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ABSTRACT 

Infection of the postpartum uterus with pathogenic bacteria is associated with infertility months later 
in dairy cattle. However, it is unclear whether these bacterial infections lead to long-term changes in 
the reproductive tract that might help explain this infertility. Here we tested the hypothesis that 
infusion of pathogenic bacteria into the uterus leads to changes in the transcriptome of the 
reproductive tract three months later. We used virgin Holstein heifers to avoid potential confounding 
effects of periparturient problems, lactation, and negative energy balance. Animals were infused 
intrauterine with endometrial pathogenic bacteria Escherichia coli and Trueperella pyogenes (n = 4) 
and compared with control animals (n = 6). Three months after infusion, caruncular and 
intercaruncular endometrium, isthmus and ampulla of the oviduct, and granulosa cells from ovarian 
follicles > 8 mm diameter were profiled by RNA-sequencing. Bacterial infusion altered the 
transcriptome of all the tissues when compared with control. Most differentially expressed genes were 
tissue-specific, with 109 differentially expressed genes unique to caruncular endometrium, 57 in 
intercaruncular endometrium, 65 in isthmus, 298 in ampulla, and 83 in granulosa cells. Surprisingly, 
despite infusing bacteria into the uterus, granulosa cells had more predicted upstream regulators of 
differentially expressed genes than all the other tissues combined. In conclusion, there were changes 
in the transcriptome of the endometrium, oviduct and even granulosa cells, three months after 
intrauterine infusion of pathogenic bacteria. These findings imply that long-term changes throughout 
the reproductive tract could contribute to infertility after bacterial infections of the uterus. 
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INTRODUCTION 

Infection of the uterus with bacteria is ubiquitous after parturition, and approximately 15 per cent of 
dairy cattle develop clinical endometritis (LeBlanc et al. 2002, Sheldon et al. 2009). Endometritis is 
important because these animals are less fertile than unaffected animals, even after resolution of 
disease. When compared with unaffected animals, a history of endometritis on average increases the 
interval to first insemination by about 11 days, delays conception by 32 days, and nearly doubles 
involuntary culling (Borsberry and Dobson 1989, LeBlanc et al. 2002). The gap in knowledge is 
whether infection of the uterus with pathogenic bacteria leads to long-term changes in the 
reproductive tract that might help explain this reduced fertility. 

The pathogenic bacteria that infect the postpartum uterus of dairy cattle include Escherichia coli, 
Trueperella pyogenes, Fusobacterium necrophorum, and Prevotella and Bacteroides species (Griffin 
et al. 1974, Huszenicza et al. 1991, Sheldon et al. 2002). Notably, endometrial pathogenic strains of 
E. coli are adapted to cause uterine disease (Bicalho et al. 2010, Sheldon et al. 2010), and Trueperella 
pyogenes is the pathogen most associated with the severity of endometritis (Bonnett et al. 1991, 
Westermann et al. 2010). Moreover, intrauterine infusion of E. coli and/or T. pyogenes into cattle 
induces clinical endometritis (Rowson et al. 1953, Ayliffe and Noakes 1982, Amos et al. 2014, 
Piersanti et al. 2019b). Clinical endometritis is characterised by the presence of pus within the uterus 
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and a purulent uterine discharge, which is often detectable in the vagina, 21 days or more postpartum 
(Sheldon et al. 2019, Sheldon 2020). 

When pathogenic bacteria infect the uterus, they cause inflammation and damage in the reproductive 
tract (Herath et al. 2009, Chapwanya et al. 2012, Bromfield et al. 2015). Endometrial cells, as well as 
immune cells, mount rapid inflammatory responses to the pathogenic bacteria or their virulence 
factors, such as lipopolysaccharide (LPS), secreting prostaglandin E2, interleukin (IL)-1, IL-6 and IL-
8 (Herath et al. 2006, Cronin et al. 2012, Turner et al. 2014). Furthermore, endometrial cells are 
susceptible to damage by pore-forming toxins, which are produced by pathogens such as T. pyogenes 
(Amos et al. 2014, Healy et al. 2014). Epithelial cells from the oviduct also mount inflammatory 
responses to LPS, including increased expression of TNFA and IL1B (Kowsar et al. 2013, Ibrahim et 
al. 2015). Similarly, granulosa cells from ovarian follicles secrete IL-1β, IL-6 and IL-8 in response to 
LPS (Bromfield and Sheldon 2011, Price et al. 2013, Price and Sheldon 2013). As well as these short-
term inflammatory responses during bacterial infection, there is in vivo evidence that after infection of 
the uterus there is long-term perturbation of reproductive tract health (Ribeiro et al. 2016, Piersanti et 
al. 2019a). However, one of the challenges for determining the long-term effects of bacterial infection 
on the reproductive tract in cattle is disentangling the effect of the infection from other postpartum 
effects, including periparturient problems, lactation, and negative energy balance (Chagas et al. 2007, 
Cerri et al. 2012, LeBlanc 2012, Girard et al. 2015). 

The present study aimed to explore whether infection of the uterus with pathogenic bacteria leads to 
long-term changes in the reproductive tract. Specifically, we tested the hypothesis that infusion of 
pathogenic bacteria into the uterus leads to changes in the transcriptome of the reproductive tract three 
months later. To test this hypothesis, we exploited a uterine infection model in virgin Holstein heifers, 
which allowed us to avoid the potential confounding effects of periparturient problems, lactation, and 
negative energy balance (Piersanti et al. 2019b). We infused animals intrauterine with pathogenic E. 
coli and T. pyogenes, and three months later we collected endometrium, oviduct and granulosa cells 
from these animals and from control animals. We then used RNA-sequencing (RNAseq) and 
Ingenuity Pathway Analysis to examine alterations in the global patterns of the transcriptome between 
the bacteria-infused and control animals.  

MATERIALS AND METHODS 

Ethical statement 

The University of Florida Institutional Animal Care and Use Committee approved all animal 
procedures (protocol number 201508884), which were conducted from June to October 2017 at the 
University of Florida Dairy Research Unit (Gainesville, FL, USA). 

Animal model of bacterial infection of the uterus 

The study used ten virgin Holstein heifers, 11 to 13 months old, and the study design, infection of the 
uterus, and progression of disease was reported in detail previously (Piersanti et al. 2019b).  Briefly, 
animals were clinically healthy prior to the experiment; tested negative for Brucella abortus, 
Neospora caninum and Leptospirosa; and, had clear vaginal mucus. Oestrous cycles were 
synchronized using an ovsynch protocol, comprising intramuscular injection with 100 mg 
gonadotropin-releasing hormone (GnRH; gonadorelin diacetate tetrahydrate; OvaCyst, Bayer 
HealthCare LLC, Hannover, NJ, USA), followed by 25 mg prostaglandin F2α (dinoprost 
tromethamine; ProstaMate, Bayer HealthCare LLC) 5 and 6 days after the initial GnRH, and 100 mg 
GnRH 8 days after the initial GnRH (Lima et al. 2013). Ovarian follicle growth and ovulation was 
confirmed using ultrasonography during and for two days after the second GnRH injection. Starting 
the day after the second GnRH injection, animals were injected intramuscularly with 200 mg 
progesterone in corn oil (Sigma-Aldrich, St Louis, MO, USA) daily for 7 d to ensure elevated 
progesterone concentrations at the time of intrauterine infusion (Piersanti et al. 2019b). Three days 
after the second GnRH injection, animals were blocked by age and weight, and randomly assigned to 
control (n = 6) or bacterial infusion (n = 4). Control animals were infused via a trans-cervical catheter 
into the body of the uterus with 30 ml sterile Luria-Bertani broth (Sigma-Aldrich); one animal was not 
fully catheterised due to a tight cervix but was infused intrauterine and included in the experiment. 
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Bacteria-infused animals were infused via a trans-cervical catheter into the body of the uterus with 30 
mL Luria-Bertani broth containing 4.64 × 107 CFU/mL E. coli strain MS499 (Goldstone et al. 2014b) 
and 3.38 × 107 CFU/mL T. pyogenes strain MS249 (Goldstone et al. 2014a), which are pathogens 
collected from animals with endometritis (Sheldon et al. 2002, Sheldon et al. 2010, Amos et al. 
2014). The number of bacteria that were infused was based on preliminary experiments and on 
previous studies (Ayliffe and Noakes 1982, Semambo et al. 1991, Amos et al. 2014, Lima et al. 
2015). Vaginal mucus was collected daily using a Metricheck device (Simcro, Hamilton, New 
Zealand) from the day before until 7 days after infusion, and endometritis was graded as described 
previously (Sheldon et al. 2009): grade 0, clear or translucent mucus; grade 1, mucus containing 
flecks of pus; grade 2, mucus containing ≤ 50% pus; and grade 3, mucus containing > 50% pus.  

As reported previously (Piersanti et al. 2019b), endometritis was detected in all bacteria-infused 
animals 3 days after infusion, with each animal developing grade 3 endometritis by 4 days after 
infusion. These bacteria-infused animals had pus discharging from the uterus into the vagina, with a 
median endometritis grade 3; whereas control animals had a median endometritis grade ≤ 1. We also 
measured an increased abundance of bacterial total 16S RNA in the uterine discharge collected 5 days 
after infusion from bacteria-infused but not control animals (4.6 vs 0.1 ng/mg discharge). The 
presence of endometritis was further confirmed using transrectal ultrasonography (Aloka SSD-500, 
Hitachi Healthcare Americas, Twinsburg, OH, USA). Pus was visible in the uterine lumen of each 
bacteria-infused animal, whereas control animals had no evidence of fluid or echogenic material in 
the uterus. The signs of disease detected using the Metricheck device and transrectal ultrasonography 
mimic the signs seen in field cases of clinical endometritis using the same diagnostic methods about 
four weeks postpartum in dairy cows (Sheldon 2020).  

Collection of reproductive tract tissues 

Starting 80 days after infusion, the oestrous cycles of all animals were synchronized using the 
ovsynch protocol described above, with the second GnRH administered 6 days before slaughter (Lima 
et al. 2013). Animals were slaughtered by captive bolt and exsanguination 94 days after intrauterine 
infusion. Reproductive tracts were collected, transported on ice, and processed within 3 h of slaughter. 
A consistent approach was used to collect samples because there is variation in transcriptome across 
the reproductive tract in a spatial relationship to the corpus luteum (Locatelli et al. 2019, Sanchez et 
al. 2019). Caruncular and intercaruncular endometrium was dissected from the underlying 
myometrium of the uterine horn ipsilateral to the ovary containing the corpus luteum. Ampulla and 
isthmus were collected by extrusion of the oviduct contralateral to the ovary containing the corpus 
luteum. Granulosa cells were collected from a single ovarian follicle > 8 mm diameter (range 8 to 24 
mm) in the ovary contralateral to the ovary containing the corpus luteum. Granulosa cells were 
collected by aspiration using a sterile 20-gauge needle and syringe containing collection medium 
(0.5% BSA, 20 mM HEPES, 2 mM sodium pyruvate, 10 IU/ml heparin, 100 U/ml penicillin, 100 
μg/ml streptomycin in Medium 199; Thermo Fisher Scientific, Waltham, MA, USA); and, the follicle 
aspirates were centrifuged at 500 × g for 10 min to isolate the granulosa cells. Samples of caruncular 
and intercaruncular endometrium, isthmus, ampulla, and granulosa cells were snap frozen in liquid 
nitrogen and stored at −80°C. Technical problems prevented collection of the oviduct from one 
bacteria-infused animal and the intercaruncular endometrium from another bacteria-infused animal.  

RNA sequencing  

Samples were thawed and suspended in RLT buffer (QIAGEN GmbH, Hilden, Germany). Oviduct 
and granulosa cell sample RNA was extracted using the RNeasy Micro kit (QIAGEN GmbH), 
according to the manufacturer’s instructions. Caruncular and intercaruncular endometrial samples 
were first processed with 2.8 mm ceramic beads in a bead beater tissue homogenizer (Precellys 24; 
Bertin Technologies SAS, Montigny-le-Bretonneux, France). Samples were processed for 2 cycles of 
45 s at 6500 × g, with a 30 s interval in between cycles. After tissue homogenization endometrial 
RNA was extracted using the RNeasy Mini kit (QIAGEN GmbH), according to the manufacturer’s 
instructions. Total RNA concentration was determined using a Qubit 2.0 Fluorometer (Thermo Fisher 
Scientific) and RNA quality was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, 
Santa Clara, CA, USA). Total RNA with a 28S:18S ratio > 1 and RNA integrity number ≥ 7 were 
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used for RNAseq library construction. Unfortunately, granulosa cell RNA for one bacteria-infused 
animal was below the quality threshold and excluded from further processing.  

The RNA library construction and sequencing were performed at the Interdisciplinary Center for 
Biotechnology Research, University of Florida. To produce RNAseq libraries, 500 ng (endometrium 
and oviduct) or 200 ng (granulosa) total RNA was used for mRNA isolation using NEBNext Poly(A) 
mRNA Magnetic Isolation Module, followed by RNA library construction with NEBNext Ultra II 
Directional Library Preparation (both New England Biolabs, Ipswich, MA, USA), according to the 
manufacturer’s instructions. Briefly, extracted mRNA was fragmented in NEBNext first-strand 
synthesis buffer at 94°C, followed by first-strand cDNA synthesis using reverse transcriptase and 
random primers. Synthesis of double-stranded cDNA was performed using the second strand master 
mix provided with the kit. The resulting double-stranded cDNA was end-repaired, dA-tailed and 
ligated with NEBNext adaptors. Finally, libraries were enriched by amplification and purified by 
Meg-Bind RxnPure Plus beads (Omega Bio-tek, Inc., Norcross, GA, USA). Barcoded libraries were 
sized on a bioanalyzer, and quantified by Qubit and qPCR (Kapa Biosystems Wilmington, MA, 
USA). Individual libraries were pooled, and equal molar concentrations were run on an Illumina 
HiSeq3000 sequencer (Illumina, San Diego, CA, USA). Reads acquired from the sequencing platform 
were cleaned with the Cutadapt program to trim sequencing adaptors, low-quality bases, and potential 
errors introduced during sequencing or library preparation (Marcel 2011). Reads with a quality Phred-
like score < 20 and read length < 40 bases were excluded from RNAseq analysis, as described 
previously (Piersanti et al. 2019a).  

The transcripts of Bos taurus (76,341 sequences) retrieved from the NCBI genome database 
(GCF_002263795.1) were used as reference sequences for RNAseq analysis. The cleaned reads of 
each sample were mapped individually to the reference sequences using the bowtie2 mapper (v2.2.3) 
with a ‘3 mismatches a read’ allowance (Langmead and Salzberg 2012). The mapping results were 
processed with the SAMtools (Li et al. 2009), and scripts developed in-house by the Interdisciplinary 
Centre for Biotechnology Research to remove potential PCR duplicates and select uniquely-mapped 
reads for gene expression analysis, as described previously (Piersanti et al. 2019a). The RNAseq data 
were deposited in NCBI’s Gene Expression Omnibus database and is accessible through GEO Series 
accession number GSE140469 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE140469). 
Gene expression was compared between the bacteria-infused and control animals by counting the 
number of mapped reads for each transcript (Yao and Yu 2011).  

Quantitative PCR 

We used qPCR to validate gene expression determined by RNAseq. Primers were designed using the 
NCBI database to target CD38 (fwd 5’-AATCTCAGCCGTGACCAGTT-3’; rev 5’-
CCACCAGCATGTCTCCTGAA-3’), NXPE3 (fwd 5’-GACCTGGATGGAGCAGGAAG-3’; rev 5’-
ACAGGGCCTCTGTATCAACC-3’) and CTTN (fwd 5’-ATGGACAAGTCAGCTGTCGG-3’; rev 
5’-CAAACTTGCCTCCAAAGCCC-3’) in granulosa cells, ampulla and isthmus, respectively; and 
the housekeeper gene GAPDH (forward 5’-AGGTCGGAGTGAACGGATTC-3’; reverse 5’-
ATGGCGACGATGTCCACTTT-3’). The same samples used for RNAseq were reverse transcribed 
using the Verso cDNA synthesis kit (Thermo Fisher Scientific) prior to real time qPCR using iTaq 
Universal SYBR Green Supermix and the CFX Connect Real-Time PCR Detection System (both Bio-
Rad, Hercules, CA, USA), with an initial denaturation step at 95°C for 30 sec followed by 40 cycles 
at 95°C for 5 sec, annealing temperature for 10 sec, and final extension at 60°C for 30 sec. A no-
template negative control was used in place of cDNA to determine non-specific amplification for each 
primer pair. Amplification efficiency for each primer pair was evaluated and met MIQE guidelines of 
r2 > 0.98 and efficiency of 90 to 110%. Relative expression for genes of interest were calculated using 
the 2–ΔCt method, relative to the housekeeper gene GAPDH. The expression pattern of CD38 in 
granulosa cells, NXPE3 in isthmus tissue, and CTTN in ampulla were similar for data obtained by 
RNAseq and qPCR (Supplemental Figure 1). 

Data Analysis 

The experimental unit was each animal, and comparisons were made between bacteria-infused and 
control animals. The RNAseq gene expression data for each tissue was used to generate volcano plots, 
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and for principle component analysis, which was performed using ClustVis (Metsalu and Vilo 2015). 
Genes that were differentially expressed in bacteria-infused animals compared with control animals 
were selected using P < 0.05 and are reported as log2 fold-change (log2FC) using a cut-off of > 2 or < 
–2; adjusted P-values for false discovery rate were not used because the P-values were > 0.10. As 
described previously (Kong et al. 2017), this approach allowed the generation of informative 
differentially expressed gene (DEG) lists for each tissue, and the identification of pathways and 
networks that were affected by bacterial infusion. Heatmaps were generated for the DEGs of 
individual animals with Heatmapper (Babicki et al. 2016), using Euclidean distance and average 
linkage (Quackenbush 2001). Venn diagrams were generated using jvenn to compare the DEGs 
amongst tissues (Bardou et al. 2014). Unless stated otherwise, figures were generated in GraphPad 
Prism 8.3 (GraphPad Software, La Jolla, CA)  

Ingenuity Pathway Analysis (QIAGEN GmbH) was used to identify pathways, gene networks, and 
upstream regulators of DEGs affected by bacterial infusion (Krämer et al. 2014). Pathways were 
identified by –log P > 1.3 and log2FC ≤ −2 or ≥ 2, and the software calculated corresponding z-scores 
to predict activation (z ≥ 2) or inactivation (z ≤ 2). Gene networks were identified by assessing the 
number of DEGs in each network, and gene network scores were calculated by the software (a 
network score of ≥ 2 gives 99% confidence the network was not identified by chance). Upstream 
regulators of DEGs, and predicted diseases and functions, were identified by z-scores ≥ 2 or ≤ −2, and 
were considered significant predictors of activation or inhibition of DEGs, respectively (Hatzirodos et 
al. 2014, Piersanti et al. 2019a).  

RESULTS 

Effects of bacterial infusion on tissue transcriptomes 

Caruncular endometrium produced an average of 31,493 mapped transcripts per sample for 
analysis, with an average of 31% of the high-quality reads aligned to the Bos taurus reference genome 
(Supplemental Table 1). There were 87 upregulated and 45 downregulated DEGs in bacteria-infused 
animals compared with controls, as illustrated in a volcano plot of all the caruncular endometrium 
genes (Fig. 1A, left panel). Principle component analysis, based on all the genes is presented in Fig. 
1A (middle panel), and principal components 1 and 2 explain 20% and 16% of the variance, 
respectively. A heatmap of the distribution of the DEGs across the samples illustrates the separation 
between the bacteria-infused and control animals (Fig. 1A, right panel). The five most upregulated 
DEGs in bacteria-infused animals were SLC45A1, ADARB1, RNF38, DBNDD1 and GOLGA3, and the 
five most downregulated DEGs were MMP3, SPAG9, NXPE3, ATG10 and VPREB3 (Supplemental 
Table 2). 

Intercaruncular endometrium produced an average of 32,818 mapped transcripts per sample for 
analysis, with an average of 32% of the high-quality reads aligned to the Bos taurus reference genome 
(Supplemental Table 1; due to technical limitations, sample 408IC was not available for analysis). 
There were 34 upregulated and 43 downregulated DEGs in bacteria-infused animals, as illustrated in a 
volcano plot (Fig. 1B, left panel). Principle component analysis is presented in Fig. 1B (middle 
panel), and principal component 1 and 2 explain 24% and 16% of the variance, respectively. A 
heatmap of the DEGs illustrates the separation between the bacteria-infused and control animals (Fig. 
1B, right panel). The five most upregulated DEGs in bacteria-infused animals were CFAP69, 
CYP11B2, FBXW7, PDP1 and CREM, and the five most downregulated DEGs were VNN2, FCMR, 
SMIM12, VPREB3 and POU2AF1 (Supplemental Table 2).  

Isthmus produced an average of 29,470 mapped transcripts per sample for analysis, with an average 
of 38% of the high-quality reads aligned to the Bos taurus reference genome (Supplemental Table 1; 
due to technical limitations, sample 408I was not available for analysis). There were 45 upregulated 
and 34 downregulated DEGs in bacteria-infused animals, as illustrated in a volcano plot (Fig. 1C, left 
panel). Principle component analysis is presented in Fig. 1C (middle panel), and principal component 
1 and 2 explain 34% and 16% of the variance, respectively. A heatmap of the DEGs illustrates the 
separation between the bacteria-infused and control animals (Fig. 1C, right panel). The five most 
upregulated DEGs in bacteria-infused animals were CXCR1, CXCL8, ATP13A3, UBTF and PROCR, 
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and the five most downregulated DEGs were GLIPR1L1, TNNI3K, CEP41, FZD5 and NXPE3 
(Supplemental Table 2).  

Ampulla produced an average of 29,662 mapped transcripts per sample for analysis, with an average 
of 39% of the high-quality reads aligned to the Bos taurus reference genome (Supplemental Table 1; 
due to technical limitations, sample 408A was not available for analysis). There were 119 upregulated 
and 197 downregulated DEGs in bacteria-infused animals, as illustrated in a volcano plot (Fig. 1D, 
left panel). Principle component analysis is presented in Fig. 1D (middle panel), and principal 
component 1 and 2 explain 34% and 16% of the variance, respectively. A heatmap of the DEGs 
illustrates the separation between the bacteria-infused and control animals (Fig. 1D, right panel). The 
five most upregulated DEGs in bacteria-infused animals were GSG1L, SLP1, KCNE4, ABCC6 and 
KERA, and the five most downregulated DEGs were USP46, ZDHHC9, ZBTB24, ZNF319 and 
KIAA0040 (Supplemental Table 2).  

Granulosa cells produced an average of 16,978 mapped transcripts per sample for analysis, with an 
average of 30% of the high-quality reads aligned to the Bos taurus reference genome (Supplemental 
Table 1; due to RNA quality limitations, sample 385GC was not available for analysis). There were 
88 upregulated DEGs and 1 downregulated DEG in bacteria-infused animals, as illustrated in a 
volcano plot (Fig. 1E, left panel). Principle component analysis is presented in Fig. 1E (middle 
panel), and principal component 1 and 2 explain 42% and 19% of the variance, respectively. A 
heatmap of the DEGs shows a clear separation between the bacteria-infused and control animals (Fig 
1E, right panel). The five most upregulated DEGs in bacteria-infused animals were FAM71A, 
EOMES, ALKAL2, ADAMTS1 and ARHGAP9, and the only downregulated DEG was CARD9 
(Supplemental Table 2).  

The shared and unique DEGs amongst the tissues are presented in a Venn diagram (Fig. 2). None of 
the DEGs were common across all the tissues (Fig. 2, central area). Few DEGs were common 
between specific tissues (Fig. 2, intersecting areas), and most DEGs were unique to each tissue (Fig. 
2, non-overlapping areas). There were 109 unique DEGs in the caruncular endometrium, 57 in the 
intercaruncular endometrium, 65 in the isthmus, 298 in the ampulla, and 83 in granulosa cells. Taken 
together, the data in Fig. 1 and Fig. 2 provide evidence that there were tissue-specific alterations in the 
transcriptome of the reproductive tract three months after bacterial infusion. 

Pathway analysis of differentially expressed genes 

Ingenuity Pathway Analysis of DEGs in the bacteria-infused animals identified 18 significantly 
affected pathways in the caruncular endometrium, 21 in the intercaruncular endometrium, 16 in the 
isthmus, 24 in the ampulla, and 10 in the granulosa cells (Fig. 3). Amongst these pathways, 5 
canonical pathways had z-scores ≤ −2 or ≥ 2, including downregulation of “phospholipase C 
signalling” in intercaruncular endometrium, upregulation of “3-phosphoinositide biosynthesis” in the 
caruncular endometrium, and upregulation of the “IL-8 pathway” in the isthmus (Fig. 3).  

Analysis of gene networks effected by bacterial infusion 

Ingenuity Pathway Analysis of DEGs in bacteria-infused animals identified 10 gene networks affected 
in the caruncular endometrium (Supplemental Table 3) and 8 in the intercaruncular endometrium 
(Supplemental Table 3). The highest scoring network in both caruncular and intercaruncular 
endometrium was “cellular development, cellular growth and proliferation and haematological system 
development and function” (network score = 44 and 36, respectively; Fig. 4A, B). In the isthmus, 8 
gene networks were affected (Supplemental Table 3), with “cellular assembly and organization, DNA 
replication, recombination and repair and cellular development” the highest scoring network (score = 
36, Fig. 4C). In the ampulla, 20 gene networks were affected (Supplemental Table 3), with 
“developmental disorder, post-translational modification, reproductive system development and 
function” the highest scoring network (score = 48, Fig. 4D). In the granulosa cells, 22 gene networks 
were affected (Supplemental Table 3), with “endocrine disorders, organ morphology, organismal 
injury and abnormalities” the highest scoring network (score = 42, Fig. 4E). 

Predicted upstream regulators, diseases and functions associated with bacterial infusion  
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Ingenuity Pathway Analysis of the predicted upstream regulators of DEGs in the bacteria-infused 
animals are reported in Fig. 5. It was notable that there were 38 upstream regulators in the granulosa 
cells, including LPS, TLR4, NFκB, IL-6, and IL-1, whereas each of the other tissues only had 
between 1 and 4 predicted upstream regulators. 

Ingenuity Pathway Analysis of the predicted diseases and functions associated with the DEGs in the 
bacteria-infused heifers are reported in Fig. 6. In the caruncular endometrium, functions associated 
with cancer were predominant with one immune function predicted to be increased, “apoptosis of 
leukocytes”. In the intercaruncular endometrium, 16 diseases and functions were significant, and 10 
were related to inflammation or immune function. However, few significant diseases and functions 
were identified in the ampulla, and none in the isthmus. In the granulosa cells, 18 disease and 
functions were significant, and 6 were related to inflammation or immune function.  

Inspection of selected genes involved in inflammation, steroid synthesis and cell viability 

Inspection of the RNAseq data for genes associated with inflammation, steroid synthesis, and cell 
viability, revealed no significant differences between the bacteria-infused and control animals in the 
caruncular endometrium (Supplementary Table 2) or intercaruncular endometrium (Supplementary 
Table 2). In the isthmus, as well as the increased expression of CXCL8 (7.36 log2FC, P = 0.02), 
bacterial infusion was associated with a trend for increased expression of CCL2 (3.47 log2FC, P = 
0.1) and IL1A (1.64 log2FC, P = 0.07), compared with control animals (Supplementary Table 2). In 
the ampulla of bacteria-infused animals, there was increased MHCI expression inreased (2.23 log2FC, 
P = 0.01) and reduced CASP2 expression (–1.12 log2FC, P = 0.04), and there was a trend for 
increased expression of CCNB1 (3.25 log2FC, P = 0.09) and CCNB2 (1.12 log2FC, P = 0.07), which 
encode cyclin B1 and B2, respectively (Supplementary Table 2). In granulosa cells, as well as the 
reduction in CARD9 expression (–8.09 log2FC, P = 0.03), bacterial infusion was associated with a 
trend for increased expression of IL1A (4.59 log2FC, P = 0.11) and IL6R (5.61 log2FC, P = 0.08), and 
reduced expression of HIF1A (–2.17 log2FC, P = 0.10) compared with control (Supplementary Table 
2). There was considerable variation in the expression of selected genes amongst the tissues. For 
example, STAR was highly expressed in granulosa cells but not the other tissues, and IL6R was highly 
expressed in the endometrium and oviduct but not granulosa cells. It was notable that for both 
bacteria-infused and control animals there were few transcripts for IL6 or IL10 and there was no 
expression of TNF across all five tissues. 

DISCUSSION   

We found that three months after infusion of pathogenic bacteria into the uterus of virgin Holstein 
heifers there were changes in the transcriptome of the endometrium, oviduct and granulosa cells. The 
majority of the genes differentially expressed in the bacteria-infused animals were tissue-specific, 
with few DEGs common amongst the tissues. Many of the gene networks in the endometrium and 
oviduct that were affected by bacterial infusion are involved in cell growth and repair, rather than 
infection or inflammation. Despite infusing the bacteria into the uterus, Ingenuity Pathway Analysis 
revealed more predicted upstream regulators of the DEGs in the granulosa cells of bacteria-infused 
animals than all the other tissues combined. This is particularly striking because, unlike the other 
tissues, the granulosa cells were collected from ovarian antral follicles, which would have developed 
several weeks after the bacterial infusion. Our findings provide evidence that, independent of 
periparturient problems, lactation and negative energy balance, infecting the uterus with pathogenic 
bacteria alters the transcriptome of multiple reproductive tract tissues three months later. This 
includes changes in the transcriptome of granulosa cells, which are distant to the site of infection. 

A novelty of our approach was to use virgin Holstein heifers to separate the effects of bacterial 
infection from other postpartum effects, such as periparturient problems, lactation, and negative 
energy balance, which can also alter the transcriptome of the reproductive tract (Herath et al. 2009, 
Wathes et al. 2009, Cerri et al. 2012, Girard et al. 2015). To ensure our bacterial infusion was 
biologically relevant, we used well-characterised endometrial pathogenic strains of E. coli and T. 
pyogenes, which had been isolated previously from cows with endometritis (Sheldon et al. 2002, 
Sheldon et al. 2010, Amos et al. 2014, Goldstone et al. 2014a, Goldstone et al. 2014b). These bacteria 
induced clinical endometritis in the heifers 3 to 6 days after intrauterine infusion, as determined by 
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transrectal ultrasonographic imaging of pus in the uterus, and using a Metricheck device to detect pus 
in the vagina, as described in the previous publication (Piersanti et al. 2019b). These clinical signs in 
the heifers mimic those in dairy cows diagnosed with clinical endometritis about four weeks 
postpartum using the same techniques of transrectal ultrasonography or a Metricheck device (Sheldon 
et al. 2006, Sheldon 2020). One consideration is that heifers might have a different immune response 
to cows. Whether there are differences in immunity between heifers and cows is not fully understood, 
but age affects cell and antibody-mediated immune responses in dairy heifers (Hine et al. 2011). On 
the other hand, the innate immune response to E. coli or LPS did not differ significantly between ex 
vivo endometrium collected from beef heifers and dairy cows (Saut et al. 2014). 

The bacterial infusion led to multiple DEGs detectable three months later, in the caruncular and 
intercaruncular endometrium, isthmus, ampulla, and granulosa cells. Finding DEGs in all the tissues 
supports the observations that each of these tissues may contribute to infertility after the resolution of 
uterine disease in cattle (Ribeiro et al. 2016). However, the DEGs in the present study were tissue-
specific, with variation amongst the tissues, and no genes common across all the tissues. Furthermore, 
a striking observation was that there were few RNA transcripts for IL6 or IL10, and no transcripts for 
TNF, in any of the tissues of bacteria-infused or control animals three months after infusion. This 
provides evidence that the endometrial infection had resolved by the time of slaughter because it 
contrasts with the inflammatory response during the first days after exposing the same tissues to 
bacteria or LPS, when IL6, IL10 and TNF are highly expressed (Herath et al. 2006, Fischer et al. 
2010, Gabler et al. 2010, Cronin et al. 2012, Kowsar et al. 2013, Price et al. 2013, Turner et al. 2014). 
Studies using qPCR also found that whilst there was increased expression of IL6, CXCL8 and TNF 
transcripts in endometrial samples collected about 2 weeks postpartum, their expression returned to 
basal levels by 30 to 60 days postpartum (Gabler et al. 2010, Chapwanya et al. 2012). 

In the endometrium, the lack of DEGs associated with innate immunity three months after bacterial 
infusion may reflect resolution of infection, and progression to the repair and maintenance of the 
tissues. Many significant gene networks and pathways in the endometrium of the animals previously 
infused with bacteria were typically involved with cellular development, growth and proliferation, 
although some were associated with inflammation. This may not be surprising as tissue repair, cell 
growth and inflammation are common transcriptional features of endometrial physiology (Wathes et 
al. 2011, Chapwanya et al. 2012, Foley et al. 2012, Arai et al. 2013). The 109 unique DEGs in the 
caruncular endometrium and 57 unique DEGs in the intercaruncular endometrium may also reflect 
their different physiology. For example, the 3-phosphoinositide biosynthesis pathway was upregulated 
in caruncular endometrium and the phospholipase C signalling pathway was downregulated in 
intercaruncular endometrium. Additional evidence for tissue repair was the trend for increased 
expression in the ampulla of genes encoding cyclin B1 and B2, which help regulate mitosis in 
proliferating cells (Fung and Poon 2005). However, some of the DEGs also contribute to immunity; 
VNN2 (Vanin 2) and POU2AF1 (POU Class 2 Homeobox Associating Factor 1) expression was 
decreased in the intercaruncular endometrium and VPREB3 (Pre-B lymphocyte protein 3) was 
decreased in both the caruncular and intercaruncular endometrium. Vannin 2 plays a role in leukocyte 
adhesion and migration to inflammatory sites, VPREB3 is involved in B cell immunoglobulin 
secretion, and POU2AF1 is essential for B-cell responses to antigens (Suzuki et al. 1999, Rosnet et al. 
2004, Corcoran et al. 2005). Interestingly, POU2AF1 was more highly expressed between 7 and 21 
days postpartum in Holstein-Friesian cows with clinical endometritis, compared with healthy controls 
(Foley et al. 2015).  

The 65 and 298 DEGs unique to the isthmus and ampulla, respectively, may reflect the different 
functions of the isthmus, supporting fertilization and early embryonic development, compared with 
the ampulla, facilitating sperm transport (Maillo et al. 2016). As well as a role in innate immunity and 
angiogenesis, the predicted activation of IL-8 signalling in the isthmus agrees with observations of 
increased CXCL8 expression in the human oviduct during the follicular phase of the menstrual cycle 
(Hess et al. 2013). In the ampulla, there was greater expression of SLPI (secretory leukocyte peptidase 
inhibitor) in bacteria-infused compared with control animals. As well as a protective role against 
microbes, SLPI is expressed in the human oviduct, where it protects sperm against the elastase 
released by neutrophils (Ota et al. 2002). The potassium voltage-gated channel gene (KNCE4) was 
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also upregulated in the ampulla. Potassium channels mediate chloride ion secretion in the oviduct, 
which is important for the production of oviduct fluid, and dysregulated fluid formation has been 
linked to reduced fertility (Keating and Quinlan 2012).  

The long-term effect of bacterial infusion on the transcriptome was most striking for the granulosa 
cells derived from antral follicles, because three months earlier these granulosa cells would have been 
limited to pre-antral follicles (Adams 1999, Britt et al. 2018). Our findings further extend previous 
observations that 6 weeks after the resolution of postpartum metritis there were changes in the 
transcriptome of granulosa cells isolated from dominant follicles of lactating dairy cows (Piersanti et 
al. 2019a). Furthermore, the present study adds knowledge because the effects of infection on the 
granulosa cell transcriptome were independent of lactation. One potential mechanism for the effect of 
bacterial infusion on the granulosa cell transcriptome is that around the time of infusion there was an 
imprinting effect on the cells during primordial to primary follicle development (Adams 1999, Britt et 
al. 2018). Indeed, there is in vitro evidence that LPS stimulates inappropriate primordial follicle 
activation (Bromfield and Sheldon 2013). An alternative mechanism is that bacterial virulence factors 
persisted for several weeks to affect the granulosa cells during antral follicle development. There was 
evidence for the latter mechanism as the 38 upstream regulators of granulosa cell DEGs included 
LPS, TLR4, IL-1, and NFκB (nuclear factor kappa-light-chain-enhancer of activated B cells), which 
are typical of innate immune function (Pahl 1999, Moresco et al. 2011). The latter mechanism is also 
supported by previous observations that the follicular fluid of antral follicles contains LPS several 
weeks after uterine infection (Herath et al. 2007, Piersanti et al. 2019a); and, that granulosa cells from 
antral follicles mount inflammatory responses to LPS (Bromfield and Sheldon 2011, Price et al. 2013, 
Price and Sheldon 2013).  

An unusual feature of the DEGs in the granulosa cells was that only one of the 89 DEGs was 
downregulated in the bacteria-infused animals compared with control animals. The downregulated 
gene, CARD9, is a central regulator of innate immunity that is highly expressed in immune cells and 
is involved in the activation of mitogen-activated protein kinases and NFκB in response to 
intracellular pathogens (Hsu et al. 2007, Ruland 2008). Upregulated DEGs in the granulosa cells 
included EOMES (Eomesodermin) and ADAMTS1 (ADAM Metallopeptidase with Thrombospondin 
Type 1 Motif 1). Eomesodermin is a master regulator of cell-mediated immunity, controlling the 
production of inflammatory mediators such as interferon-gamma and IL-4 (Shimizu et al. 2019). 
Eomesodermin is also a component of the pathway that determines the differentiation of human 
primordial germ cells (Kojima et al. 2017). In granulosa cells, ADAMTS1 expression is induced by 
luteinizing hormone (Robker et al. 2000), and ADAMTS1–/– mice have impaired follicle development 
and ovulate fewer oocytes (Mittaz et al. 2004, Shozu et al. 2005).  

Our findings of changes in the pattern of the transcriptome across all the tissues imply that infection 
of the uterus with pathogenic bacteria has widespread and long-term effects on the reproductive tract. 
These findings agree with observations that the endometrium has a reduced capacity to support an 
embryo if animals had uterine disease previously (Ribeiro et al. 2016, Gilbert 2019). Further research 
is needed to complement the findings from the RNAseq analyses and to answer the questions that our 
findings raise. First, how long do the transcriptome changes persist in the reproductive tract after 
infection? Second, what are the long-term effects of uterine infection on the reproductive physiology 
of the animals? Third, which cells and molecules are altered by the long-term effects of uterine 
infection? These questions are pertinent because there are functional and molecular differences 
between specific cells, such as the epithelium and stroma, and between different regions of the 
reproductive tract, such as the glandular and luminal epithelium (Niklaus and Pollard 2006, Spencer et 
al. 2019). Techniques such as single-cell transcriptomics, immune-localization, and cell sorting will 
be useful for adding more detail of how infections affect the reproductive tract. Future studies might 
also extend to the hypothalamus and pituitary, because intravenous LPS infusion suppresses the 
pulsatile release of GnRH and LH in ruminants, and perturbs ovarian function (Peter et al. 1989, 
Karsch et al. 2002).  

Postpartum uterine infections are a problem for the dairy industry, because they cause infertility, 
compromise welfare, and reduce profitability (Ribeiro et al. 2016, Gilbert 2019, Sheldon et al. 2019). 
These infections are likely to continue to be a problem as farmers increase milk yields per cow, to 



 10 

meet the need to feed the expanding world population (Britt et al. 2018). Although uterine infection 
normally resolves in the first 30 to 60 days following parturition (Sheldon et al. 2009, Gabler et al. 
2010, Chapwanya et al. 2012), we found changes in the transcriptome three months after bacterial 
infusion. Unfortunately, we did not use transrectal ultrasonography or microbiology to monitor the 
progression of endometritis, but future studies could use these techniques to provide more detail about 
the relationship between the clinical disease, the pathogens, and the tissue transcriptomes. Whilst 
postpartum uterine infections are associated with infertility, it is important to recognize that many 
animals resolve these infections and subsequently conceive. The animal-to-animal variation in DEGs 
in the present study may reflect this biological variation in the response to infection. Indeed, resilient 
dairy cows prevent the development of uterine disease using the complementary defensive strategies 
of tolerating and resisting infection with pathogenic bacteria (Sheldon et al. 2019). 

In conclusion, we exploited an infection model in heifers to explore the long-term effects of 
intrauterine bacterial infusion on the reproductive tract, whilst avoiding the potential confounding 
effects of periparturient problems, lactation, and negative energy balance. We found that there were 
changes in the transcriptome of the endometrium, oviduct and granulosa cells three months after 
bacterial infusion. The majority of the DEGs were tissue-specific, with no genes common across all 
the tissues. The granulosa cells stood out from the other tissues because they had more predicted 
upstream regulators of DEGs than all the other tissues combined. The evidence of changes in the 
transcriptome of the endometrium, oviduct and granulosa cells, imply that long-term changes 
throughout the reproductive tract could contribute to infertility after bacterial infections of the uterus. 
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FIGURES 

Figure 1. 
Volcano plot, principle component analysis, and heatmap analysis for bacteria-infused and 
control animals. Volcano plots (left panel), principle component analysis plots (middle panel), and 
heatmap plots (right panel) are presented for (A) caruncular endometrium, (B) intercaruncular 
endometrium, (C) isthmus, (D) ampulla, and (E) granulosa cells (technical problems led to the 
exclusion of one bacteria-infused sample from B, C, D and E). The volcano plots present each gene 
detected by RNAseq, with differentially expressed genes coloured red. Principle component analyses 
used all the genes detected by RNAseq in each tissue for bacteria-infused (purple) and control animals 
(orange). Heatmaps present hierarchical clustering of differentially expressed genes, with each 
column representing an animal and each row a gene; rows were clustered using Euclidian distance 
and average linkage; gene expression intensities are displayed from green (reduced expression) to red 
(increased expression) in bacteria-infused (purple) compared with control animals (orange).  
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Figure 2. Common and unique differentially expressed genes amongst reproductive tract 
tissues. Differentially expressed genes identified in bacteria-infused compared with control animals 
are shown in a Venn diagram for caruncular endometrium (green), intercaruncular endometrium 
(blue), isthmus (pink), ampulla (yellow) and granulosa cells (orange). The number of unique 
differentially expressed genes are reported for each sample and the overlap of common genes are 
reported at each intersection. The text boxes contain lists of the DEGs for the indicated sectors. 
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Figure 3. Ingenuity Pathway Analysis of canonical pathways. Ingenuity Pathway Analysis of 
differentially expressed genes identified canonical pathways affected after bacterial infusion in (A) 
caruncular endometrium, (B) intercaruncular endometrium, (C) isthmus, (D) ampulla, and (E) 
granulosa cells. Pathways are predicted to be activated (black bars, z-score ≥ 2) or inactivated (grey 
bars, z-score ≤ −2). White bars represent canonical pathways that were significantly affected (P < 
0.05) but did not reach the z-score threshold.  
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Figure 4. Ingenuity Pathway Analysis of gene networks. Ingenuity Pathway Analysis of 
differentially expressed genes identified gene networks affected after bacterial infusion. The highest 
scoring gene network is presented for (A) caruncular and (B) intercaruncular endometrium: “cellular 
development, cellular growth and proliferation, haematological system development and function”; 
(C) isthmus: “cellular assembly and organization, DNA replication, recombination and repair, cellular 
development”; (D) ampulla: “developmental disorder, post-translational modification, reproductive 
system development and function”; and, (E) granulosa cells: “cell cycle, DNA replication, 
recombination and repair”. Gene expression is displayed as green (reduced expression) or red 
(increased expression) in bacteria-infused animals, compared with control animals; grey indicates 
genes or molecules that are predicted to be part of the network by Ingenuity Pathway Analysis. Solid 
lines and dashed lines indicate direct and indirect interactions between nodes, respectively.  
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Figure 5. Ingenuity Pathway Analysis of predicted upstream regulators. Ingenuity Pathways 
Analysis identified predicted upstream regulators of differentially expressed genes affected after 
bacterial infusion in caruncular endometrium, intercaruncular endometrium, isthmus, ampulla, and 
granulosa cells. The z-score for each regulator is displayed from purple (reduced score) to red 
(increased score) in bacteria-infused compared with control animals; white blocks represent predicted 
upstream regulators that did not reach the z-score thresholds. 
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Figure 6. Ingenuity Pathway Analysis of predicted diseases and functions. Ingenuity Pathway 
Analysis of differentially expressed genes identified predicted diseases and functions affected after 
bacterial infusion in caruncular endometrium, intercaruncular endometrium, isthmus, ampulla, and 
granulosa cells. The z-score for each disease or function is displayed from purple (reduced score) to 
red (increased score) in bacteria-infused compared with control animals; white blocks represent 
predicted upstream regulators that did not meet the z-score thresholds. 

 


