
Host Responses to the Pathogen Mycobacterium avium subsp.
paratuberculosis and Beneficial Microbes Exhibit Host Sex Specificity

Enusha Karunasena,a K. Wyatt McMahon,a David Chang,b Mindy M. Brashearsc

Virginia Bioinformatics Institute, Virginia Polytechnic Institute and State University, Blacksburg, Virginia, USAa; Chenomx Inc., Edmonton, Alberta, Canadab; Department of
Animal and Food Sciences, Texas Tech University, Lubbock, Texas, USAc

Differences between microbial pathogenesis in male and female hosts are well characterized in disease conditions connected to
sexual transmission. However, limited biological insight is available on variances attributed to sex specificity in host-microbe
interactions, and it is most often a minimized variable outside these transmission events. In this work, we studied two gut mi-
crobes—a pathogen, Mycobacterium avium subsp. paratuberculosis, and a probiotic, Lactobacillus animalis NP-51—and the
interaction between each agent and the male and female gastrointestinal systems. This trial was conducted in BALB/c mice (n �
5 per experimental group and per sex at a given time point), with analysis at four time points over 180 days. Host responses to M.
avium subsp. paratuberculosis and L. animalis were sensitive to sex. Cytokines that were significantly different (P < 0.05) be-
tween the sexes included interleukin-1�/� (IL-1�/�), IL-17, IL-6, IL-10, IL-12, and gamma interferon (IFN-�) and were depen-
dent on experimental conditions. However, granulocyte-macrophage colony-stimulating factor (GM-CSF), vascular endothelial
growth factor (VEGF), and IL-13/23 showed no sex specificity. A metabolomics study indicated a 0.5- to 2.0-fold (log2 scale) in-
crease in short-chain fatty acids (butyrate and acetate) in males and greater increases in o-phosphocholine or histidine from fe-
male colon tissues; variances distinct to each sex were observed with age or long-term probiotic consumption. Two genera,
Staphylococcus and Roseburia, were consistently overrepresented in females compared to males; other species were specific to
one sex but fluctuated depending on experimental conditions. The differences observed suggest that male and female gut tissues
and microbiota respond to newly introduced microorganisms differently and that gut-associated microorganisms with host im-
mune system responses and metabolic activity are supported by biology distinct to the host sex.

Microorganisms and their responses to sex-specific mediators
were studied intensively for several decades leading into the

1970s (1, 2). Yotis and Stanke describe delayed doubling times and
bacteriostatic properties for multiple strains of Staphylococcus au-
reus and the reactivation of some strains that were dependent on
endocrine activity at infancy, puberty, pregnancy, and meno-
pausal stages, providing evidence for the associations between
commensal microbiota and sex-specific mediators (1). Mechanis-
tic studies from the same era describe microbial endocrine asso-
ciations by which staphylococci transform a derivative of 17-hy-
droxyprogesterone (4-androstene-3,17-dione) into testosterone,
further demonstrating a long history of studies on interkingdom
communication specific to sex.

Recent work again highlights the importance of medical stud-
ies and therapies related to sex (3). A specific study demonstrated
a role for the regulation of type 1 diabetes mellitus through com-
mensal microorganisms and sex hormones, establishing the abil-
ity of gut organisms to regulate testosterone and direct leukocyte
development (3). Earlier studies outlined differences in innate and
adaptive immunity due to lymphocyte or leukocyte response to
sex hormones: estrogen, androgens, and progesterone (4–6). Sev-
eral groups showed that estrogen not only influences the produc-
tion of specific cytokines, like gamma interferon (IFN-�), but that
these cytokines in turn increase the expression of cell surface es-
trogen receptor alpha (ER-�), creating a positive-feedback loop
that can lead to increases in transcriptional regulation (7–9).
Male-associated hormones, such as testosterone, dihydrotestos-
terone, and other androgens, typically suppress immune func-
tions through lower levels of cytokine and immunoglobulin
synthesis (10, 11). Accordingly, it has long been understood that
sex-associated compounds regulate host health (12).

In this study, we describe how the host sex elicits differences in
commensal gut microbiota, metabolite synthesis, and immune
system activity in response to pathogens (Mycobacterium avium
subsp. paratuberculosis) or beneficial microbes (Lactobacillus ani-
malis).

M. avium subsp. paratuberculosis is a zoonotic intracellular
pathogen that causes the wasting Johne’s disease (JD) in ruminant
animals through progressive and chronic gastrointestinal tract
(GIT) edema and inflammation (13–15). During infection, the
organisms enter gut macrophages, and neighboring immune cells
accumulate around the infected cell to form a calcified and
rounded granuloma (16–18). Similar to most intracellular infec-
tions, M. avium subsp. paratuberculosis infection induces a type 1
cell-mediated immune (CMI) response that is reinforced through
increases in interleukin-1� (IL-1�), IFN-�, IL-6, and IL-12 family
cytokines at the site of infection (17, 19). This response attracts
more macrophages and Th1 cells to infected tissue until acute
proinflammatory responses are suppressed by increases in trans-
forming growth factor � (TGF-�) and IL-10, which are regulated
through infected tissue by unknown mechanisms (13, 14, 19, 20).
Unique to M. avium subsp. paratuberculosis disease etiology is the
sustained production of IL-1� in infected tissue, which eventually
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induces tissue scarring by the production of reactive oxygen spe-
cies (ROS) (16, 17). Similar inflammatory and immune responses
are observed in humans. The most comparable conditions are
observed in Crohn’s disease (CD), where modifications to the gut
microbiota are attributed to the disease (21, 22).

Similarities between JD and CD are not limited to disease
symptoms; treatments for JD can be effective in some CD condi-
tions. Studies by Motiwala et al. (20) have demonstrated that there
may be specificities in M. avium subsp. paratuberculosis strains
that infect different ruminants (including cattle versus sheep), in
addition to those that may infect humans. Thus, there is contro-
versy in the literature as to the contributions of M. avium subsp.
paratuberculosis infection to CD. Many CD patients harbor M.
avium subsp. paratuberculosis in their GIT tissues, and continued
research may provide evidence to distinguish the two diseases
(13–15, 23–25). However, the current controversy surrounding
the contribution of M. avium subsp. paratuberculosis to disease
provides an opportunity for new findings related to gut health,
pathogen behavior, and the volatile relationship between host and
microbe in the gut ecosystem (26).

Probiotics are beneficial microbes that have become commer-
cial and medical resources for gut and systemic health in humans,
especially those with CD and irritable bowel disease (IBD). Our
laboratory has focused on the use of these beneficial microbes to
reduce food-borne pathogens in livestock and the agricultural in-
dustry (27). Our recent data suggest that L. animalis NP-51 is able
to modify inflammatory cytokines during M. avium subsp. para-
tuberculosis-induced acute inflammation (28). We therefore ex-
panded upon these findings to determine if NP-51 revealed more
traits associated with probiotics and important to deterring M.
avium subsp. paratuberculosis infection, including modulating in-
flammatory mediators of T cells or metabolism (29–31). These
lactic-acid-producing bacteria (LAB) are well known for synthe-
sizing compounds like bacteriocins (peptides with antimicrobial

properties) and peroxides and preventing food-borne pathogens
from infecting the GIT (32). Thus, the ability of probiotics to
manipulate the host immune system and metabolic activity
strengthens the potential that these associations may also perpet-
uate and regulate sex-linked immune system activity.

MATERIALS AND METHODS
Ethics statement. We evaluated BALB/c mice (Charles River Laborato-
ries, Wilmington, MA) 23 to 28 days old that had been acclimated for 2
weeks in the Texas Tech University Animal Care and Use facilities and
were later handled according to approved methods (Animal Care and Use
Committee approval number 07060-12), including humane methods of
minimizing pain or suffering and of euthanasia (28).

Experiment design. The experiment design for this study was estab-
lished according to methods previously described by Karunasena et al.
(28). Each experimental group included 5 animals per sex, as determined
through a power test (power � 90%; control � 10; coefficient of variation
[CV] � 5%; P � 0.05) (28). For this study, we describe animals exposed to
viable M. avium subsp. paratuberculosis and/or viable L. animalis NP-51
and compared to controls for a total of four experimental conditions (Fig.
1). At day 0, the animals ate a diet that included sterilized powdered chow
(control diet; 7012 Teklad LM-485 Mouse/Rat Sterilizable Diet; Harlan
Teklad Diets, Madison WI) or the same chow with 1 � 106 CFU/g L.
animalis (probiotic diet). On day 46, a subpopulation of animals main-
tained on each diet were infected with M. avium subsp. paratuberculosis at
1 � 107 CFU using intraperitoneal injection by established and published
methods (28). Each of the experimental groups was evaluated for up to
180 days (a recognized period to evaluate M. avium subsp. paratuberculo-
sis infection in the described rodent model), and animals were euthanized
every 45 days (days 45, 90, 135, and 180) for sample collection; these data
describe the results for a total of 160 animals (80 per sex) (28). A detailed
review of the experiment design is provided in Fig. 1.

At necropsy, blood was collected through cardiac puncture and
pooled (SST Serum Separation Tubes; n � 5; 13 by 100 mm; Becton
Dickinson, San Jose, CA); tissues (stomach, small and large intestine,
spleen, and liver) were immediately frozen in liquid nitrogen and stored at

FIG 1 Experiment design. Shown are the four experimental conditions tested in this study, with equal numbers (n � 5) of male and female animals tested for
each of the conditions and evaluated at 4 time points (days 45, 90, 135, and 180). In total, 160 animals were examined (80 of each sex) for the study. MAP, M.
avium subsp. paratuberculosis.
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�80°C for further experimentation. The tissues were processed for histo-
pathology, RNA, DNA, and metabolite extractions according to methods
described below and previously established (28).

M. avium subsp. paratuberculosis culture and growth conditions.
M. avium subsp. paratuberculosis cultures were originally harvested from
cattle at the U.S. Department of Agriculture (USDA) National Animal
Disease Center (NADC) and kindly provided by Judith Stabel (NADC,
Ames, IA). The cultures were grown and harvested according to condi-
tions described by Stabel et al. (16, 19). Frozen cultures (1-ml aliquots)
were inoculated into 50 ml of sterile Middlebrook H79 (M7H9) broth
with mycobactin J (Allied Monitor, Fayette, MO) and oleic acid-albumin-
dextrose-catalase (OADC) in sterile 100-ml Erlenmeyer flasks. The cul-
tures were incubated at 37°C without shaking for 3 to 4 weeks. Growth was
monitored during the incubation period, and cultures with optical density
readings at 540 nm of 0.2 to 0.4 were determined to be ready for harvest
(the concentrations of cells were 1 � 107 to 1 � 109 CFU/ml) (16, 19).

Probiotic cultures and preparation. Freeze-dried L. animalis NP-51
cultures with maltodextrin were provided through Culture Systems Inc.
(Mishawaka, IN) in individual 20-g packets. NP-51 was mixed into pow-
dered mouse chow using previously described methods to a concentration
of 1 � 106 CFU/g, and cultures were prepared fresh daily in sterilized
mouse chow and feeders (28).

DNA extractions from tissue. Colon tissues were processed using
mortar and pestle (stored at �80°C) in liquid nitrogen. From each sam-
ple, 0.2 g of tissue was used for RNA and DNA extractions. RNA was
extracted using a TRIzol kit (Invitrogen, Carlsbad, CA), and the organic
layer was used for DNA extractions with a DNeasy Blood and Tissue Kit
according to protocols for total bacterial DNA extractions (Qiagen, Va-
lencia, CA). The purified DNA was stored in 1� Tris-EDTA buffer, and
concentrations of 40 to 50 ng/�l in 50 �l of water were provided for DNA
sequencing and metagenomic evaluation (454 pyrosequencing technol-
ogy; Roche Laboratories, Branford, CT) at Research and Testing Labora-
tories, LLC (Lubbock, TX) (28).

Cytokine analysis. Two-hundred microliters of serum was provided
to the Texas Tech University Health Sciences Center (TTUHSC) Core
facilities at El Paso, TX, and analyzed on a mouse cytokine 20-plex panel
(Invitrogen, Carlsbad, CA) with technical triplicates of serum samples for
each of the experimental conditions and per sex evaluated on a Luminex
96-well platform; cytokine concentrations were determined relative to a
standard curve developed for each of the 20 cytokines accompanying the
described panel (28).

Sample preparation for metabolome analysis. Approximately 100
mg of colon tissue from each animal and from all four of the experimental
groups was analyzed for metabolite composition. Established extraction
methods for nuclear magnetic resonance (NMR) analysis were used by
Chenomx Inc. (Alberta, Canada). Samples and solutions were stored at
�80°C when not in use. All samples were filtered using 3-kDa-molecular-
mass-cutoff filters (Nanosep 3k Omega microcentrifuge filter tubes) to
remove macromolecules (both lipids and proteins). The filters were
washed 4 or 5 times with distilled water before use to remove glycerol
preservatives. Samples that yielded less than 630 �l after filtration were
diluted to ensure adequate volume for NMR acquisition. All samples were
diluted slightly by adding an internal-standard solution that allowed
quantification of detected compounds. The samples were vortexed for 30
s, and 600 �l of the mixed solution was transferred to an NMR tube for
data acquisition. The samples were analyzed through proton NMR at 600
MHz (using a 600-MHz Varian Inova spectrometer; number of tran-
sients, 32; temperature, 298 K). Further details describing data processing
and compound identification by Chenomx Inc. are provided in the sup-
plemental material (http://tinyurl.com/modtg6k).

Computational methods and statistical analysis. (i) Cytokine ex-
pression from females versus males. Signal intensities from the Luminex
beads were converted to a tab-delimited format and were imported into
the R statistical package (33). Intensities were determined using a stan-
dard curve for each bead and plotted in a box plot using a custom script in

R. A difference between male and female distributions was determined for
each bead– experimental-condition combination if the Student t test P
value was 	0.05.

(ii) Metabolomic profile of colon tissue. Metabolite concentrations
for each experimental condition and each metabolite were imported into
R, and the fold differences between males and females were plotted using
bar-plot in the graphics package of R. All values shown were relative to no
difference between the sexes for that metabolite. The only metabolites that
are shown are those with a significant difference between males and fe-
males based on a Student t test with a cutoff P value of 	0.05.

(iii) Colon microbiota. Sequencing, mapping, and identification were
done as previously described by Karunasena et al., and normalized mi-
crobe levels were imported into R (28). The relative abundance of each
organism under each experimental condition in females versus males was
calculated using a customized R script. Only organisms that showed sig-
nificant differences (t test P value of 	0.05) between males and females
were plotted.

Nucleotide sequence accession number. The sequences obtained in
this study were deposited in the Sequence Read Archive (SRA056455).

RESULTS
Differences in immune response by females versus males. IL-1�,
IL-1�, IL-17, IL-10, and IL-6 demonstrated different responses to
a pathogen (M. avium subsp. paratuberculosis) and a probiotic (L.
animalis) than controls for each sex (Fig. 2). IL-1� and IL-6 con-
centrations were greater in females than in males under all exper-
imental conditions except controls. IL-10 production was mini-
mal in females relative to males under all experimental conditions
(Fig. 2), demonstrating suppression of anti-inflammatory media-
tors. Proinflammatory and Th1 mediators, including IL-12 and
IFN-�, were maintained in females exposed to the pathogen.
Non-sex-linked patterns were observed in the production of
growth factors (granulocyte-macrophage colony-stimulating fac-
tor [GM-CSF] and vascular endothelial growth factor [VEGF]);
similarly, macrophage induced by IFN-� (MIG) did not produce
sex-specific differences (data not shown). However, the chemo-
kine keratinocyte chemoattractant (KC) and the growth factor
fibroblast growth factor � (FGF-�) both demonstrated sex speci-
ficity (Fig. 2). Compared to females, males infected with M. avium
subsp. paratuberculosis showed increases in KC, while those fed
probiotics demonstrated lower concentrations. These data sug-
gest that in males relative to females, the activity of KC is influ-
enced by the type of microbe (pathogen or beneficial). FGF-� is
related in structure to IL-1� and contributes to cell differentia-
tion, wound healing, and angiogenesis. In this case, decreased
IL-1� and FGB-� were detected in females compared to males
across all experimental conditions. Data collected on cytokines
associated with the Th2 response (including IL-2 and IL-4) were
incomplete and therefore could not be analyzed (data not shown).
However, similar concentrations of IL-5 (12 to 13 ng/ml) were
observed in all experimental groups except animals exposed to
pathogens (8 ng/ml). Males showed higher levels of IL-5 (17 ng/
ml) in controls than in other experimental groups (Fig. 2). IL-5
promotes eosinophil and Th2 responses by increasing the produc-
tion of immunoglobulins. IL-13/23 levels were similar across ex-
perimental groups, except controls and animals exposed to patho-
gens; lower IL-13/23 production was detected in males infected
with M. avium subsp. paratuberculosis. IL-13/23 promote the Th2
response and increase Th2 production of IL-4, IL-5, and IL-13; a
decrease may suggest decreased Th2 immunity with chronic dis-
ease that was specific to males.

GIT microbial diversity in females versus males. Staphylococ-
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FIG 2 Differences in cytokine expression for female versus male BALB/c mice with pathogen infection or fed probiotics. The y axis shows the concentration
(ng/ml), and the x axis shows the experimental groups as described in the legend. Pink bars denote females, and blue bars describe males. The animals were
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cus and Roseburia species were overrepresented in females in all
experimental groups except controls at day 180. Staphylococcal
species, including S. aureus, are associated with mastitis in dairy
cattle and breastfeeding women; Corynebacterium strains were

2.0-fold more numerous in females and are also associated with
mastitis (Fig. 3) (34–36). Analysis of gut microbiota from pediat-
ric Crohn’s disease patients demonstrated that reductions in Rose-
buria were common in granulomatous disease; in our data, we
observed a decrease in Roseburia with M. avium subsp. paratuber-

culosis infection over time, though Roseburia was nearly exclu-
sively more abundant in females than in males (37).

Stenotrophomonas sp. and Eubacterium contortum are gut mi-
crobes found in ulcerative colitis, IBD, Crohn’s disease, and non-
alcoholic fatty live disease (37–39). We identified Stenotrophomo-
nas species at day 45 in control females with a 
1.0-fold difference
compared to males, and males revealed a 	1.0-fold increase com-
pared to females; at every time point, this species appeared to
increase in females with M. avium subsp. paratuberculosis infec-

infected once with 1 � 107 CFU M. avium subsp. paratuberculosis and fed daily 1 � 106 CFU/g of a probiotic, L. animalis NP-51 (Culture Systems Inc.,
Mishawaka, IN). We observed cytokine expression that was specific to sex, nonspecific, and related to experimental conditions. Those cytokines with sex-specific
immune responses all showed statistically significant differences (P 	 0.05) when each experimental group was compared to its counterpart of the opposite sex.
Cytokines listed as non-sex specific did not demonstrate statistical differences (P � 0.05) when female and male experimental groups were compared. Female
mice infected with pathogens demonstrated significantly higher concentrations of IL-12 than males, and females infected with pathogens and fed probiotics
demonstrated higher concentrations (P 	 0.05) of IFN-�; these data are highlighted with circles. For pathogen-derived IL-17, IL-6, IL-1�, and IL-5, the data are
reported but were below the detection level for the assay. A box plot is used to visualize the distribution of the data set. Black horizontal bars represent the median
values of the data set. The box encompasses the first and third quartiles, and the whiskers show the maximum and minimum values.

FIG 3 Differences in colon microbiota between female and male BALB/c mice. Colon tissues were collected from male and female animals (n � 5 per sex and
experimental group). DNA was extracted and purified using methods described in Materials and Methods. Concentrations were measured spectrophotometri-
cally using a NanoDrop 1000. Metagenomic analysis was conducted using the Roche 454 pyrosequencing platform (Laboratory and Testing Inc., Lubbock, TX).
The x axis indicates the change on a log2 scale, and the y axis lists the organisms significantly overrepresented in females (red bars) or males (blue bars) under the
described experimental conditions and at the indicated time points. The colored dots indicate the phyla that species belong to: red, Firmicutes; green, Proteo-
bacteria; blue, Bacteroidetes; and yellow, Actinobacteria. The diversity of organisms that changed in concentration decreased with time in controls and animals fed
probiotics; however, in animals exposed to pathogens or exposed to pathogens and fed probiotics, the opposite pattern was observed, with increasing species
diversity at different concentrations in male and female colon tissue.

Sex Specificity of Host Microbial Response

August 2014 Volume 80 Number 15 aem.asm.org 4485

http://aem.asm.org


tion or those with M. avium subsp. paratuberculosis infection that
were fed probiotics (Fig. 3). However, no differences were ob-
served between the sexes maintained only on probiotics, suggest-
ing sensitivity in the female colon to pathogen infection that may
also support Stenotrophomonas species. E. contortum was identi-
fied mostly with males, including controls and animals infected with
M. avium subsp. paratuberculosis or those with pathogen infection
that were fed probiotics; in animals fed probiotics at days 90,135,
and 180, biases between the sexes were not observed (Fig. 3).

Interestingly, animals maintained on a diet with probiotics
demonstrated no difference in Lactobacillus species except at day
45, while in other experimental groups, Lactobacillus species were
found in greater numbers in female colon tissues; this may suggest
better compatibility between NP-51 and the female GIT specific to
the feeding routine and concentrations described.

Desulfonema species are sulfate-reducing bacteria and were
overrepresented in female control animals but demonstrated no
difference at days 90 and 135 in animals fed probiotics. However,
males with an M. avium subsp. paratuberculosis infection showed
an increase of 
2.0-fold, while pathogen-infected females main-
tained on a probiotic diet demonstrated a greater shift in popula-
tion. This suggests that Desulfonema species may grow better in
female GIT systems but are sensitive to changes induced by patho-
gens over time.

Serratia marcescens populations were less influenced by treat-
ment group and were identified in males at days 90 and 135 under
all conditions (Fig. 3). Interestingly, S. marcescens is able to me-
tabolize zearalenone (a fungal metabolite that is similar to estro-
gen) (40).

Bacillus species could be identified at higher levels in females
fed a diet including probiotics; in controls and the treatment
groups exposed to pathogens, these populations were identified in
greater numbers in males and females differently over time. These
data are shown in Fig. 3.

Colon metabolite distinctions between females and males.
Introduction of probiotics to the gut appears to decrease the dif-
ference in concentrations between some metabolites in males and
females, as shown for samples from day 90 and day 135; with age,
females maintained on a diet with probiotics appeared to retain a
more diversified metabolite profile than controls and pathogen-
infected animals (Fig. 4). o-Phosphocholine (o-PC) was found at
higher concentrations in female mice at days 45, 90, 135, and 180
than under experimental conditions; similar observations were
made for histidine. Whereas in males, short-chain fatty acids
(SCFAs) (butyrate and acetate) and xylose were observed at higher
concentrations (0.5- to 2-fold) than in females except when fed
probiotics and at day 90 (	0.5-fold) and day 135 (butyrate was

0.5-fold in females and acetate 	0.5-fold in females). Con-
sumption of probiotics decreased the differences in levels of
SCFAs between males and females compared to controls or ani-
mals with pathogen infection. These data are profiled in Fig. 4.

DISCUSSION

IL-1�, IL-12, and IFN-� are key regulatory cytokines in M. avium
subsp. paratuberculosis immunopathogenesis; in this study, these
cytokines were regulated differently in females than in males with
pathogen infection. We also observed differences in IL-10, IL-17,
IL-6, and IL-5 expression; thus, additional populations of im-
mune cells, specifically regulatory T (Treg), Th17, Th1, and Th2
cells, could also be regulated through sex-linked factors. Analo-

gous to other probiotic organisms, L. animalis NP-51 regulated
proinflammatory cytokines, as shown in Fig. 2; however, these
responses were related to the host sex. Based on these results, we
also consider that female cattle may be more susceptible to immu-
nopathogenesis associated with M. avium subsp. paratuberculosis
infection, in part due to heightened CMI activity and sustained
IL-1� production at the site of infection, than males who have
decreased IL-1� and increased IL-10, IL-1�, FGF-�, and KC ac-
tivities; further studies in cattle are needed to confirm these find-
ings.

Higher levels of PC were observed in female colon tissues than in
males under most experimental conditions and at most time points
examined (Fig. 4). o-Phosphocholine (also, known as phosphoryl-
choline or choline phosphate) is a eukaryotic cell membrane com-
ponent that is used by microbes to protect themselves from the
host environment (41–43). PC is produced from cell membrane
metabolism, when phosphatidylcholine is metabolized into glyc-
erophospholipids and choline (43). Some Gram-positive bacteria
can transport PC into the cell and incorporate PC with teichoic
acid, and others express choline binding proteins; these mecha-
nisms allow bacteria to evade the host immune system (43). Or-
ganisms that recruit PC into cells exploit phase variation (tandem-
repeat loci or microsatellites) that are introduced through
environmental queues, resulting in repeated DNA sequences in-
troduced by DNA mismatch repair genes and other replication-
associated machinery (43, 44). Microsatellites or phase variation
in bacteria is associated with genes that regulate virulence factors
or growth (44). Interestingly, PC-bound organisms, in addition to
evading the immune response, are also able to suppress Th1 and
CMI activity; parasitic organisms expressing PC decrease IL-12,
TNF-�, and IFN-� production and increase IL-4 (43). Similar
patterns were observed in our study and previous studies, in which
IL-6 and IL-5 activity increased in males while Th1 cytokines de-
creased in females (28, 43). This suggests that female-specific bi-
ology may contribute to increased production of o-phosphocho-
line that modifies microbial survival and population diversity,
which could further influence the host immune response to M.
avium subsp. paratuberculosis versus beneficial microbes. To de-
termine if M. avium subsp. paratuberculosis or L. animalis pro-
duces homologs of proteins produced by organisms that incorporate
PC, we used STRING 9.05 (http://string.embl.de/) (with a medium
confidence score) to identify if known choline binding or -incor-
porating proteins could be identified in M. avium subsp. paratu-
berculosis or L. animalis. We were unable to identify matches to
these organisms (L. animalis was not available in the database)
(45, 46). However, we did find that Lactococcus lactis Il1403 PspB
(glucosyltransferase-S) showed similarity to the choline binding
proteins CbpA, LytC, and CbpD and L. lactis cell wall protein
YcbG and Lactobacillus plantarum WCFS1 had similarity to LicD
proteins associated with lipopolysaccharide (LPS) biosynthesis.
This may suggest that phosphocholine-incorporating or binding
proteins may occur in species of lactobacilli, which could contrib-
ute to their reception in the host GIT or by domestic host micro-
biota; however, extensive work is required before arriving at this
conclusion.

The log2 increase in histidine (often accompanied by o-PC in-
creases in females) suggests host and microbial contributions to its
regulation. The precursor and end product, glutamate, can be
further utilized by some GIT bacteria (including Bacteroides spe-
cies) that synthesize new amino acids from SCFA and nitrates
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(NH3
�). Histidine can be catabolized by Firmicutes as a carbon

source, producing glutamate and NH3
� (47, 48). The histidine

utilization (Hut) system is highly conserved in bacteria, and those
with Hut pathways are able to use histidine as their main source of
nitrogen (48). Synthesis of histidine is expensive to a cell, and
therefore, catabolism is highly regulated and futile production and
excessive catabolism are unwarranted (48). As such, high concen-
trations of histidine are able to inhibit bacterial growth and are
especially toxic to organisms that do not have Hut systems, in-

cluding some enteric food-borne pathogens, such as Escherichia
coli and Salmonella, Enterobacter, Shigella, and Proteus species
(48). Thus, if exogenous histidine levels are high (like those con-
ditions identified at day 90 in mice fed probiotics) (Fig. 4), the
microbes that are able to survive are organisms more tolerant of
high histidine levels and with active Hut systems. Therefore, his-
tidine regulation may also be a mechanism by which microbes are
able to protect their ecosystems from nonnative organisms. How-
ever, if SCFA and histidine levels are high, amino acid synthesis

FIG 4 Differences in metabolomic profiles for female versus male BALB/c mouse colon tissue. In these experiments, colon tissues were processed for proton
nuclear magnetic resonance (1H-NMR) spectroscopy analysis by Chenomx Inc. (Alberta, Canada). Mice were infected with M. avium subsp. paratuberculosis at
day 45; day 90 is 45 days after M. avium subsp. paratuberculosis infection. The x axis describes the change in concentration on a log2 scale, and metabolites are
listed on the y axis; the metabolites whose concentrations were significantly higher than those of controls are shown. Higher metabolite concentrations in males
(blue) are represented by horizontal bars in the left sections, and females (red) are represented in the right sections.
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and other anabolic activities may restore host metabolic homeo-
stasis and promote growth by domestic organisms in the GIT eco-
systems if probiotics are present (and are supported through some
host sex-specific factors).

Similar to these results, metabolomics studies of human sam-
ples demonstrate similar correlations; o-phosphocholine was
more abundant in females and less in males, and similar results
were discovered for histidine (49, 50). Males also had higher levels
of valine, leucine, and isoleucine and higher oxidation of amino
acids than females (49). These differences were significant enough
to differentiate each population and to produce identifiable bio-
markers (49). Similar distinctions were noted in different murine
strains, where C57BL/6 and 129S1/SvlmJ female mice produced
lower levels of amino acids (including those previously described:
serine, threonine, and carboxylic acid cycle metabolites) (51). In
our study, we witnessed similar changes in these amino acids and
SCFAs from males in all experimental groups (except for animals
maintained on a diet of probiotics).

In our data, we frequently observed higher concentrations of
butyrate, acetate, and xylose (a plant polysaccharide) in male co-
lon tissues than in females, which suggested that these metabolites
could contribute to increased anti-inflammatory mediators, spe-
cifically in males. Furthermore, we hypothesize that the smaller
differences in SCFAs and other metabolites in both sexes consum-
ing NP-51 may contribute to the regulation of proinflammatory
mediators (importantly for M. avium subsp. paratuberculosis in-
fections, IL-12 and IFN-�). Most complex plant polysaccharides
(including xylans) are not digestible by humans but are fermented
by colon microbes into SCFAs, including butyrate, acetate, and
propionate (47). The ratio of acetate to butyrate can optimize ATP
production by microbes and, therefore, energy available for other
cell functions (47). SCFAs like butyrate are utilized by host epi-
thelial cells for energy, and acetate and propionate are used by
peripheral host tissues (52). These compounds also affect host cell
regulation; butyrate is a histone deacetylase inhibitor that regu-
lates anti-inflammatory mediators (21, 53). Butyrate has antiad-
hesive properties in the presence of IL-1� and blocks IP-10 syn-
thesis (54). In macrophages, butyrate is able to decrease the
inflammatory compounds tumor necrosis factor alpha (TNF-�),
IL-6, IL-12, and IFN-� but increases the immune suppressor
IL-10 (53). SCFAs also modulate leukocyte functions; butyrate
inhibits T cell proliferation and Treg cells (53). Interestingly, the
balance between these cytokines can also modify the GIT micro-
biota, further exacerbating conditions that contribute to chronic
inflammation, like those observed in our study (21).

Conclusions. Our research illustrates that female and male
mice produce dissimilar responses to pathogens and probiotics
using the same cytokines, demonstrating that (i) the regulation of
these cytokines is directed through additional factors linked to sex
and (ii) pathogens and commensal organisms are not recognized
by certain parts of the immune system through similar mecha-
nisms. These data also indicate that (i) o-phosphocholine and his-
tidine concentrations in the colon are susceptible to female-spe-
cific biology, (ii) SCFAs are produced at higher concentrations in
male colon tissue under most experimental conditions, and (iii)
probiotic administration modifies metabolic activity, resulting in
changes to SCFA synthesis. Additionally, we observed sex-specific
associations between gut microbes, specifically, Firmicutes (espe-
cially Staphylococcus and Roseburia species), depending on the
experimental conditions. Interestingly, the same select species

fluctuated between male and female animals regardless of experi-
mental conditions or time, and most of these organisms were Fir-
micutes, although with pathogen infection, Proteobacteria shifted
more between the sexes. In addition, multiple species were asso-
ciated with the female GIT compared to the male GIT, suggesting
that the dynamic between metabolic and immune activities may
influence the microbiota that perpetuate in the GIT of females
compared with males.

M. avium subsp. paratuberculosis is a known pathogen in the
livestock industry that contributes to over $1 billion in losses to
the dairy industry alone (14). As demonstrated in this study, or-
ganisms associated with mastitis and gastrointestinal diseases
were stimulated in the GIT of animals infected with M. avium
subsp. paratuberculosis. As previous studies have also demon-
strated, short-term changes to the gut microbiome, through anti-
biotics or probiotics, are only temporarily able to promote
changes to the microbiota, resulting in a return to the native com-
position (47). For long-term modifications, like those observed in
animals maintained on a diet with probiotics for 180 days, the
modifiers may need to be consumed regularly and tolerated by the
domestic microbial community and host to perpetuate significant
change.

As this study and others have shown, microbes have evolved
with their mammalian hosts, responding to environmental cues,
like cytokines, hormones, and metabolites. This suggests that
these mediators are multifunctional and could be recognized as
important environmental signals by our cohabitants (3, 11, 55,
56). How microbes perceive these sex-specific regulatory media-
tors may prove to be relative. Women are 30% more likely to
develop irritable bowel disease than men (57, 58). Studies have
demonstrated estrogen to be contributive to GIT diseases, but the
specific mechanisms associated with its action are largely under-
studied (57–61). Both females and males produce estrogen and
estrogen receptors in GIT tissues, and learning more about these
biological relationships could elucidate unexplored niches in dis-
ease (61–64). Equally, exploring testosterone and its properties
could also lead to new understanding of the connections between
the endocrine, immune, GIT, and nervous systems (61–64).
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