hslope slope




, is the additive genetic covariance between the slopes of the 249 

two evaluated BW. 250 
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Detailed information about the TTM and its assumptions can be found in the Supplementary Materials 251 
and Methods. The genetic correlations between the HR for each parasite at different ages were used to 252 
infer about the genetic association of HR across the studied growth trajectory. The genetic correlations 253 
estimated by TTM and the SNP correlations were used to study if similar mechanisms could explain 254 
the host resilience to TICK, GIN, and EIM. 255 

2.2.5 Quantitative trait locus associated with host resilience  256 

Statistical meta-analysis combining the results of the GWAS performed for HR to each parasite in the 257 
five different ME were performed to identify genomic regions associated to HR to TICK, GIN and 258 
EIM separately. This approach was used to identify regions that are associated to HR to each parasite 259 
with more certainty, and despite age. The Sample-Size-Based approach described by Willer et al. [25] 260 
was used to perform the meta-analysis using the SNP & Variation Suite v8.8.3 [21]. In summary, from 261 
the P-values, effect direction, and sample size of each GWAS, a Z-score and an overall P-value for 262 
each marker were calculated. The meta-analysis was performed for markers that had valid solutions in 263 
at least 2 studies and no genomic control was performed during the meta-analyses. Afterwards, we 264 
used a Bonferroni correction for multiple testing to define the threshold for SNP effect significance. 265 
Only SNPs with P-values < 2.31x10-6 were considered as significant. Another threshold of P-values < 266 
10-4 was used to infer suggestive SNPs, a common practice in GWAS [26,27]. 267 

Based on meta-analysis results, quantitative trait locus (QTL) associated with each trait were described. 268 
The QTL boundaries were defined as follow: First, for each bovine chromosomes (CHR), an initial 269 
peak SNP was defined as the SNP with the lowest P-value; Second, around the peak SNP, regions of 270 
0.5Mbp up and downstream were searched for other significant SNPs. If inside this interval we 271 
identified other significative SNP, the boundaries of the QTL were expanded to include the SNP and 272 
another 0.5Mbp (up and downstream) was investigated. The process was repeated until there was no 273 
more significative SNPs in these 0.5Mbp windows. Finally, a new peak SNP was called if there was a 274 
significative SNP in the same CHR but outside of the boundaries of the first QTL. The process was 275 
repeated within each CHR until no more peak SNPs could be identified. 276 

To provide additional evidence to QTLs associated to HT, we imposed one more criterion. Only 277 
regions with at least four significative or suggestive SNPs were considered as a QTL (adapted from 278 
van den Berg et al., 2016). Suggestive SNPs had a P-value <10-4 and to be considered as supporting 279 
evidence for the QTL they had to satisfy one more condition: to have above average LD with the peak 280 
or other significant SNP in the QTL. The LD between SNPs was evaluated by the D prime (D’) 281 
estimated using the expectation-maximization method at pairwise analysis carried with the SNP & 282 
Variation Suite v8.8.3 [21]. SNPs were considered in high LD when D’ was greater than the mean + 2 283 
standard deviations of the D’ computed between all combinations of markers for each CHR. For the 284 
traits in which no QTLs could be described, we identified the genes around isolated significant SNPs 285 
(0.5Mbp downstream and upstream the SNP position). 286 

We looked for genes located inside the QTL boundaries using the ARS-UCD1.2 bovine genome 287 
assembly (available at www.ncbi.nlm.nih.gov/assembly/GCA_002263795.2). The search for genes 288 
was made using the GALLO package [29] of R software [30]. Genes located inside QTLs or around 289 
isolated significant SNPs were considered as candidate genes. Candidate genes formed target gene lists 290 
that were confronted with a trained gene list in functional analysis for candidate gene prioritization, as 291 
described below. 292 

The trained list of genes was constructed using keywords (Table S2) that described each of evaluated 293 
phenotypes (BW and HR to the three parasites). These lists were built on GUILDify v2.0 [31], which 294 
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is a web application for phenotypic characterization of genes. GUILDify searches for genes starting 295 
from user-provided keywords in the Biologic Interaction and Network Analysis (BIANA) knowledge 296 
database. These genes associated with the keywords are used as seeds to generate the protein interaction 297 
networks, for the selected organism, analyzed with graph theory algorithms to prioritize new disease 298 
genes [31]. In the present study, the selected model organism was Homo sapiens, since bovine was not 299 
an option. The Netscore prioritization algorithm from the GUILD package was used (with repetition = 300 
3 and interaction = 2; default values of GUILDify). The output of GUILDify is a trained list of genes, 301 
ranked according to the interaction network. The first 100 genes were used as the trained gene list for 302 
each studied trait. 303 

Candidate gene prioritization analysis were conducted with ToppGene Suite [32]. These analyses were 304 
performed in two-steps. First, for each trait, a functional enrichment analysis was performed to verify 305 
if the trained gene list was enriched for any functional category or parameter. We used Gene Ontology 306 
(Molecular function, Biological process, and Cellular component), Human phenotype, Mouse 307 
phenotype, Pathway, PubMed, Transcription factor binding site, Co-expression, and Disease as 308 
training databases to identify over-representative terms from the trained gene list. The P-value cut-off 309 
for each training parameter was 0.05 with a False Discovery Rate correction. After this step a 310 
representative profile of the trained gene list was obtained.  311 

In the second step a similarity score was generated for each gene in our candidate gene lists. This score 312 
is created by functional annotation of the candidate gene followed by a comparison of its function to 313 
each enriched term, learned in the training step. The similarity score calculation and the P-values 314 
associated to them are described in Chen et al. [32]. In summary, a fuzzy-based similarity measure is 315 
applied for categorical terms [33], and Pearson correlation between the test gene and the enriched gene 316 
lists is applied for quantitative functional parameters. In the case of a missing value (for instance, lack 317 
of one or more annotations for a test gene), the score is set to −1. Otherwise, it is a real value in [0, 1] 318 
[32].  319 

The overall scores and P-values are obtained with a meta-analyses that considers all the functional 320 
categories annotated [32]. The prioritized genes were considered those with an overall P-value ≤ 0.05. 321 
For the candidate gene prioritization analysis, we used the default setting in ToppGene Suite that is a 322 
background gene set from the genome for computing the P-value with 5000 coding genes and two 323 
features to be considered for prioritization. 324 

3 Results 325 

3.1 Environmental parasite burden 326 

The environmental parasite loads observed here were low (Table 1). It might be a consequence of 327 
preventive treatment applied to 65% of animals randomly chosen on the first day of each performance 328 
test. A common strategy to estimate the total count of parasite per animal is to multiply by 2 the number 329 
of engorged females observed in the right side of each animals and it is important to highlight that the 330 
parasite counts reported here were not multiplied by any constant. For instance, ticks’ count represents 331 
the number of ticks observed on the right side of the animals, and the eggs and oocysts’ counts represent 332 
the number of parasites observed on the McMaster chamber (Table 1).  333 

3.2 Genetic parameters for body weight and genotype x parasite burden interaction 334 

In general, there is no significant difference between genetic parameters of intercept and slope 335 
coefficients estimated by STM (Table 2) and TTM (Table S3). Except for genetic additive variances 336 
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of intercept coefficient at ME.555 when EIM parasite burden was considered in the model. In this case, 337 
the variance (and high posterior density intervals with 90% of samples - HPD90) of the intercept of 338 
192.4 (94.15; 292.5) estimated by STM (Table 2) was significantly higher than the value of 40.30 339 
(1.42; 90.39) estimated by TTM (Table S3). Therefore, the results of STM are presented and discussed 340 
in the main text (Table 2, Figure 2) and the results for TTM are presented on the supplementary Table 341 
S3 and Supplementary Figure 2. 342 

The SNP-derived heritability (average ± standard error) of BW (Table 3) at each ME varied from low 343 
(0.09±0.06 at ME.331) to moderate magnitude (0.23±0.06 at ME.555), showing that genetic 344 
improvement of BW can be achieved through selection. Those values were similar to the heritability 345 
of BW estimated by STM (Figure 2) and TTM (Supplementary Figure 2). 346 

There was no difference among genetic parameters of BW when TICK, GIN, or EIM burden were used 347 
as an environmental gradient (Figure 2 and Supplementary Figure 2), which is expected since the 348 
genetic parameters for BW measured in the same population should not differ in function of the 349 
statistical model used to estimate them. Moreover, large HPD90 were related to the posterior means of 350 
additive variance and heritability of BW in each ME, showing that there is no impact of age, from 331 351 
to 555 days old, on genetic parameters of BW (Figure 2 and Supplementary Figure 2). 352 

A rising trend for additive variance and heritability of BW was observed across TICK, GIN, and EIM 353 
burden trajectory (Figure 2 and Supplementary Figure 2). For instance, the posterior mean for 354 
heritability of BW varied from 0.09 to 0.44 at ME.331, from 0.13 to 0.51 at ME.385, from 0.13 to 0.54 355 
at ME.443, from 0.16 to 0.45 at ME.498 and from 0.11 to 0.42 at ME.555. Despite the difference 356 
between heritability estimates for BW when parasite count was zero and maximum (16 for TICK, 11 357 
for GIN and 10.5 for EIM), the HPD90 related to those posterior means were large showing no 358 
significant differences between them (Figure 2).  359 

The SNP correlations between the BW measured in each ME are high, with averages (standard errors) 360 
ranging from 0.705 (0.005) between BW at ME.331 and BW at ME.555 to 0.882 (0.003) between BW 361 
at ME.498 and BW at ME.555 (Figure 3). These high SNP correlations between BW measured from 362 
331 to 555 days old are in accordance with GWAS results for BW in which markers located at 363 
chromosome 6 and 14 were suggestively associated with BW measured at all evaluated ME 364 
(Supplementary Figure 3). Also, BW measured at different ages could be considered repeated measures 365 
of the same phenotype, instead of being perceived as independent traits since animals that are heavier 366 
in the beginning of performance tests tend to be heavier in the end.  367 

The genetic correlations of BW measured at each ME between different parasite burden varied. They 368 
ranged from high and positive, between animals submitted to similar parasite burden, to moderate and 369 
negative, between animals submitted to extreme different parasite burden (Figures 4, 5, 6), 370 
demonstrating the effect of parasitic burden on BW genetic parameters. For instance, the smallest 371 
estimates of genetic correlation for BW were obtained between zero and maximum parasite counts 372 
(maximum count of 16 for TICK, 11 for GIN and 10.5 for EIM), with a posteriori means (HPD90) of 373 
-0.29 (-1.00; 0.37) at ME.331 for TICK (Figure 4); -0.19 (-0.69; 0.31) at ME.385 for GIN (Figure 5); 374 
and -0.46 (-0.90; -0.02) at ME.385 for EIM (Figure 6). Thus, demonstrating the effect of parasitic 375 
burden on BW genetic parameters. 376 

It is possible to verify that negative correlations between BW measured at zero and maximum counts 377 
occurred at the ME in which negative and significant covariances were estimated between intercept 378 
and slope (Table 2). The genetic correlations between intercept and slope (Table 2, Table S3) and the 379 
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correlations between BW measurements at each ME across varying parasite burden conditions (Figures 380 
4, 5, and 6) indicate that animals’ genetic performance (that depend on animal’s genotype) might differ 381 
according to the parasite burden to which they are submitted to, which means that some level of 382 
genotype x environmental interactions that influence BW under natural infestation conditions can be 383 
verified. For breeding purposes, the identification of this interaction might help to define the 384 
environmental conditions and management practices to which candidate animals will be submitted. 385 

3.3 Genetic parameters for host resilience and their association with body weight 386 

In this study, HR was estimated as a genetic component of BW, the slope of random regression models. 387 
Therefore, genetic variance estimates were obtained for HR, but heritability was not estimated. There 388 
was no impact of age of measurement on HR genetic variances to TICK, GIN, or EIM regardless of 389 
the model used (STM and TTM) since HPD90 of genetic variance for HR across ME overlapped (Table 390 
2, Table S3). Also, when we compare STM and TTM results, for the same ME, the HPD90 of HR 391 
genetic variance to TICK, GIN or EIM overlapped again. These overlaps are evidence for the fact that 392 
the HR’s genetic variances were similar across age groups and statistical models.  393 

The SNP-derived heritabilities for HR to TICK, GIN, and EIM at each ME were computed through 394 
GWAS analyses when the slopes solutions were considered as HR phenotype. As expected, these 395 
estimates presented high magnitude (Table 3), ranging from 0.76 to 0.87 for HR to TICK, from 0.80 396 
to 0.93 for HR to GIN, and from 0.77 to 0.84 for HR to EIM. 397 

The genetic association between BW and HR was measured throughout SNP correlations between the 398 
traits (Figure 3). In our study, both positive and zero correlations were considered as favourable. 399 
Negative and unfavourable correlations were observed between BW and HR to TICK at ME.331 (-400 
0.648±0.005), ME.443 (-0.307±0.006), and ME.498 (-0.148±0.007), between BW and HR to GIN at 401 
ME.385 (-0.038±0.007), and between BW and HR to EIM at ME.555 (-0.081±0.007 – Figure 3).  402 

3.4 Host resilience to parasitic burden at five ages are independent traits 403 

The posterior means of genetic variances for HR to TICK, GIN, and EIM were similar in each ME 404 
(Table 2, Table S3) since the HPD90 overlapped. The genetic correlations between HR measured from 405 
331 to 555 days old ranged from 0.13 (ME.331 x ME.555) to 0.40 (ME.443 x ME.498) for HR to 406 
TICK; from 0.11 (ME.385 x ME.498) to 0.52 (ME.385 x ME.443) for HR to GIN; and from 0.25 407 
(ME.385 x ME.443) to 0.56 (ME.498 x ME.555) for HR to EIM (Figure 7). The genetic correlations 408 
previously described for HR to TICK, 0.13 at ME.331 x ME.555 and GIN, 0.11 at ME.385 x ME.498 409 
did not differ from zero, since HPD90 includes zero value. 410 

Furthermore, the SNP correlations between HR to each parasite measured from 331 to 555 days old 411 
showed low to moderate magnitude (Figure 3). SNP correlation between HR to TICK measured from 412 
331 to 555 days old ranged from -0.364 ± 0.006 (ME.331 x ME.555) to 0.296 ± 0.006 (ME.385 x 413 
ME.555); from -0.101 ± 0.007 (ME.331 x ME.498) to 0.505 ± 0.006 (ME.331 x ME.385) for HR to 414 
GIN measured from 331 to 555 days old; and from 0.368 ± 0.006 (ME.498 x ME.555) to 0.794 ± 0.004 415 
(ME.443 x ME.498) for HR to EIM measured from 331 to 555 days old. Moreover, the genetic 416 
correlations between HR of a same parasite at different ages and SNP correlations were in accordance 417 
with GWAS results where suggestively associated markers for TICK, GIN, or EIM were age-specific 418 
(Supplementary Figure 4, Supplementary Figure 5, and Supplementary Figure 6, respectively). 419 
Therefore, the trend of HR to parasites changes at different ages, for instance HR should be considered 420 
as an independent trait.  421 
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3.5 Candidate genes and pathways associated with host resilience to TICK, GIN, and EIM 422 

The search for genes associated with HR was carried only at the regions defined as QTL or in the 423 
vicinity of significant SNP, considering only the meta-analysis results, and not the results for each age 424 
separately (Figure 8). The aim was to identify candidate genes that might explain the genetic 425 
correlations observed between HR to each parasite across the different ages. In short, we focused on 426 
the associations (and therefore candidate genes) that had stronger evidence by combining in one 427 
analysis all the HR data available for each parasite. 428 

There were no relevant QTLs identified for HR to TICK through the meta-analysis. However, we 429 
identified candidate genes nearby significant SNPs. A total of 52 genes formed the candidate list for 430 
HR to TICK: 11 on CHR 2, 6 on CHR16, and 35 on CHR19. (Table 4). Out of these candidates, 21 431 
were prioritized in our candidate gene prioritization analyses. Information about genes prioritized for 432 
HR to TICK is presented at Table S4. 433 

There were significant SNPs associated to HR to GIN on CHR 9, CHR 14 and CHR 28 (Table 5), but 434 
no QTLs were defined. Moreover, 37 genes associated to HR to GIN were identified around peak 435 
SNPs, 13 at CHR 9, 16 at CHR 14 (8 around each peak SNP), and 8 at CHR 28. Out of these 3, 5 (3 436 
and 2, around each peak SNP on CHR 14), and 2 genes located at CHR 9, 16 and 14, respectively, 437 
were prioritized. Information about genes prioritized for HR to GIN is presented at Table S5. 438 

A total of 137 significant SNPs distributed across CHRs, except CHR 25, were associated with HR to 439 
EIM. We identified 5 QTLs located at CHRs 4, 6, 7, 12, 13 associated with HR to EIM through meta-440 
analysis (Table 6). Information about number of SNPs and linkage disequilibrium thresholds used to 441 
define the QTL boundaries are presented at Table 7. A total of 47 genes were located inside these QTLs 442 
(Table 6). From these, 16 genes were prioritized. Information about genes prioritized analyses for HR 443 
to EIM is presented at Table S6. 444 

4 Discussion 445 

4.1 Environmental parasite burden 446 

The median counts of parasites were used as an environmental gradient since the environmental load 447 
is highly dependent of how infested the animals are. Regarding different parasites, there is no direct 448 
transmission from one animal to another, but the animals raised in the same environment contaminate 449 
the pasture and allow the parasite to complete its life cycle. For instance, cattle ticks have multiple 450 
stages of development – egg, larva, nymph, and adult. Tick’s adult females realize the oviposition on 451 
the pasture, where hatching happens. Larvae, nymphs, and adults parasitize the host for feeding, and 452 
then drop off on the pasture again to continue its development [34]. Gastrointestinal parasites also have 453 
multiple stages of development. In general, adult females of gastrointestinal nematodes parasitize the 454 
abomasum and the intestines and produce eggs, which are eliminated together with the fecal mass. 455 
Egg’s hatching and larvae molts to reach the infective third larval stage happen inside of the faecal 456 
material and the infective larva goes to the forage where they are ingested by the animals [19]. 457 
Regarding Eimeria spp., oocysts are shed with the faeces. Under proper environmental conditions the 458 
oocyst develops to form a sporulated oocyst, that is infective to other cattle. After ingestion, the oocysts 459 
release sporozoites in the intestine where the endogenous phase of the life cycle happen [3]. 460 

The low parasite load observed here might be partially explained by the adoption of rotational grazing 461 
[35], and the use of prophylactic parasite control strategy. And it is a common practice on cattle farms 462 
worldwide. According to World Organization for Animal Heath from 2013 to 2016 18 of the 18 463 
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countries in America, 27 of the 28 countries in Africa, 15 of the 17 countries in Asia and the Pacific, 464 
and 40 of the 40 European countries reported the use of antimicrobial agents in cattle production [36]. 465 
Moreover, Cruvinel et al. [37] evaluated the prevalence of agents causing diarrhea in dairy cattle raised 466 
in 872 different farms distributed across eight different states in Brazil (which represent 80% of 467 
Brazil´s total milk yield production). They concluded that only 195 farms (22%) do not use any 468 
prophylactic drug to control parasites load, including Eimeria spp. and gastrointestinal nematodes. 469 
Furthermore, more than one-half of beef cattle farmers in USA usually dewormed different categories 470 
of animals one or more times per year [38]. Therefore, environment with controlled parasite burden 471 
through prophylactic treatment represents the reality of commercial farms.  472 

Even though under low parasite load challenge we could observe the impact of parasite burden on the 473 
body weight, and a raising trend for the heritability of body weight as the loads increased. It is expected 474 
that more challenging environments, this means, higher parasite loads, can lead to more significant 475 
effects parasite burden on both BW and genetic parameters estimates for HR (Falconer, 1990). 476 
Considering this, the low parasite loads observed on the present study might be a limiting aspect of our 477 
study for the study of the genetic architecture of HR to different parasites, and further genomic regions 478 
associated with these traits could be found when applying the same methodology we used on a 479 
population submitted to higher burdens.  480 

The observed median counts reported here are similar of other data sets available on the literature. For 481 
instance, Martins et al. [18] performed repeated tick counts on 11 Brangus and 12 Nellore growing 482 
bulls raised on a commercial farm located at Mato Grosso do Sul – Brazil. The animals were naturally 483 
infested and no prophylactic treatment was performed [18]. The authors observed 45.51 ± 20.91 and 484 
10.08 ± 2.00 (mean ± standard deviation) ticks on the Brangus and Nellore animals, respectively, and 485 
this numbers represent the tick count on the entire animal (both left and right sides). The average of 486 
17.4±24.6 ticks per animal were verified across 1332 animals of four different Colombian Bos taurus 487 
cattle breeds, raised on different regions of the country [40]. More than 50% of the evaluated animals 488 
had between 0-10 ticks on their body. These animals were naturally infested, and no parasite control 489 
methods were carried out during the experimental period [40]. Regarding gastrointestinal parasites the 490 
average of 11.35 ± 22.57 eggs per gram of faeces were observed from a population of 1166 German 491 
Black and White dairy cows, pasture raised, and naturally infected with GIN [41].  In short, we would 492 
like to highlight that although the low parasite burdens and the possible impact of prophylactic 493 
measures taken in the studied farm, the summary statistics of the dataset we presented here is similar 494 
to other studies that might characterize a commercial farm environment and should be used to evaluate 495 
the genetic parameters of health traits in beef cattle industry.  496 

4.2 Genetic parameters for body weight and genotype x parasite burden interaction 497 

The similarity between BW heritabilities estimated with genomics (SNP-derived heritability), STM, 498 
and TTM serve as evidence for the adequacy of the low-density SNP panel (27K – Z-chip V2, Neogen, 499 
Lincoln, Nebraska, EUA) to capture the polygenetic component of the additive variance observed for 500 
BW in Nellore cattle. The heritability estimates of BW in this population were lower than the estimates 501 
found on the literature for Nellore cattle of similar ages raised in Brazil, using pedigree information 502 
only, and single and multiple trait models [42], and similar to the heritability estimated for BW at 555 503 
days old for the same population [43]. It is important to note that selection can lead to lower genetic 504 
variability of a trait, and consequently, lower heritability [44]. Therefore, years of selection to BW 505 
practiced since 1978 by a genetic nucleus farm with non-inclusion of external candidates such as 506 
Mundo Novo might explain the lower heritability estimates obtained here. It is important to highlight 507 
that those two genetic management practices, selection and non-inclusion of external candidates, 508 
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promoted significant benefits to this population that is highly regarded as a genetic disseminator of the 509 
Nellore breed in Brazil.  510 

In the present study we did not find significant changes in BW heritability estimates across varying 511 
gradients of parasite burden. The natural infestations and overall low parasite burden observed in this 512 
data might partially explain the constant heritability, because challenging environments might lead to 513 
increases in heritability estimates [45,46]. For instance, heritability for FAMACHA score in ram and 514 
ewe lambs submitted to high worms burden, mostly Haemonchus contortus, Trichostrongylus spp., 515 
and Teladorsagia spp., were significantly higher than the heritability obtained in low and moderate 516 
parasite burden (Riley and Van Wyk, 2009). FAMACHA score is a common veterinarian approach to 517 
evaluate the parasite burden, based on the colour of the animals’ eye mucosa (indicative of anaemia). 518 
Moreover, an uprise trend in heritability estimates for milk yield was observed with increased 519 
temperature-humidity index, a direct indicator of heat stress (Lee et al., 2011). Therefore, we expect 520 
that BW evaluation on infested environments, with higher range parasite counts than those observed 521 
here, might lead to variation in heritability estimates of BW across varying gradients of parasite burden. 522 
We were able to verify a rising trend on heritability means (mainly for HR to TICK and GIN at ME.555, 523 
and HR to EIM at all ME) however these values were followed by large HPD. It is important to 524 
highlight that Mundo Novo farm has an efficient animal husbandry program, including strategic 525 
parasite control, that correspond to the outstanding practices of a nucleus farm and it explains the low 526 
parasite burden observed in our study, including the more uniform weight gain. 527 

Our results showed low genetic correlations between BW measured at the lowest and the highest 528 
parasite loads specially at younger ages (331 days old compared to 555 days old), indicating potential 529 
genotype by parasite burden interaction when animals are raised in very low parasite burden (cohort’s 530 
median count equal zero) and infested environments. Hollema et al. [47] also emphasize the importance 531 
of considering the genotype x worm burden interaction for growth rate in Australian Merino sheep to 532 
increase the efficiency of selection for animals that are more parasite resistant and more resilient to 533 
environmental worm challenge. However, these authors verified significant decrease on the heritability 534 
for growth rate with the increase of worm burden [47]. It becomes even more important for growth 535 
selection on pastured systems in tropical areas that are typically under different levels of natural 536 
infestation, and that apply different strategies for parasite control.  537 

4.3 Genetic parameters for host resilience and their association with body weight 538 

The SNP-derived heritability estimated for HS in the present study are high, but they do not indicate 539 
that HS is highly heritable. In fact, these values are a statistical artefact since the phenotype of HS is 540 
itself an estimated breeding value. However, the SNP-derived heritability indicate that breeding values 541 
estimated using pedigree-based genetic evaluations can be efficiently explained by the genomic 542 
similarity between individuals. There is genetic variance for HR to parasites and genetic improvement 543 
for this trait can be achieved through selection, even though the genetic gain across generation might 544 
be slow. The SNP correlations between HR and BW were obtained through standardized values, where 545 
the SNP effects were divided by its standard error. Standardized values reduced the impact of large 546 
differences on genetic variance of BW and HR obtained here when computing SNP correlations 547 
estimates. Furthermore, the SNP correlations were particularly interesting since the effect of parasite 548 
infestation was not considered in the BW’s GWAS analyses. In this sense, while genetic correlation 549 
between intercept and HR indicates the presence of genotype x parasite burden interaction for BW, the 550 
SNP correlations indicates some genetic association between BW and HR to parasites. 551 
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Unfavourable correlations were observed mainly between BW and HR to TICK at ME.331, ME.443, 552 
and ME.498. These correlations were moderate and negative at ME.331 but were reducing in 553 
magnitude as animals aged. Two aspects must be discussed here. First, the fact that inside each age 554 
category (ME), heavier animals are expected to be larger in size, and have a wider skin surface with a 555 
denser vasculature, which was already suggested as a possible explanation for the associations between 556 
parasite burden and BW [40], and might also explain the association between BW and HR. Second, 557 
the immune response mechanisms might vary with age [48–51] and so younger animals (for instance 558 
those evaluated in ME.331) might differ from older ones (like those evaluated in ME.555) in terms of 559 
HR. Altogether, these two aspects can justify the differences observed in the SNP correlations between 560 
HR to TICK and BW in the different ME. Further discussion about the age effect on HR expression is 561 
presented below. 562 

4.4 Host resilience to parasitic burden at five ages are independent traits 563 

The low to moderate magnitude of genetic correlation between slopes at each ME in TTM and SNP 564 
correlations for HR to parasites in each ME indicate that HR to TICK, GIN or EIM measured at 565 
different ages are independent traits, showing no benefit of using indirect selection to improve HR in 566 
older animals through selection of younger ones and vice and versa. It is already known that the severity 567 
of infectious diseases can vary dramatically across ages, possibly due to the immaturity of the immune 568 
system of young animals [52]. Similarly, it is possible that host resilience also changes across ages, 569 
depending on the exposure to co-infestation and different parasites in each growing phase [53]. 570 

4.5 Candidate genes and pathways associated with host resilience  571 

4.5.1 Candidate genes and pathways associated with host resilience to TICK 572 

We found here a significative association between the genes WNT4 and CFH and HR to TICK. The 573 
WNT4 gene was recently associated with the suppression of type 2 immunity (Hung et al., 2019), 574 
which assists with the resolution of cell-mediated inflammation [55]. The CFH gene was associated 575 
with risks to diseases in which the etiology is related to complement dysregulation [56]. This gene’s 576 
transcript is the complement factor H, which contributes to the regulation of complement activation 577 
and assists in modulating the response on host cell surfaces [56,57]. In short, WNT4 and CFH are 578 
known for their immune function and our results suggest they are linked to HR to TICK. Inhibiting the 579 
complex mechanisms of host homeostasis, including the immune system, contributes to successful tick 580 
blood feeding [58]. Future research may focus on how these prioritized genes may interfere with tick 581 
infestations. 582 

Another homeostasis-related mechanism that appears to be relevant to the expression of HR to TICK 583 
is apoptosis, suggested by the association of YWHAE and SCARF1 genes. Apoptosis is the 584 
mechanisms that ensures that damaged, aged, or excess cells are deleted in a regulated manner that is 585 
not harmful to the host and plays an essential role in the development and maintenance of all 586 
mammalian tissues [59]. The insertion of the tick’s mouthparts during tick blood feeding leads to 587 
damages of epidermis and dermis cells [60]. In response to damage, pathogen-associated and or 588 
damage-associated molecular patterns are detected, and leukocytes aggregate near to the site of lesion 589 
[61]. After eliminating the initial threat, leukocyte recruitment ceases, and the previously recruited 590 
cells are disposed, mainly mediated by apoptotic cells that are subsequently phagocyted [61]. A rapid 591 
and immunologically ‘clean’ removal of apoptotic cells by neighbouring phagocytic cells is essential 592 
for the maintenance of homeostasis and avoidance of inflammation [62]. This mechanism may explain 593 
why genes that are relevant to apoptosis, like YWHAE, and SCARF1, may also be important for HR 594 
to TICK. 595 



  Running Title: Resilience to parasites in cattle 

 
16 

YWHAE is a protein isoform of 14-3-3 family of eukaryotic proteins which have anti-apoptotic 596 
activity, and regulate members of the mitochondrial apoptotic machinery, as well as a staggering 597 
number of signalling molecules that mediate the transmission of survival and death signals to the 598 
mitochondrial death machinery [63]. SCARF1 is one of the main genes mediating the clearance of 599 
apoptotic cells [64]. These mechanisms are part of a delicate balance in order to maintain the 600 
homeostasis. To understand how they take part on the expression of HR further studies are necessary. 601 
It would be useful, for example, to evaluate if these genes are up or downregulated in more resilient 602 
hosts upon infestation. 603 

Alpha-2 pigment epithelium derived factors secretion (that are transcripts of SERPINF1 and 604 
SERPINF2 genes) were related to HR to TICK. SERPINF1 was associated with mice full-thickness 605 
cutaneous wound healing by promoting epithelial basal cell and hair follicle stem cell proliferation. 606 
SERPINF2 acts on other aspects of the wound healing, in the clearance of the anticoagulant plasma 607 
protein C, inhibiting its actions and enhancing the coagulation process [65,66]. Altogether, the 608 
mechanisms controlled by SERPINF1 and SERPINF2 might indicate the relevance of fast wound 609 
healing on the expression of HR to TICK. 610 

The direct effect of tick saliva might also activate specific mechanisms of HR. Salp15 is the first protein 611 
associated with the immunosuppressive activity of Ixodes scapularis tick saliva (Anguita et al., 2002). 612 
CDC42 activation can act as a stimulus to F-actin polymerization, and the amount of F-actin was 613 
reduced upon pretreatment of T cells with Salp15 in mice [67]. The complexity of events at the tick 614 
host interface is increased by the process in which injection of saliva occurs alternatingly with uptake 615 
of blood as well as of digested tissues at an increasing rate over the course of blood feeding [58]. It 616 
was demonstrated that Salp15 inhibited the activation of CD4+ T-cells in mammalian hosts, resulting 617 
in decreased activation of the transcription factor NF-κB [68].  618 

4.5.2 Candidate genes and pathways associated with host resilience to GIN 619 

In ruminants, third stage larvae of GIN exsheath in the rumen and further development takes place in 620 
the mucosa of the abomasum or the intestine [5]. Parasite antigens are presented to T lymphocytes and 621 
after, the T cells further regulate the host response against the GIN [69]. In geographical areas in which 622 
nematode parasites are endemic, immunity to infection in previously exposed individuals is associated 623 
with expression of T-helper type-2 (TH2) cytokines and an inverse association between TH2 cytokines 624 
and susceptibility to GIN in younger children (between 4 and 13 years old) was verified [70]. 625 

AGO2 was associated in the present study with HR to GIN and previously was associated with host 626 
response Toxoplasma gondii [71], Cryptosporidium parvum [72], and Plasmodium falciparum (Mantel 627 
et al., 2016). The Argonaute (AGO) proteins are key components of miRNA-induced silencing 628 
complex (miRISC) that bind miRNA and direct the miRNA to its target mRNAand regulates TLR 629 
signaling [74,75]. Cellular miRNAs are released from cells both membrane free or inside exosomes, 630 
which are extracellular micro vesicles that carry bio reactive macromolecules such as nucleic acids, 631 
proteins, and lipids, and therefore may contribute to the pathogenesis of disease [76].  632 

The host’ gastrointestinal infection by Salmonella enterica serovar Typhimurium [77] and intestinal 633 
autoimmune diseases as Chron’s disease [75] have also been associated with posttranscriptional 634 
regulation of immune response by miRNA machinery (pathway in which AGO2 plays important role). 635 
The use of AGO2-miRNA pathway in the regulation of immune response of cattle infected by GIN 636 
was not described yet, however previous results presented here as well as the significant association of 637 
AGO2 with HR to GIN might indicate the relevance of this pathway.  638 
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The restitution of intestinal epithelial barrier damage, that might be caused by GIN infections, is 639 
another mechanism that appears to be relevant for the expression of HR. CXCL12 activates the 640 
chemokine receptor CXCR4 and enhances intestinal epithelial wound healing through reorganization 641 
of the actin cytoskeleton [78]. CXCL12 is a constitutive and inflammatory chemokine in the intestinal 642 
immune system, expressed by normal intestinal epithelial cells [79]. It was up-regulated in both catfish 643 
intestine submitted to following experimental infection of Edwardsiella ictalurid, the causative 644 
bacterium of enteric septicemia of catfish [80], and human intestine of patients with inflammatory 645 
bowel disease [79]. No associations of CXCL12 expression in the intestine of animals submitted to 646 
gastrointestinal nematodes burden was published yet. However, our results indicate that this might be 647 
an important candidate gene for the study of HR to GIN. 648 

4.5.3 Candidate genes and pathways associated with host resilience to EIM 649 

The chemokines also play an important role on the development of HR to EIM, as the association of 650 
genes CXCL9, CXCL10, and CXCL11 suggests. These genes transcripts are proinflammatory 651 
chemokines that are released from the intestinal epithelium [81]. Increased levels of both CXCL9 and 652 
CLCX11 transcripts in the gut tissue of susceptible mice artificially infected with Trichuris muris, an 653 
intestinal nematode parasite, were identified [82]. Oppositely, the up-regulation of these genes were 654 
not verified in resistant mice subjected to the same artificial infestation. Furthermore, in vivo 655 
neutralization of CXCL10 in infected susceptible mice caused a significant reduction in worm burden 656 
and the treated group of animals showed a highly significant increase in the rate of epithelial cell 657 
turnover when compared with untreated animals [83]. Furthermore, Cliffe et al. [83] demonstrated that 658 
CXCL10 had no effect on the ongoing TH1 immune response (that is a characteristic of a susceptible 659 
animal), which strongly suggests that epithelial cell turnover alone can mediate worm expulsion. 660 

Also, Reid-Yu et al. [84] demonstrated that CXCL9 plays an important role in antimicrobial defense 661 
in the infected and inflamed gut of mice artificially infected by the bacteria Citrobacter rodentium. 662 
This activity, independent of the chemokine receptor CXCR3 or an adaptive immune response, protects 663 
the gut from crypt invasion by C. rodentium and the tissue damage that ensues [84]. Although Eimeria 664 
spp. is a protozoan, which have life cycles that differ from worms or bacteria, the association of 665 
CXCL9, CXCL10, and CXCL11 indicates that immune responses mediated by chemokines is probably 666 
an important mechanism for HR to protozoan that parasite the intestine as well, represented by EIM in 667 
the present study. 668 

IRS2, LIG4, and TNFSF13B are modulators of antibody levels that were previously associated with 669 
human susceptibility to Ascaris lumbricoides infection, an endemic disease at tropical areas and caused 670 
by nematodes [85]. TNFSF13B (also known as BAFF) production by intestinal epithelial cells is 671 
stimulated by the commensal bacteria present in intestine, and plays important role on the maturation 672 
of naïve B cells into mature cells with a process called class-switch recombination [86]. This is the 673 
process by which proliferating B cells rearrange their DNA to switch from expressing IgM (or another 674 
class of immunoglobulin) to expressing a different immunoglobulin heavy-chain constant region, 675 
thereby producing antibody with different effector functions [86].  676 

We did not find in literature studies that described the relevance of the genes presented here in the 677 
development of coccidiosis (diseases caused by coccidian protozoan, as Eimeria spp.). However, Kim 678 
et al. [87] speculated that the expression of TNFSF13B verified in the intestinal tissue of chicken orally 679 
infected with Eimeria acervulina may have increased upon coccidiosis infection and this may have 680 
caused the high antibody response observed in the study.  681 
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In general, our founds regarding HR to EIM might indicate the importance of intestinal homeostasis 682 
maintenance in order to express HR. Furthermore, it might indicate the relevance of adaptive immune 683 
response to the expression of HR to EIM. Also, as the genes significantly associated with HR to EIM 684 
were previously associated in literature with different nematode infections, it is possible to speculate 685 
that mechanisms developed by animals when exposed to GIN and EIM might be partially similar. 686 

5 Conclusion 687 

Complementary studies might be necessary to extend the conclusions we made here to other 688 
populations of different breeds or raised under different environmental conditions. Also, to replicate 689 
this study in an artificially infested population (increased environmental challenge) might help to 690 
quantify the genetic variances for HR. 691 

The HR to GIN, and EIM can be used as a complementary tool to parasitic control management, with 692 
no negative effect over BW. Selective breeding for BW might lead to the selection of animals that are 693 
less resilient to TICK. We identified genotype x parasite burden interaction for BW so keeping the 694 
cattle exposed to controlled parasite burden, closer to the pasture parasite burden verified at 695 
commercial farms in Brazil, allows the selection of candidates that will provide heavier offspring at 696 
commercial herds.  697 

Considering resilience as a same trait disregarding the animal age is not recommended. Further studies 698 
considering HR as a longitudinal trait are important for better definition about how the immune 699 
system’s maturity affects the mechanisms associated with HR in growing animals.  700 

In general, and disregarding the age, the genomic regions associated with HR are mostly related to the 701 
maintenance of homeostasis when facing an infection. We recommend further studies focused on the 702 
expression of genes found here in different target tissues for a better comprehension of HR mechanisms 703 
to different parasites.  704 

Some genes are suggested as better candidates for studying host-parasite interactions since they are 705 
apparently related to non-systemic immune mechanisms and developed to respond to each parasite 706 
individually: as YWHAE and SCARF1 for HR to TICK, AGO2 for HR to GIN and TNFSF13B for 707 
HR to EIM. In general, genetic pathways evolved on the production of chemokines by intestinal 708 
epithelial cells are important for HR to gastrointestinal parasites. Further studies with other intestinal 709 
parasites can help to elucidate the important of chemokines on intestine homeostasis. 710 

  711 
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6 Tables 712 

Table 1. Summary statistics¹ for the age of weighting, body weight (BW), ticks (TICK), gastrointestinal nematodes (GIN), and 713 
Eimeria spp. (EIM) counts and median of cohort parasite counts (TICK-Med, GIN-Med, and EIM-Med2) at five measurement 714 
events (ME) in Nellore bulls 715 

Trait n mean sd Median Min max 

ME.331 
Age (days) 1539 330.72 23.49 334.00 275.00 373.00 
BW (Kg) 1539 223.08 33.23 220.00 138.00 343.00 
TICK 1539 5.32 6.65 3.00 0.00 80.00 
GIN 1539 4.71 6.82 2.00 0.00 80.00 
EIM 1539 3.99 9.55 0.00 0.00 153.00 
TICK-Med 48 - - 3.50 0.00 16.00 
GIN-Med 48 - - 3.25 0.00 9.00 
EIM-Med 48 - - 0.00 0.00 11.00 

ME.385 
Age (days) 1214 385.66 23.60 388.00 339.00 428.00 
BW (Kg) 1214 238.87 35.44 237.00 135.00 411.00 
TICK 1214 9.09 11.34 5.00 0.00 131.00 
GIN 1214 4.93 6.33 3.00 0.00 43.00 
EIM 1214 4.50 14.18 0.00 0.00 255.00 
TICK-Med 40 - - 7.00 0.00 33.00 
GIN-Med 40 - - 4.00 0.00 11.00 
EIM-Med 40 - - 2.00 0.00 10.50 

ME.443 
Age (days) 1546 443.18 23.69 446.00 390.00 485.00 
BW (Kg) 1546 261.21 36.29 260.00 156.00 380.00 
TICK 1546 5.34 7.36 3.00 0.00 63.00 
GIN 1546 5.79 7.64 3.00 0.00 80.00 
EIM 1546 3.45 13.27 0.00 0.00 284.00 
TICK-Med 48 - - 2.75 0.00 15.00 
GIN-Med 48 - - 4.00 0.00 12.00 
EIM-Med 48 - - 0.00 0.00 16.50 

ME.498 
Age (days) 1458 498.23 23.76 501.00 446.00 541.00 
BW (Kg) 1458 305.67 36.84 306.00 176.00 429.00 
TICK 1458 6.24 8.27 3.00 0.00 80.00 
GIN 1458 5.13 6.28 3.00 0.00 71.00 
EIM 1458 3.63 12.79 0.00 0.00 182.00 
TICK-Med 44 - - 4.00 0.00 16.00 
GIN-Med 44 - - 3.00 1.00 8.00 
EIM-Med 44 - - 0.00 0.00 11.00 

ME.555 
Age (days) 1550 555.22 23.52 558.00 501.00 597.00 
BW (Kg) 1550 337.27 37.91 336.00 214.00 467.00 
TICK 1550 6.48 8.71 3.00 0.00 72.00 
GIN 1550 4.22 6.20 2.00 0.00 73.00 
EIM 1550 3.30 13.91 0.00 0.00 328.00 
TICK-Med 48 - - 4.25 0.00 18.00 
GIN-Med 48 - - 2.75 0.00 8.00 
EIM-Med 48 - - 0.00 0.00 7.00 

1 n = number of observations; sd = standard deviation; min = minimum value; max = maximum value. ²The number of observations of 716 
TICK – Med, GIN – Med, and EIM – Med, are the number of evaluated cohorts in each weighting. 717 

  718 
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Table 2. Genetic parameters1 for intercept (int) and slope coefficients of body weight at five 719 
measurement events (ME)2 when ticks (TICK); gastrointestinal nematodes (GIN), and Eimeria 720 
spp. (EIM) burden3 was used as independent variables in single trait linear random regression 721 
models 722 

ME² 𝝈𝒊𝒏𝒕𝟐  𝝈𝒔𝒍𝒐𝒑𝒆𝟐  𝝈𝒊𝒏𝒕 𝒙 𝒔𝒍𝒐𝒑𝒆 𝒓𝒊𝒏𝒕 𝒙 𝒔𝒍𝒐𝒑𝒆 𝝈𝒆𝟐 

TICK 

331 186.15 
(108; 262.4) 

1.31 
(0.29; 2.19) 

-13.82 
(-21.25; -6.00) 

-0.9 
(-1.00; -0.78) 

360.51 
(320.7; 401.6) 

385 81.05 
(9.92; 144.5) 

0.32 
(0.03; 0.59) 

-2.14 
(-6.05; 1.99) 

-0.29 
(-0.92; 0.52) 

465.09 
(413.7; 518.3) 

443 112.68 
(27.18; 194.8) 

0.95 
(0.02; 1.84) 

-6.18 
(-13.76; 2.38) 

-0.54 
(-1.00; -0.01) 

467.66 
(416; 517.8) 

498 145.38 
(54.55; 231.1) 

1.09 
(0.11; 2.03) 

-6.03 
(-14.03; 2.15) 

-0.45 
(-0.97; 0.03) 

527.59 
(465; 588.4) 

555 126.41 
(43.78; 214.2) 

1.03 
(0.06; 1.95) 

-1.68 
(-9.59; 5.84) 

0.02 
(-0.65; 0.87) 

535.91 
(470.8; 599.8) 

GIN 

331 163.83 
(70.57; 256) 

4.53 
(1.59; 7.67) 

-19.18 
(-35.16; -4.15) 

-0.66 
(-0.91; -0.45) 

341.2 
(297.8; 390.6) 

385 188.58 
(64.33; 301.4) 

4.05 
(0.97; 6.87) 

-20.93 
(-36.9; -4.82) 

-0.74 
(-0.94; -0.54) 

439.23 
(380.9; 496.9) 

443 119.87 
(17.18; 213.5) 

1.68 
(0.06; 3.1) 

-8.56 
(-18.83; 3.83) 

-0.53 
(-1.00; 0.08) 

468.77 
(419.8; 519.4) 

498 222.44 
(8.12; 405.6) 

6.86 
(0.39; 12.92) 

-28.18 
(-60.77; 6.38) 

-0.6 
(-0.98; -0.17) 

529.12 
(468.7; 590.2) 

555 69.36 
(1.52; 130.1) 

4.68 
(0.56; 8.57) 

0.13 
(-13.36; 12.4) 

0.18 
(-0.50; 1.00) 

549.7 
(485.8; 610.4) 

EIM 

331 105.77 
(38.78; 165.4) 

2.65 
(0.49; 4.51) 

-6.94 
(-16.35; 4.25) 

-0.33 
(-0.83; 0.14) 

341.27 
(291.7; 385.2) 

385 161.31 
(57.58; 256.3) 

8.16 
(2.82; 13.5) 

-28.02 
(-49.42; -6.6) 

-0.75 
(-0.96; -0.53) 

431.66 
(375; 489.6) 

443 74.85 
(18.39; 131.3) 

2.23 
(0.42; 3.92) 

-2.33 
(-11.18; 7.25) 

-0.07 
(-0.80; 0.72) 

462.04 
(412; 513.1) 

498 101.27 
(23.98; 172.6) 

3.51 
(0.62; 6.42) 

-3.21 
(-15.46; 8.89) 

-0.07 
(-0.70; 0.57) 

530.03 
(470.8; 591.1) 

555 192.4 
(94.15; 292.5) 

7.51 
(0.96; 12.97) 

-21.3 
(-44.65; 1.05) 

-0.52 
(-0.92; -0.14) 

536.81 
(469.8; 605) 

1 𝝈𝒊𝒏𝒕𝟐  = additive genetic variance for the intercept; 𝝈𝒔𝒍𝒐𝒑𝒆𝟐  = additive genetic variance for the slope; 723 𝝈𝒊𝒏𝒕 𝒙 𝒔𝒍𝒐𝒑𝒆 = additive genetic covariance between intercept and slope; 𝑟𝑖𝑛𝑡 𝑥 𝑠𝑙𝑜𝑝𝑒 = genetic correlation 724 

between intercept and slope; 𝝈𝒆𝟐 = residual variance. ²ED are the body weight’s evaluation periods 725 
when the animals' average age were 331, 385, 443, 498, and 555 days old. 3Parasitic burden was model 726 
using information about the median infestation per cohort (contemporary group). 727 
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Table 3. SNP derived heritability estimates for body weight (BW) and host resilience to ticks 729 
(HR.TICK), gastrointestinal nematodes (HR.GIN) and Eimeria spp. (HR.EIM) in different 730 
measurement events (ME)¹ 731 

Trait ME.331 ME.385 ME.443 ME.498 ME.555 

BW 0.16 (0.06) 0.09 (0.05) 0.16 (0.05) 0.19 (0.06) 0.23 (0.06) 

HR.TICK 0.81 (0.04) 0.87 (0.04) 0.81 (0.04) 0.87 (0.03) 0.76 (0.04) 

HR.GIN 0.84 (0.04) 0.93 (0.03) 0.80 (0.04) 0.84 (0.04) 0.85 (0.04) 

HR.EIM 0.79 (0.04) 0.82 (0.04) 0.77 (0.04) 0.80 (0.04) 0.84 (0.03) 

¹ME.331, ME.385, ME.443, ME.498, ME.555 are the measurement events when animals' ages were 732 
331, 385, 443, 498 and 555 days in average. 733 

 734 

Table 4. Description1 of SNPs significantly associated with host resilience to ticks. Genes marked 735 
with bold were prioritized in the candidate gene prioritization analyses, and genes in red were 736 
not included at the prioritization analyses 737 

SNP CHR Position Genes around marker 

ARS-BFGL-NGS-30621 2 130928916 ALPL, CDC42, ECE1, HSPG2, 
RAP1GAP, WNT4, CELA3B, USP48, 
ENSBTAG00000030269, 
ENSBTAG00000040602, RF00026 

BovineHD1600001828 16 6430292 CFH, KCNT2, ENSBTAG00000040409, 
ENSBTAG00000048780, 
ENSBTAG00000049658, 
ENSBTAG00000051723 

BovineHD1900006767 19 22882902 CRK, INPP5K, MNT, MYO1C, RILP, 
RPA1, RTN4RL1, SCARF1, SERPINF2, 
SERPINF1, SRR, YWHAE, WDR81, 
DOC2B, DPH1, HIC1, METTL16, MIR22, 
OVCA2, PITPNA, PRPF8, RPH3AL, 
SGSM2, SLC43A2, SMG6, SMYD4, 
TLCD2, TSR1, bta-mir-212, bta-mir-2337, 
bta-mir-12041, ENSBTAG00000049630, 
ENSBTAG00000048952, RF00026, 
RF00580  

¹ SNP = peak SNPs used to define QTL, CHR = chromosome, IP = initial position; FP = final position. 738 
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Table 5. Description1 of SNPs significantly associated with host resilience to gastrointestinal 740 
nematodes. Genes marked with bold were prioritized in the candidate gene prioritization 741 
analyses, and genes in red were not included at the prioritization analyses 742 

SNP CHR Position Genes around marker 

BTB-00384802 9 33612913 GOPC, ROS1, KPNA5, DCBLD1, 
FAM162B, NUS1, RFX6, RSPH4A, 
SULT1C4, VGLL2, ZUP1, 
ENSBTAG00000050815, NEPN 

BovineHD1400000995 14 3415584 AGO2, KCNK9, PTK2, CHRAC1, 
MIR151A, TRAPPC9, RF00001, bta-mir-
12027 

BovineHD1400002845 14 9039396 KCNQ3, LRRC6, EFR3A, HHLA1, 
PHF20L1, TMEM71, 
ENSBTAG00000007736, 
ENSBTAG00000052596 

ARS-BFGL-NGS-119491 28 45527255 AGT, CXCL12, COG2, TFAM, ZNF32, 
ZNF239, ENSBTAG00000050063, 
ENSBTAG00000052221  

1 SNP = peak SNPs used to define QTL, CHR = Chromosome, IP = initial position, FP = final position. 743 

 744 

Table 6. Description1 of quantitative trait locus (QTLs) defined from SNPs significantly 745 
associated with host resilience to Eimeria spp. Genes marked with bold were prioritized in the 746 
candidate gene prioritization analyses, and genes in red were not included at the prioritization 747 
analyses 748 

CHR n IP FP Genes inside QTL 

4 11 116439784 117037674 DPP6, HTR5A, PAXIP1, RF00006  
6 14 90646323 91785192 CXCL9, CXCL10, CXCL11, NAAA, SCARB2, STBD1, 

ART3, CCDC158, NUP54, PPEF2, SDAD1, SHROOM3, 
SOWAHB, ENSBTAG00000004921, 
ENSBTAG00000032074, ENSBTAG00000050665, 
ENSBTAG00000053885, ENSBTAG00000054432, 
SEPT11, RF00003, RF00026 

7 11 58461990 59477630 DPYSL3, SPINK1, SPINK5, JAKMIP2, SCGB3A2, 
SPINK6, STK32A, bta-mir-2284y-7, C7H5orf46, 
ENSBTAG00000052309, ENSBTAG00000053960, 
RF00026 

12 17 83457070 84943864 COL4A1, IRS2, LIG4, TNFSF13B, ABHD13, MYO16, 
RF00001 

13 39 70341842 71369326 PTPRT, ENSBTAG00000002446, RF00026 
1 CHR = chromosome, n = number of SNPs inside QTL, IP = initial position, FP = final position. 749 
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Table 7. Description1 of QTLs associated with host resilience to Eimeria spp. 751 

CHR NSNP NsigSNP NsugSNP LDCHR sdLD LD1-n 
4 11 1 3 0.17 0.19 0.70 
6 14 2 2 0.15 0.16 0.51 
7 11 3 1 0.15 0.16 0.85 
12 17 3 1 0.17 0.17 0.71 
13 39 2 6 0.15 0.16 0.54 

1CHR = chromosome; NSNP=number od SNPs inside QTL; NpeakSNP=number of significant SNPs inside 752 
QTL (associated P-values < 2.31x10-6); NsuppSNP=number of suggestive SNPs inside QTL (associated 753 
P-values > 2.31x10-6 and <10-4); LDCHR= average linkage disequilibrium observed between SNPs of 754 
each CHR; sdLD=standard deviation of LDCHR; LD1-n= linkage disequilibrium between first and last 755 
SNP of QTL. 756 
 757 

7 Figures 758 

Figure 1. Diagram explaining data collection on performance tests of pasture raised cattle in Mundo 759 
Novo farm – Brazil, between 2010 and 2018. Body weight (BW), ticks (TICK), eggs of gastrointestinal 760 
nematodes (GIN) and oocysts of Eimeria spp. (EIM) counts were collected in each measurement event 761 
(ME). “Age” represents the mean age that animals had at each ME. “nb” is the number of bulls 762 
evaluated at each ME and “nc” is the number of cohorts evaluated at each ME. Red arrow indicates a 763 
70-day interval between evaluations, while blue arrows indicate a 56-day interval. 764 

Figure 2. Additive genetic variances (𝜎𝑎2, 𝐾𝑔2) and heritability estimates (ℎ2) for body weight (BW) 765 
across tick (TICK), nematodes (GIN), or Eimeria ssp. (EIM) burden trajectory in five measurement 766 
events (ME). ME.331, ME.385, ME.443, ME.498, ME.555 are body weight’s measurement events 767 
when animals' age was 331, 385, 443, 498 and 555 days on average. 768 

Figure 3. SNP correlations between body weight (BW), host resilience to ticks (HR.TICK), 769 
gastrointestinal nematodes (HR.GIN), and Eimeria spp. (HR.EIM) measured at five measurement 770 
events (ME - averaged animals' age was 331, 385, 443, 498, and 555 days old). The values above the 771 
diagonal are the Pearson correlations between SNP effects (and standard errors of SNP correlations).  772 

Figure 4. Genetic correlations between body weight of animals submitted to different ticks’ burden 773 
(TICK), evaluated in five different evaluation periods  (ME.331, ME.385, ME.443, ME.498, ME.555). 774 
331, 385, 443, 498, and 555 represent the mean ages in days that the animals had in each evaluation. 775 
The x and y-axis of each plot correspond to the ticks’ burden observed in each period (only the 776 
minimum, maximum and the three quantiles of parasite burden are presented). 777 

Figure 5. Genetic correlations between body weight of animals submitted to different gastrointestinal 778 
nematodes’ burden (GIN), evaluated in five different evaluation periods (ME.331, ME.385, ME.443, 779 
ME.498, ME.555). 331, 385, 443, 498, and 555 represent the mean ages in days that the animals had 780 
in each evaluation. The x and y-axis of each plot correspond to the gastrointestinal nematodes’ burden 781 
observed in each period. (only the minimum, maximum and the three quantiles of parasite burden are 782 
presented). 783 

Figure 6. Genetic correlations between body weight of animals submitted to different Eimeria spp.’ 784 
burden (EIM), evaluated in five different evaluation periods (ME.331, ME.385, ME.443, ME.498, 785 
ME.555). 331, 385, 443, 498, and 555 represent the mean ages in days that the animals had in each 786 
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evaluation. The x and y-axis of each plot correspond to the Eimeria spp.’ burden observed in each 787 
period. (only the minimum, maximum and the three quantiles of parasite burden are presented). 788 

Figure 7. Posteriori means (and high-density intervals with 90% of samples) of the genetic correlations 789 
between host resilience to ticks (TICK), gastrointestinal nematodes (GIN) and Eimeria spp. (EIM) at 790 
different measurement events (ME) of Nellore bulls. ME.331, ME.385, ME.443, ME.498, ME.555 are 791 
evaluation periods when animals’ age were 331, 385, 443, 498, and 555 days old in average. 792 

Figure 8. Manhattan plots for the meta-analysis realized with genome-wide association studies for HR 793 
to ticks (TICK) or gastrointestinal nematodes (GIN) or Eimeria spp. (EIM) measured at different 794 
measurement events. The dotted line (y=5.64) indicates the threshold for statistical significance. The 795 
dashed line (y=4.00) indicates the threshold for suggestive evidence of association.  796 
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Figures

Figure 1

Diagram explaining data collection on performance tests of pasture raised cattle in Mundo Novo farm –
Brazil, between 2010 and 2018. Body weight (BW), ticks (TICK), eggs of gastrointestinal nematodes (GIN)
and oocysts of Eimeria spp. (EIM) counts were collected in each measurement event (ME). “Age”



represents the mean age that animals had at each ME. “nb” is the number of bulls evaluated at each ME
and “nc” is the number of cohorts evaluated at each ME. Red arrow indicates a 70-day interval between
evaluations, while blue arrows indicate a 56-day interval.

Figure 2

Additive genetic variances (σα2,Kg2) and heritability estimates (h2) for body weight (BW) across tick
(TICK), nematodes (GIN), or Eimeria ssp. (EIM) burden trajectory in �ve measurement events (ME).
ME.331, ME.385, ME.443, ME.498, ME.555 are body weight’s measurement events when animals' age
was 331, 385, 443, 498 and 555 days on average.



Figure 3

SNP correlations between body weight (BW), host resilience to ticks (HR.TICK), gastrointestinal
nematodes (HR.GIN), and Eimeria spp. (HR.EIM) measured at �ve measurement events (ME - averaged
animals' age was 331, 385, 443, 498, and 555 days old). The values above the diagonal are the Pearson
correlations between SNP effects (and standard errors of SNP correlations).



Figure 4

Genetic correlations between body weight of animals submitted to different ticks’ burden (TICK),
evaluated in �ve different evaluation periods (ME.331, ME.385, ME.443, ME.498, ME.555). 331, 385, 443,
498, and 555 represent the mean ages in days that the animals had in each evaluation. The x and y-axis
of each plot correspond to the ticks’ burden observed in each period (only the minimum, maximum and
the three quantiles of parasite burden are presented).

Figure 5

Genetic correlations between body weight of animals submitted to different gastrointestinal nematodes’
burden (GIN), evaluated in �ve different evaluation periods (ME.331, ME.385, ME.443, ME.498, ME.555).
331, 385, 443, 498, and 555 represent the mean ages in days that the animals had in each evaluation.
The x and y-axis of each plot correspond to the gastrointestinal nematodes’ burden observed in each
period. (only the minimum, maximum and the three quantiles of parasite burden are presented).

Figure 6

Genetic correlations between body weight of animals submitted to different Eimeria spp.’ burden (EIM),
evaluated in �ve different evaluation periods (ME.331, ME.385, ME.443, ME.498, ME.555). 331, 385, 443,
498, and 555 represent the mean ages in days that the animals had in each evaluation. The x and y-axis
of each plot correspond to the Eimeria spp.’ burden observed in each period. (only the minimum,
maximum and the three quantiles of parasite burden are presented).



Figure 7

Posteriori means (and high-density intervals with 90% of samples) of the genetic correlations between
host resilience to ticks (TICK), gastrointestinal nematodes (GIN) and Eimeria spp. (EIM) at different
measurement events (ME) of Nellore bulls. ME.331, ME.385, ME.443, ME.498, ME.555 are evaluation
periods when animals’ age were 331, 385, 443, 498, and 555 days old in average.

Figure 8

Manhattan plots for the meta-analysis realized with genome-wide association studies for HR to ticks
(TICK) or gastrointestinal nematodes (GIN) or Eimeria spp. (EIM) measured at different measurement
events. The dotted line (y=5.64) indicates the threshold for statistical signi�cance. The dashed line
(y=4.00) indicates the threshold for suggestive evidence of association.
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