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Oxygen deprivation influences the survival of Listeria monocytogenes in gerbils1
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ABSTRACT: Listeria monocytogenes is a facul-
tative anaerobic foodborne pathogen capable of 
surviving harsh environments. Recent work has 
indicated that anaerobic conditions increase the 
resistance capability of certain strains to envi-
ronmental stressors. The goal of the study was to 
conduct a preliminary study to determine whether 
exposure to anaerobic conditions prior to infection 
increases the ability to survive in vivo. Gerbils were 
inoculated with one of five doses of the L. monocy-
togenes strain F2365 by oral gavage: phosphate-buff-
ered saline (control), 5 × 106 colony forming units 
aerobic culture (low aerobic), 5 × 108 aerobic cul-
ture (high aerobic), 5 × 106 anaerobic culture (low 
anaerobic), or 5  ×  108 anaerobic culture (high 
anaerobic) dose of F2365. Gerbils inoculated with 
a high aerobic or anaerobic dose exhibited signif-
icant weight loss. Gerbils administered either the 
low or high anaerobic dose had at least 3 log10 of 

L. monocytogenes present in fecal samples, which 
contrasted with gerbils that received the low aero-
bic dose. Animals that received the high anaerobic 
dose had a significant increase in bacterial loads 
within the liver. Histologic examination of the 
L. monocytogenes positive livers exhibited locally 
extensive areas of hepatocellular necrosis, though 
the extent of this damage differed between treat-
ment groups. Microbial community analysis of the 
cecum from gerbils infected with L. monocytogenes 
indicated that the abundance of Bacteroidales and 
Clostridiales increased and there was a decrease 
in the abundance of Spirochaetales. This study 
suggests that anaerobic conditions alter the locali-
zation pattern of L. monocytogenes within the gas-
trointestinal tract. These findings could relate to 
how different populations are more susceptible to 
listeriosis, as oxygen availability may differ within 
the gastrointestinal tract.
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INTRODUCTION

Listeria monocytogenes is a foodborne pathogen 
responsible for causing listeriosis in immunocom-
promised individuals, in addition to stillbirth or 
abortion in pregnant women (Farber and Peterkin, 
1991; Kathariou, 2002; Ramaswamy et  al., 2007; 
Gould et  al., 2013). This Gram-positive, faculta-
tive anaerobe causes approximately 1,600 illnesses 
and 260 deaths each year in the United States alone 
(Ramaswamy et  al., 2007; Scallan et  al., 2011; 
Gould et al., 2013). Individuals can develop lister-
iosis by consuming contaminated foods, including 
fruit, cheese, ice cream, and ready-to-eat meats.

Anaerobic conditions have been shown to influ-
ence the virulence potential of L.  monocytogenes. 
This bacterium, as well as other foodborne path-
ogens, is exposed to anaerobic conditions during 
food processing, storage in vacuum sealed contain-
ers, and the infectious pathway (Lungu et al., 2009). 
Research has previously indicated that L. monocy-
togenes have an increase in survival in acidic bile 
under anaerobic conditions in comparison to aero-
bic environments (White et al., 2015). In addition, 
virulence has been shown to increase in L. mono-
cytogenes strain Scott A when cultured under oxy-
gen-restricted conditions in a guinea pig model (Bo 
Andersen et al., 2007). Therefore, the goal of this 
study was to determine the impact that anaerobi-
osis has on the virulence of L. monocytogenes and 
what changes the infection elicits on the gut micro-
biome. Dysbiosis within the intestinal microbiome 
has been found to be linked to the severity of sev-
eral infections, including Clostridium difficile, and 
inflammatory bowel disease (Hawrelak and Myers, 
2004; Brandt, 2012; Bien et  al., 2013). Therefore, 
this study used the Illumina sequencing platform 
to study the bacterial profile alteration after being 
infected with aerobically or anaerobically cultured 
L. monocytogenes.

MATERIALS AND METHODS

Bacterial Cultivation Conditions

Listeria monocytogenes strain F2365 was rou-
tinely cultured in tryptic soy broth (TSB) at 37 °C 
under either aerobic or anaerobic conditions. 
Anaerobic conditions were achieved through cul-
tivating F2365 in an anaerobic chamber (Coy Lab 
Products, Grass Lake, MI); oxygen concentration 
was monitored throughout the incubation period 
using an oxygen detector present in the anaero-
bic chamber. Inocula used for the animal chal-
lenges were prepared from either aerobically or 

anaerobically grown cultures. Briefly, overnight cul-
tures of F2365 grown either aerobically or anaero-
bically at 37 °C in a shaking incubator were washed 
two times with phosphate-buffered saline (PBS) 
and resuspended in PBS with 10  mg/mL calcium 
carbonate to a concentration of 1 × 106 or 1 × 108 
colony forming units (CFU)/mL. For selection of 
L. monocytogenes, fecal and intestinal samples were 
cultured onto Listeria selective agar base with mod-
ified Listeria selective supplement (Oxoid SR0206).

Animals

A total of 29 female Mongolian gerbils aged 
5  wk were purchased through Charles River 
Laboratories. All animal studies were approved 
by the Mississippi State University IACUC (pro-
tocol #15–042). Animals were acclimated to the 
animal facility for 3 d prior to infection. Animals 
were provided oral doses in 0.5-mL volume using 
a bulbous-ended feeding needle: 5 × 106 CFU aer-
obic or anaerobic culture and 5 × 108 aerobic cul-
ture per gerbil (n = 5 per group). The second study 
involved the high anaerobic dose of 5 × 108 CFU 
per gerbil (n = 7). PBS was used as the control for 
both studies (n  =  5 for first study, n  =  2 for sec-
ond study). Fecal samples (40  mg) were collected 
daily from individual gerbils and homogenized in 
0.4  mL of PBS. Five days post-challenge, gerbils 
were euthanized by CO2 inhalation and gastroin-
testinal (GI) contents were collected for assessment 
of Listeria viability. Samples were homogenized 
using a Bead Mill homogenizer (Fisher Scientific, 
Hampton, NH) with 0.1-mm zirconium beads 
and subsequently diluted in PBS and plated onto 
Listeria selective media. Plates were incubated at 
37  °C for 24  h prior to analysis. Samples for his-
tological examinations were immediately placed in 
10% formalin. Cecal contents were also collected 
for microbial community analysis.

Statistical analyses for bacterial loads were 
conducted using the GLIMMIX procedure of 
SAS (v.9.4, SAS Institute, Cary, NC) with the fixed 
effects of treatment, tissue, time, and their inter-
actions. Data were log transformed prior to ana-
lysis to achieve normality. Means were separated 
using the LSMeans at an alpha of 0.05 utilizing the 
Tukey option.

Cecal DNA Extraction and Library Construction

DNA was isolated from cecal contents (0.2 g) 
using a QIAamp DNA Stool Mini Kit (Qiagen, 
Valencia, CA) with minor modifications (Park 
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and Ricke, 2015). Isolated DNA concentration 
was measured using a Qubit 2.0 Fluorometer (Life 
Technology, Carlsbad, CA). Libraries were con-
structed using cecal DNA (10  ng), targeting the 
V4 region of 16S rRNA as described previously 
(Kozich et al., 2013). Briefly, DNA was amplified 
using dual-index primers via PCR and normalized 
amplicons using a SequalPrep Normalization Kit 
(Life Technology) according to the manufacturer’s 
recommendation. Normalized samples (5 µL) were 
combined to generate a pooled library for further 
assays. Both library concentration and an exact 
product size were measured using a KAPA Library 
Quantification Kit (Kapa Biosystems, Woburn, 
MA) and an Agilent 2100 Bioanalyzer System 
(Agilent, Santa Clara, CA) prior to being subse-
quently diluted to 4 nM.

Microbiome Sequencing via Illumina MiSeq 
Platform

A pooled library (20  nM) and a PhiX con-
trol v3 (20  nM; Illumina) were mixed with 0.2  N 
NaOH and HT1 buffer (Illumina) to produce the 
final concentration at 12 pM each. The resulting 
library was mixed with the PhiX control v3 (5%, 
v/v; Illumina), and 0.6 mL was loaded on a MiSeq 
v2 (500 cycle) reagent cartridge for sequencing. All 
sequencing procedures were monitored through 
the Illumina BaseSpace website. Demultiplexed R1 
and R2 sequencing reads (approximately 250  bp) 
were acquired from the Illumina BaseSpace web-
site, and data were processed using the QIIME 
pipeline (v. 1.9.0) for alpha diversity (rarefaction 
curve for OTUs, Chao1, and PD_Whole_Tree) 
and beta diversity using weighted and unweighted 
UniFrac distance (Caporaso et  al., 2010). The 
clustered sequences were utilized to construct 
Operational Taxonomic Units (OTUs) with 97% 
identity, and representative sequences were classi-
fied into the respective taxonomical level based on 
the Greengene 16S rRNA gene database. Using the 
QIIME scripts, the core microbiome was estimated 
at 50% or 90% (i.e., bacteria present in at least 50% 
or 90% of samples). The multiresponse permuta-
tion procedures (MRPP) and principle component 
analysis (PCA) were estimated using BiodiversityR 
(vegan package) in R-statistical software package 
(Kindt and Coe, 2005). The community data sets 
of bacterial genera were log transformed before 
running both MRPP and PCA. All FASTAQ files 
can be found at the following link: https://doi.
org/10.6084/m9.figshare.5046955.v1.

Histology

Intestinal samples were fixed in 10% formalin, 
routinely processed, sectioned at 5 µm, and stained 
with hematoxylin and eosin. Slides were subse-
quently evaluated by a boarded pathologist blinded 
to the origin of samples.

RESULTS

Intestinal Presence of L. monocytogenes 
Differed between Gerbils Provided an Aerobic or 
Anaerobic Dose

As previous studies indicated anaerobiosis 
increased the ability of L.  monocytogenes to resist 
stressors in vitro (Payne et  al., 2013; White et  al., 
2015), we aimed to conduct an exploratory study 
to determine whether cultivating L.  monocytogenes 
under anaerobic conditions increased bacterial sur-
vival within the GI tract in vivo. Gerbils that were 
inoculated with a low aerobic or anaerobic dose of 
F2365 had no significant weight loss following the 
challenge in comparison to day 0 (Figure 1). However, 
comparing the body weights between the two treat-
ment groups did indicate that there were significant 
differences (P < 0.05). Within 3 d after infection, the 
body weights were significantly different between ger-
bils provided an aerobic dose in comparison to those 
that were provided an anaerobically prepared dose. 
Gerbils that received a high aerobic dose of F2365 
began to have a significant reduction in weight 2 d 
post-challenge (P < 0.001, Figure 1). The reduction 
was different from that observed for the gerbils that 
received a low aerobic dose (P < 0.05), but were not 
significantly different than those that received a high 
aerobic dose (P > 0.05) for all days analyzed.

Fecal samples were collected daily to moni-
tor the intestinal load of L.  monocytogenes. There 
was an overall effect for the treatments (P < 0.001). 
Interestingly, there was not a significant difference 

Figure 1. Average weight of gerbils following infection with Listeria 
monocytogenes. Body weights (g) were collected daily (days 0–6) from 
gerbils challenged with PBS control (○), 5 × 106 aerobically cultured 
(■), 5 × 108 aerobically cultured (□), or 5 × 106 anaerobically cultured 
(▲) L. monocytogenes. Body weights are presented as a percentage of 
weight from day 0 prior to beginning of study (n = 5 per group), with 
error bars representing the standard error. *P < 0.001.

https://doi.org/10.6084/m9.figshare.5046955.v1
https://doi.org/10.6084/m9.figshare.5046955.v1
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in an overall comparison between low anaerobic 
and high aerobic doses, but there was a significant 
difference overall between the low aerobic and the 
high aerobic doses. Gerbils that were inoculated 
with a low anaerobic dose or a high aerobic dose 
had a greater number of animals still positive with 
L. monocytogenes within the feces 5 d after the infec-
tious dose was administered (Figure 2). Though the 
dose was the same as that given for the anaerobically 
grown bacteria, there were less gerbils still positive 
for L. monocytogenes after 5 d of receiving the aero-
bically cultured bacteria (Figure 2). Gerbils provided 
either a low or high aerobic dose had significant 
differences in their bacterial loads on days 3 and 4 
(P < 0.05). Comparing the bacterial load identified 
in the feces for gerbils that received a low aerobic or 
low anaerobic dose was only statistically significant 
on day 2 (P = 0.04), though a trend in differences 
was evident for the other days tested (P ≤ 0.1).

The duodenum, cecum, colon, liver, and spleen 
were harvested after the study (day 6) and cultured for 
the presence of L. monocytogenes. Listeria was isolated 
from the duodenum from three of the five gerbils chal-
lenged with a high aerobic dose (5 × 108 CFU/dose). 
However, L.  monocytogenes was isolated from only 
one gerbil inoculated with the low (5 × 106 CFU/dose) 
aerobic and anaerobic doses (Figure 3). Infecting ger-
bils with a low anaerobic dose resulted in a slight trend 
in an increase in the presence of L. monocytogenes in 
the cecum in comparison to the gerbils infected with 
the low aerobic dose (P = 0.09; Figure 3). Interestingly, 
L. monocytogenes was only isolated from the liver in 
gerbils inoculated with L.  monocytogenes cultivated 
aerobically, but not anaerobically (Figure 3). Listeria 
was only identified from the spleen of one gerbil 
infected with a low anaerobic dose (data not shown).

Sections of the livers, gallbladders, spleens, and 
ilea of challenged and control gerbils were pro-
cessed after the study for histological examination. 
Histologically, there was no significant difference in 
the ileum when challenged with L. monocytogenes. 
Challenged gerbils had multifocal to locally exten-
sive hepatocellular necrosis with infiltration of neu-
trophils (Figure  4). Gram-positive bacteria were 
detected by Gram stain within the areas of necrosis. 
There were no significant histologic changes noted 
in the gallbladder or spleen of infected gerbils.

Gerbils Challenged with a High Anaerobic Dose of 
L. monocytogenes Exhibited Greater Morbidity and 
Mortality

As the data presented above indicated expo-
sure to anaerobic conditions prior to infection 

enhanced the ability of L.  monocytogenes to sur-
vive within the cecum, an additional exploratory 
study to determine the impact that a high anaero-
bic dose had on gerbils was performed. Two gerbils, 
however, did not survive the study (Table 1). Body 
weights and fecal samples were collected daily from 

Figure 2. Fecal shedding of gerbils infected with Listeria monocy-
togenes. Each graph represents the individual CFU/g feces (log10) col-
lected from five gerbils from day 1 to the conclusion of the study on 
day 5 for each treatment group. Lines represent the median of L. mono-
cytogenes for each group; dotted lines indicate limit of detection.
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gerbils inoculated with 5 × 108 CFU of L. monocy-
togenes cultivated anaerobically (Figure 5). A sig-
nificant decline in body weight was observed within 
2 d post-challenge (Figure 5). The decline in weight 
observed by day 2 for the gerbils provided the anaer-
obic high dose was more severe than that observed 
by animals provided the aerobic dose (P = 0.001). 
Bacterial load detected in the feces remained, on 
average, at 5 log10 5 d post-infection. This contrasted 
with animals provided the equivalent aerobic dose, 
which had a 2 log10 decline in the population by 
day 5.  However, the overall bacterial load by day 
5 within the feces was significantly greater for ani-
mals provided the high anaerobic dose in compar-
ison to the other treatments previously provided. 
Comparing the body weights of animals provided 
high aerobic to those that received a high anaerobic 
dose was not statistically significant.

Analysis of the intestinal content indicated 
that anaerobic cultivation increased the ability of 
L.  monocytogenes to survive in the cecum, colon, 
and liver. On average, the bacterial loads detected 
in the cecum, colon, and liver were all greater in 

gerbils that received an anaerobic dose of 5 × 108 
CFU in comparison to those that received an aero-
bic dose of the same amount (Figure 3 vs Figure 5). 
There were overall effects observed due to the treat-
ments (P < 0.001). Interestingly, there was not a sig-
nificant difference between low anaerobic and high 
aerobic doses, but there was a difference overall 
between the low aerobic and the high aerobic and 
the high anaerobic doses. Significant differences 
were also observed between high anaerobic treat-
ments compared with low anaerobic (P  =  0.009) 
and low aerobic (P = 0.004). Liver loads were sig-
nificantly increased in animals provided a high 
anaerobic dose in comparison to all other treat-
ments provided.

Histological examination of  one gerbil 
challenged with the high anaerobic dose had a 
necrosuppurative typhlitis with large numbers 
of  bacteria within the lumen of  the cecum and 
extended into the mesentery (Figure 6). However, 
it is important to keep in mind that two of  the 
seven gerbils that were challenged with the high 
anaerobic dose did not survive to the completion 

Figure 3. Bacterial load of Listeria monocytogenes in the duodenum, cecum, colon, and liver. Intestinal samples were collected from each gerbil 
from each treatment group. Each graph represents individual intestinal samples (n = 5 per group). Lines represent the median for each group; dotted 
lines indicate limit of detection.
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of the study. This indicates that the anaerobic cul-
tivation of  L. monocytogenes increased the ability 
of  the bacteria to survive within the intestinal tract 
and potentially increased the virulence capability 
of  the bacteria.

Community Sequencing Suggested a Possible Shift 
in Microbiota between Challenged and Control 
Gerbils

As the cecum appeared to be the most heav-
ily L. monocytogenes populated area of  the intes-
tine (Figure 3 and 5), cecal samples (19 total) were 
harvested after the study for microbial community 
analysis to understand how a L.  monocytogenes 
infection influences the normal microbiota in the 
intestinal tract (Figure  7). Sequencing and data 
processing were accomplished by Illumina MiSeq 
and QIIME pipeline software (Caporaso et  al., 
2010). Sequencing reads (1,083,000 total reads; 
57,000 per sample) were obtained after the neces-
sary curation and filtering of  low sequence count 
samples of  FASTQ files. The relative abundance 

of  bacterial genera was identified in at least 50% 
of samples across the ceca of  control and chal-
lenged gerbils (Figure 7). Overall, the four major 
phyla that were identified included Bacteroidetes, 
Firmicutes, Spirochaetes, and Verrucomicrobia 
(98% of total reads).

The Bacteroidetes phylum increased approx-
imately 2-fold in the cecum of gerbils provided 
the high anaerobic dose of  L.  monocytogenes in 
comparison to those that were provided PBS. 
Bacteroidetes were detected at a mean of  20.8% 
in PBS-treated gerbils; this increased slightly to 
24.2% and 24.4% in gerbils provided the low or 
high aerobic dose, respectively. However, the abun-
dance of  Bacteroidetes increased to 33.6% and 
40.6% in the cecum of gerbils provided either the 
low or high anaerobic dose of  L. monocytogenes, 
respectively. The abundance of  Firmicutes was 
32.5% of the reads from gerbils provided PBS. This 
decreased slightly to 28.6% and 26.6% in gerbils 
provided either a low or high aerobic dose, respec-
tively. Surprisingly, the abundance of  Firmicutes 
reads decreased to 23.3% in gerbils provided the 
low anaerobic listerial treatment, but increased 
to 41% in gerbils treated with the high anaerobic 
dose. The abundance of  Spirochaetes (Treponema 
genus) sequence reads was 27.9% in gerbils pro-
vided PBS; this increased slightly in the low aero-
bic dose, but increased to 47.9% in the high aerobic 
dose. For the anaerobic dose, there was a decrease 
to 17.2% and 2.7% for the low and high doses, 
respectively. The abundance of  Verrucomicrobial 
reads (Akkermansia genus) was 16.8% in gerbils 

Figure 4. Images of liver histology from gerbils inoculated with a low aerobic, high aerobic, and low anaerobic dose of Listeria monocytogenes. 
Arrows indicate necrosis and neutrophil infiltration. Images in (B) are higher magnifications of regions depicted in (A).

Table 1. Survival of gerbils following challenge with 
various doses of F2365

Challenge dose CFU/gerbil
Number of deaths within  
6 d/number of inoculated

PBS 0/7

Aerobic 5 × 106 (low) 0/5

Aerobic 5 × 108 (high) 0/5

Anaerobic 5 × 106 (low An) 0/5

Anaerobic 5 × 108 (high An) 2/7
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provided PBS or the low aerobic dose. However, 
this decreased to 0.1% abundance in gerbils pro-
vided the high aerobic dose. For the gerbils pro-
vided the anaerobic doses, the abundance of 

Verrucomicrobial reads was 22.7% and 13.8%, 
respectively (Figure 7).

At the genera level, the abundance of Bacteroides 
reads was 0.6% in gerbils provided PBS; the abun-
dance did not change when gerbils were provided 
either dose of the aerobic culture. An unknown 
genus was detected within the Bacteroidetes that 
increased from 19.6% to 22.8% and 24% when 
provided an aerobic low or high dose, respec-
tively. However, the abundance increased to 32% 
and 30.1% in gerbils provided the low and high 
anaerobic dose, respectively (Figure 8). Within the 
Proteobacteria, the abundance of Desulfovibiro was 
0.8% in gerbils provided PBS, but increased to 2% 
and 1% in low and high aerobic infections, respec-
tively. For the low anaerobic doses, the abundance 
increased to 2.5%. Within the Firmicutes, the abun-
dance of Lactobacillus reads was 12.2% in gerbils 
provided PBS. This abundance decreased to 6% (low 
aerobic), 10.9% (high aerobic), 11.5% (low anaer-
obic), and 10.4% (high anaerobic). An unknown 
genus from the Firmicutes phylum and Clostridiales 
order increased to 13.8% and 12.4% in low and high 
aerobic listerial-infected ceca compared with that of 
9% in PBS-infected gerbils. This increased to 19.6% 
in gerbils provided the high anaerobic dose.

The principle coordinate analysis of the bac-
terial profiles across the differential treatments 
indicated that the high dose of anaerobic L. mono-
cytogenes clustered differently when compared with 
the other treatments (Figure 9). Three-dimensional 
PcoA plot showed 15.77%, 10.22%, and 7.12% of 
the total variation based on axes 1, 2, and 3, respec-
tively, as estimated by an unweighted unifrac dis-
tance matrix (Figure 9).

DISCUSSION

The GI tract is designed to not only digest food 
and absorb the resulting nutrients for nutritional 
value, but also protect the body from harmful 
pathogens. Pathogens that are ingested encounter 
harsh conditions including low pH in the stomach, 
bile secreted by the gallbladder, and varying oxy-
gen levels in the intestines. Listeria monocytogenes 
can survive these environments by regulating 
genes related to stress response mechanisms. This 
exploratory study specifically focused on the path-
ogenicity of  L. monocytogenes F2365 in an anaer-
obic environment. The hypothesis was that oxygen 
deprivation influences localization of  L.  monocy-
togenes in vivo. We utilized gerbils for this model as 
the gerbil has been proposed to be a more appropri-
ate animal for studying listeriosis due to possession 

Figure  5. Body weights, fecal loads, and intestinal presence from 
gerbils challenged with a high dose of anaerobically cultured Listeria 
monocytogenes. Gerbils (n  =  7) were challenged by oral gavage with 
5 × 108 CFU cultured anaerobically. Body weight and fecal samples 
were collected daily from day 0 to day 5, with intestinal samples col-
lected at day 6. One gerbil was euthanized on day 4, and a second ger-
bil was euthanized on day 5. Graphs represent individual gerbils, with 
lines representing the geometric mean. Intestinal data represent sam-
ples collected from animals that survived to day 6.
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of receptors for both Internalin A and Internalin 
B (D’Orazio, 2014). Though natural variations 
can occur within the presence of  such internalins 
in L. monocytogenes, such as the truncated InlB in 
F2365 used in this study (Nightingale et al., 2007), 
this study was nevertheless informative to the role 
that oxygen deprivation has on dissemination of 
L. monocytogenes.

Oxygen availability throughout the GI tract 
varies from high oxygen concentrations found in 
the stomach to low oxygen concentrations in the 
large intestines (Albenberg et  al., 2014). Previous 
research has suggested exposure to low oxygen can 
affect the virulence capability of enteric pathogens, 
including Salmonella, Shigella, and Vibrio cholera 
(Burkholder et al., 2009). This current study indi-
cated that localization of L. monocytogenes F2365 

differed in gerbils when exposed to anaerobic con-
ditions prior to challenge, which may affect the vir-
ulence potential.

Genes that are regulated in oxygen-deprived 
environments are speculated, but remain largely 
unknown. Bo Andersen et  al. (2007) suggested 
oxygen deprivation resulted in an upregulation of 
InlA, therefore increasing colonization of L. mono-
cytogenes. In addition, Burkholder et  al. (2009) 
also showed evidence of increased expression of 
Listeria adhesion proteins, which increased adhe-
sion and translocation of L.  monocytogenes in 
oxygen-deprived conditions in both in vitro and 
in vivo models. It is possible that environmental 
stressors, including low oxygen, upregulate vir-
ulence genes that are needed to survive in other 
stressors including low pH and bile salts. This could 

Figure 6. Cecal damage induced in gerbils challenged with a high dose (5 × 108 CFU/dose) of anaerobically cultured Listeria monocytogenes. 
Transmural inflammation was observed that extended into the mesentery, with infiltration of neutrophils, eosinophils, lymphocytes, and mac-
rophages. Image on right is higher magnification of region depicted on left.

Figure 7. The bacterial taxa (genera) abundances in the cecum of gerbils challenged with low or high doses of aerobically or anaerobically grown 
Listeria monocytogenes. Ceca were collected and microbial communities were analyzed by 16S rRNA gene sequences using the Illumina platform. 
SH85 represents the gerbil that died on day 4; SH87 represents the gerbil that died on day 5. The core bacterial genera were estimated at 90% (OTUs 
that are present in at least 90% of samples) and averaged based on the treatment groups.
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possibly explain why Sewell et al. (2015) observed 
higher acid tolerance and survival in L.  monocy-
togenes J0161 in anaerobic conditions. Gene reg-
ulation of most virulence factors are regulated by 
the transcriptional factors prfA and σB. It is possi-
ble that a single stressor upregulates additional vir-
ulence factors associated with expression from prfA 
and σB transcription. In addition, our laboratory 
observed strain-specific bile resistance in oxygen-re-
stricted conditions (White et al., 2015). Resistance 
was associated with differential protein expression 
including proteins involved in the SOS response 

leading to DNA repair, in addition to proteins 
involved in invasion and metabolism (Wright et al., 
2016). Further evaluation is needed to understand 
and determine specific genes involved in increased 
infectivity and resistance of L.  monocytogenes in 
oxygen-deprived conditions.

Significant weight loss was associated with 
gerbils that were infected with the high aerobic or 
anaerobic dose of F2365. Though the decline in 
weight was similar between the two infected groups, 
the presence of L. monocytogenes in the feces dif-
fered. With animals provided the aerobic dose, a 
decline in fecal presence began to occur after day 
4.  However, the presence increased at day 4 and 
continued to remain elevated at day 5 post-chal-
lenge for gerbils infected with anaerobically cul-
tured L.  monocytogenes. Interestingly, though no 
significant weight loss was observed with the lower 
anaerobic dose, the fecal presence remained steady 
throughout the study. This suggests that even 
though an elevated infectious dose is required to 
significantly influence weight loss, the prior expo-
sure to anaerobic conditions can influence the sur-
vival of L. monocytogenes within the host.

A significant difference was observed in the 
bacterial loads within the liver for animals that were 
provided the high anaerobic dose. Proliferation 
of Listeria in the liver is critical for the initiation 
of listeriosis (Vazquez-Boland et  al., 2001). After 
invasion in the liver, L.  monocytogenes may then 

Figure 8. The heat map representing bacterial OTU abundance profile across the low or high aerobic and anaerobic Listeria monocytogenes 
challenged gerbils’ ceca. OTUs that are present in at least 50% of the samples were used in abundance estimation. The OTU table was clustered 
based on UPGMA hierarchical clustering.

Figure  9. Principle coordinate analysis of bacterial OTUs across 
the low or high aerobic and anaerobic Listeria monocytogenes chal-
lenged gerbils’ ceca. The ordination plot (PCA) was estimated from 
distance matrix of unweighted OTUs across the experimental groups.
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disseminate to the secondary target organs, includ-
ing the brain and the uterus. As the loads within the 
GI tract and feces were also higher in this treatment 
group, these results suggest that the high anaerobic 
dose may prime the bacteria to survive the GI tract 
stressors and cross to the liver.

An important aspect of  our study was to exam-
ine the impact an infection had on the normal GI 
tract microbiota. Understanding how L.  mono-
cytogenes influences the microbiome could shed 
light on the relationship between GI tract ecology 
and pathogenesis of  this organism. The role of 
the natural GI microbiota has been shown to be 
vital for protecting a wide range of  hosts against 
potentially harmful pathogens. Shifts in the GI 
tract microbiome can be caused by host diet, anti-
biotics, or infection and can potentially lead to 
long-term diseases (Fujimura et  al., 2010). Our 
results indicated that L.  monocytogenes exposed 
to anaerobic conditions prior to infection, such 
as what occurs within a food processing environ-
ment or packaging, enhances the probability for 
L.  monocytogenes to resist the stressors encoun-
tered within the GI tract.

To determine the impact that L. monocytogenes 
had on the gut flora, cecal samples were collected 
and analyzed. The cecum had an approximate 1 
log10 increase in the presence of L. monocytogenes in 
animals provided an anaerobic dose in comparison 
to an aerobic dose. Therefore, the community of 
the cecum was analyzed to determine the changes 
that were occurring within the community struc-
ture. We reported Bacteroidetes reads to be slightly 
increased in the ceca of aerobic dosed gerbils, 
whereas highly increased in anaerobic dosed gerbils 
(Figure  7, dark blue). Patients with inflammatory 
bowel disease frequently have L.  monocytogenes 
reported in the microbiota and also have a reduced 
Bacteroidetes abundance (Bien et  al., 2013). The 
increase observed in the abundance of Bacteroidetes 
and Parabacteroidetes in anaerobically dosed ger-
bils probably was in response to the digestion of 
complex glucose molecules (Martens et al., 2009). 
Akkermansia, belonging to Verrucomicrobia, is 
a Gram-negative, strictly anaerobic, non-motile, 
nonspore-forming bacterium and was found to 
remain similar in PBS controls and in gerbils pro-
vided either low dose; however, the abundance was 
nearly depleted in both high aerobic and anaerobic 
dosed gerbils (Figure 7 olive green, and Figure 9). 
The Akkermansia were reported to be important 
in degradation of intestinal mucin (Derrien et al., 
2004). Therefore, the reduction in these bacterial 
abundances suggested that mucin degradation was 

not needed. The Bacteroides and Rumminococcus 
were reported to cluster as enterotypes 1 and 3 and 
functionally assist the host in synthesizing biotin 
(vitamin B7) and heme. The human microbiome is 
dominated by phyla Firmicutes; this was observed 
in the ceca of the gerbils in this study. Clostridium 
genera reads increased with high doses of anaer-
obic L. monocytogenes (Figures 5 and 7 teal green). 
The dominance of the Clostridium, Bacteroides, 
Akkermansia (strict anaerobe), Lactobacillus (fac-
ultative anaerobe), and Treponema (facultative 
anaerobe) in gerbils indicated that anaerobiosis is a 
discrete parameter that influenced the multidimen-
sional scaling plot (Figure 8).

This study indicated that anaerobically cultured 
L. monocytogenes varied in the localization patterns 
in comparison to those animals provided aerobically 
cultured bacteria. In addition, the increase in mor-
bidity observed suggests that exposure to anaerobic 
conditions prior to ingestion can increase the path-
ogenic potential of L.  monocytogenes. Analyzing 
how the microbiome shifts observed influence 
the outcome of disease requires further research. 
Furthermore, understanding how L. monocytogenes 
influences the microbiota of individuals at various 
ages could provide valuable additional information 
on the virulence of this pathogen.
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