Advances in Microbiology, 2017, 7, 545-564
http://www.scirp.org/journal/aim
ISSN Online: 2165-3410
ISSN Print: 2165-3402

Diet-Induced Alteration of the Murine
Intestinal Microbiome Following Antibiotic
Ablation
Adam Irvin1, Andrew Cockburn1, Donald A. Primerano2, Jim Denvir2, Goran Boskovic2,
Aniello M. Infante3, Gary D. Wu4, Christopher F. Cuff1
Department of Microbiology, Immunology and Cell Biology, Robert C. Byrd Health Sciences Center, West Virginia University,
Morgantown, WV, USA
2
Department of Biomedical Sciences, Robert C. Byrd Biotechnology Science Center, Joan C. Edwards School of Medicine, Marshall
University, Huntington, WV, USA
3
Department of Biostatistics, Robert C. Byrd Health Sciences Center, West Virginia University, Morgantown, WV, USA
4
Division of Gastroenterology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA
1

How to cite this paper: Irvin, A., Cockburn, A., Primerano, D.A., Denvir, J., Boskovic, G., Infante, A.M., Wu, G.D. and
Cuff, C.F. (2017) Diet-Induced Alteration
of the Murine Intestinal Microbiome Following Antibiotic Ablation. Advances in
Microbiology, 7, 545-564.
https://doi.org/10.4236/aim.2017.77043
Received: May 18, 2017
Accepted: July 4, 2017
Published: July 7, 2017
Copyright © 2017 by authors and
Scientific Research Publishing Inc.
This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/
Open Access

DOI: 10.4236/aim.2017.77043

Abstract
Mouse models of antibiotic-induced ablation of the intestinal microbiome
have been used to study the microbiome in health and disease. The fecal microbiomes of mice treated with broad-spectrum antibiotics while being fed
different laboratory chows were analyzed by Gram stain, quantitative flow cytometry, bacterial cell culture, next generation sequencing of the V3 regions of
the 16S ribosomal RNA (rRNA) gene, microscopy, and sequence analysis of
the tuf gene. Noncultivatable gram-positive cocci and cultivatable yeast were
the microorganisms most readily detected in feces of antibiotic-treated mice
fed a defined diet that utilizes casein as a protein source, maltodextrin 10 and
sucrose as sources of carbohydrates, and lard as the major source of fat.
High-throughput sequencing of the variable regions of the 16S rRNA gene
and tuf gene sequencing identified the major bacterial phylotype as Lactococcus. The mouse chow was heavily laden with noncultivatable Lactococcus,
which dominated the intestinal flora after consumption. The microbiome of
antibiotic-treated mice fed a grain-based diet (mainly wheat, corn and alfalfa)
consisted predominantly of a member of the Enterobacteriaceae identified as
Escherichia coli, and yeast was not detected by culture or Gram stain. Appearance of intestinal yeast by culture and Gram stain was dependent on the
specific chow, although yeast was not detected by culture or Gram stain in the
chow. We conclude that bacteria found in food sources can influence qualitative and quantitative assessments of the fecal microbiome, at least in the
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context of antibiotic therapy, and potentially confound molecular studies that
assess the effects of diet on the intestinal ecology. Not surprisingly, different
food sources can influence the microbiome, particularly in the context of
antibiotic-mediated ablation of the intestinal microbiome. Whether and how
the food-derived dead bacteria alter intestinal physiology needs to be determined.
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1. Introduction
The intestinal microbiome has been identified as a key player in several
processes that impact metabolic, nutritional, physiologic and immunologic
health [1]. A variety of factors play a role in establishing and maintaining the gut
microbiome including age, diet, health, geographic location and genetics [2]-[8].
Dysbiosis within microbiomes has been linked to certain diseases including cancer, obesity, diabetes, atherosclerosis and inflammatory bowel disease [9] [10].
Murine models of intestinal microbiome disruption are often used to assess
the role of normal microbial flora during disease processes. Antibiotics are typically administered either through drinking water or by oral gavages, and are
used to selectively target groups of bacteria. Numerous cocktails of antibiotics
have been used to either ablate the gut flora of mice or target certain genera of
bacteria [11]-[17].
The present study was undertaken to examine the role of diet in affecting the
intestinal microbiome; particularly in the context of antibiotic-induced perturbations in an intestinal ecosystem. We performed quantitative flow cytometric
analyses in comparison to previously reported studies that relied on culture methods [17] [18] or qPCR [12] [19] [20] to quantify perturbation of the microbiome. We found and resolved inconsistencies in assays to quantify the numbers
of bacteria remaining after antibiotic-induced ablation, and determined that one
type of rodent chow contains high numbers of dead Lactococcus, which can affect quantitative analyses and might influence the growth of viable microorganisms in the intestine.

2. Materials and Methods
2.1. Mice
Female C57BL/6 mice, aged 6 weeks old were obtained from The Jackson Laboratory (Bar Harbor, ME) and used under approved protocol number 12-0506.3
from the West Virginia University Institutional Animal Care and Use Committee. Mice were fed D12450B from Research Diets Inc. (New Brunswick, New
Jersey) referred to as Open Source chow. This chow contains casein as a protein
source, dextromaltan and sucrose as sources of carbohydrates, and lard and
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soybean oil as main sources of fat. The lot number for chow used for experiments reported in Figure 1, Figure 2, and Figure 4 was not recorded, but lot
#1312030 was used during experiments reported in Figure 6, Figure 7, and Figure 8. In some experiments, mice were fed 2018 Teklad Global 18% Protein Rodent Diet chow (EnvigoTeklad, Indianapolis, IN). This chow is grain based and
made from wheat, corn, soybeans, and other ingredients. All chow and water
were provided ad libitum.

2.2. Antibiotics
Vancomycin (0.5 mg/mL), ampicillin (1.0 mg/mL), metronidazole (1.0 mg/mL)
and neomycin (1.0 mg/mL) were dissolved into filtered (0.22 m), sterile water
and delivered to mice in light-protected water bottles. All antibiotics were purchased from Sigma Aldrich (St Louis, MO). The commercially available sweetener Equal (Merisant, Chicago, IL) was also added to the antibiotic containing
water (3.75 mg/mL) to make the water palatable for the mice. The antibiotic water was made fresh every 48 hours; however, based on minimum inhibitory concentration assays against a laboratory strain of E. coli, it was determined that
ampicillin lost 90% of its efficacy within 24 hours in solution.

3. Sample Collection and Processing
3.1. Fecal Pellets
Fresh fecal pellets were collected aseptically, weighed and emulsified in 1 mL of
sterile water using a Pellet Pestle Motor from Kimble Chase Kontes (Vineland,
NJ). Samples were then centrifuged at 800 × g for 1 minute to remove fecal debris. Five hundred µL of the supernatants were diluted in 500 µL of sterile water
for further analysis.

3.2. Mouse Chow
Mouse chow fragments (~50 mg in size) were ground into powder, transferred
into 1000 µL of filtered sterile water, and vortexed for 30 seconds. The sample
were centrifuged at 10,000 × g for 1 minute, pellets were re-suspended in 1000
µL of filtered sterile water, and centrifuged at 800 × g for 1 minute. The supernatant was transferred to a fresh microcentrifuge tube and centrifuged at 10,000
× g for 1 minute. Pellets were resuspended in 100 µL of filtered sterile water for
Gram stain.

3.3. Flow Cytometric Detection and Quantification of Fecal
Bacteria
Bacterial cells were quantified using Invitrogen’s Bacteria Counting Kit for flow
cytometry (Grand Island, NY, USA). One µL of SYTO BC stain and 10 µL of 1 ×
108/mL of microspheres were added to aliquots of fecal samples diluted in filter
sterilized 0.15M NaCl and analyzed with a Becton Dickinson FACSCalibur using
the following settings: forward scatter E00 gain; side scatter 350 voltage; FL1 412
voltage; FL2 550 voltage and FL3 650 voltage. A region was placed around the
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beads to capture a quantity of 10,000 beads; another region was placed to capture the number of bacteria that were counted in comparison to the 10,000 beads.
WINMDI 2.8 software, (Joe Trotter, Scripps Research Institute, La Jolla, CA)
was used to analyze the flow cytometry data. Fresh fecal pellets were collected
aseptically, weighed, and emulsified in 1 mL of sterile water using a Pellet Pestle
Motor from Kimble Chase Kontes (Vineland, NJ). Samples were then centrifuged at 800 × g for 1 minute to remove fecal debris. Five hundred µL of the supernatants were diluted in 500 µL of sterile water for further analysis.

3.4. Microscopy
Suspensions from fecal pellets were diluted in sterile 0.85% NaCl, and either 1 µL
of BacLight Red bacterial stain (Invitrogen, Grand Island, NY, USA) or 1 L of
SYTO 9 stain (Invitrogen, Grand Island, NY, USA) was added and incubated for
15 minutes at room temperature in the dark. Stained samples were mounted on
glass microscope slides with 1 drop of ProLong Gold (Invitrogen, Grand Island,
NY, USA) and cover slipped. The slides were incubated for 24 hours at room
temperature in the dark and were examined by confocal microscopy.
For electron microscopy, samples were prepared as described above and then
dehydrated through an ascending alcohol series. One hundred μL were placed
on corresponding stubs, and then stubs were incubated for 12 hours in sterile
Petri dishes to allow for evaporation. The samples were then sputter-coated with
gold at a thickness of 3 nm and imaged on a Jeol SEM system (JSM-6610LV;
JEOL Ltd., Tokyo, Japan). Acceleration voltage of the SEM was 15 kV.

3.5. DNA Purification and Amplification for 16S Sequencing
Bacterial DNA was isolated from fecal pellets using a QIAamp DNA Stool Mini
Kit from Qiagen (Valencia, CA, USA) following the manufacturer’s instructions
and stored at −20˚C. The PCR primer sequences, the conditions for amplification of the V3 region of the 16S ribosomal RNA gene, and the multiplexed DNA
sequencing strategy were as described [21] unless otherwise indicated. Highpressure liquid chromatography purified PCR primers for the V3 region were
obtained from Integrated DNA Technologies (Coral-ville, IA, USA). Bacterial
DNA was amplified using an AccuPrime PCR Kit (Invitrogen Life Technologies,
Grand Island, NY, USA) on a Techne Genius Model FGEN02TP Thermal Cycler
using the following conditions: 95˚C for 6 minutes denature; 95˚C for 2 minutes,
50˚C for 2 minutes, 72˚C for 2 minutes 30 cycles; 72˚C for 4 minutes extend.
Each reaction contained 1 U Taq polymerase, 5 μL 10× buffer 1 (600 mM TrisSO4 (pH 8.9), 180 mM (NH4)2SO4, 20 mM MgSO4, 2 mM deoxyguanosine triphosphate, 2 mM deoxyadenosine triphosphate, 2 mM deoxythymidine triphosphate, 2 mM deoxycytosine triphosphate, thermostable AccuPrime™ protein,
10% glycerol), 1 μL each of 25 μM forward primer and 25 μM reverse primer,
and up to 60 ng DNA in a total volume of 50 μL. PCR reactions were performed
in triplicate and reaction products were pooled prior to purification. Pooled PCR
products were purified by electrophoresis through 2% agarose in Tris/acetate/
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ethylene diamine tetraacetic acid gels, and the bands corresponding to approximately 300 base pairs were excised and purified using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s directions.
The amplicon of the V3 region ranged from 296 to 327 base pairs, of which 160
base pairs were the primers.

3.6. PCR Amplification with Genus Specific Primers
Bacterial DNA was amplified with Lactococcus or Enterococcus-specific primers
using the following conditions: 95˚C for 6 minutes denature; 95˚C for 2 minutes,
50˚C for 2 minutes, 72˚C for 2 minutes 20 cycles; 72˚C for 4 minutes extend.
Each reaction contained 1 U Taqpolymerase, 5 μL 10× buffer 1 (600 mM TrisSO4 (pH 8.9), 180 mM (NH4)2SO4, 20 mM MgSO4, 2 mM deoxyguanosine triphosphate, 2 mM deoxyadenosine triphosphate, 2 mM deoxythymidine triphosphate, 2 mM deoxycytosine triphosphate, thermostable AccuPrime™ protein, 10%
glycerol), 1 μL each of 25 μM forward primer and 25 μM reverse primer, and up
to 100 ng DNA in a total volume of 50 μL. Sequences for the Lactococcusspecific primers were as follows: forward primer—(5’-GTACTTGTACCGACTGGAT-3’), reverse primer—(5’-GGGATCATCTTTGAGTGAT-3’) [22]. Sequences for Enterococcus-specific primers were as follows: forward primer—(5’TACTGACAAACCATTCATGATG-3’), reverse primer—(5’-AACTTCGTCACCAACGCGAAC-3’) [23]. Sanger sequencing was performed by the Molecular
Medicine Core Facility at West Virginia University.

3.7. Illumina HiSeq High Throughput Sequencing
Ribosomal RNA libraries were sequenced in a 2 × 150 base pair paired-end
strategy in the Rapid Run mode on an Illumina HiSeq1500 in the Marshall University Genomics Core Facility, so that the forward and reverse reads could be
assembled into a single contig. Indexed libraries were pooled so that 12 libraries
were sequenced in each lane of the flow cell. Eight picomoles of the pooled libraries were clustered onto an Illumina v2 sequencing flow cell using an Illumina
cBOT. Reads were converted from Illumina bcl format to fastq format and separated into bins based on exact match to the index using CASAVA 1.8.2 (Illumina,
San Diego CA, USA). A similar workflow and data analysis pipeline (described
below) was used to sequence and analyze DNA samples by the WVU Genomics
core facility using an Illumina MiSeq. Forward and reverse reads from samples
generated on the MiSeq were analyzed independently and yielded essentially
identical results.

3.8. HiSeq Data Processing
Sequence files were initially processed by removing sequences corresponding to
linkers and primers by automated batch processing using scripts written inhouse. In an effort to reduce artifacts generated by sequencing errors, a strict
quality filtering protocol was employed as previously described [24]. Scripts
written in-house in Biopython were used to convert the filtered Illumina data to
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the FASTA format for analysis using the open source program Quantitative Insights Into Microbial Ecology (QIIME) [25] for taxonomic assignment and
measurements of microbial diversity as previously described [24]. The resulting
table of operational taxonomic units (OTUs) was filtered to remove any sequences that appeared less than 100 times.

3.9. Tuf Gene Analysis
The tuf gene encoding elongation factor Tu was amplified with the tuf forward
primer: (5’-CCAATGCCACAAACTCGT-3’) and the tuf reverse primer (5’CCTGAACCAACAGTACGT-3’) [26]. Cloning of the tuf gene was carried out
using a TOPO® TA For Sequencing kit from Invitrogen (Grand Island, NY, USA)
according to the manufacturer’s instructions. The 830 bptuf gene was amplified
by PCR using the following conditions: 95˚C for 6 minutes denature; 95˚C for 2
minutes, 50˚C for 2 minutes, 72˚C for 2 minutes 30 cycles; 72˚C for 4 minutes
extend. Each reaction contained 0.5 μL Taq polymerase, 5 μL 10× buffer 1 (600
mM Tris-SO4 (pH 8.9), 180 mM (NH4)2SO4, 20 mM MgSO4, 2 mM deoxyguanosine triphosphate, 2 mM deoxyadenosine triphosphate, 2 mM deoxythymidine
triphosphate, 2 mM deoxycytosine triphosphate, thermostable AccuPrime™ protein, 10% glycerol), 1 μL each of 20 μM forward primer and 20 μM reverse primer, and up to 60 ng DNA in a total volume of 50 μL. Plasmids from transformants were extracted using the Mini-Prep 96 from MacConnell Research [San
Diego, CA, USA] according to the manufacturer’s instructions. Plasmid inserts
were sequenced by WVU Genomics Core Facility by Sanger sequencing.

4. Results
4.1. Gram Stains of Suspensions from Fecal Pellets from Control
Mice and Antibiotic-Treated Mice
Initial experiments were performed on the effect of diet on the intestinal microbiome, and casein-containing Open Source chow (Research Diets Inc., New
Brunswick, New Jersey) was being used as a food source. Fecal pellets from both
control and antibiotic-treated mice that were fed Open Source chow were collected after two weeks of treatment and analyzed by Gram stain. Samples from
control mice displayed a diverse population of bacteria, which consisted of both
Gram-positive and Gram-negative rods and cocci, and was consistent with normal gastrointestinal microbiota (Figure 1). Gram stains of samples from the antibiotic-treated mice showed distinctly homogeneous Gram-positive cocci, as
well as some yeast, demonstrating that antibiotic treatment altered the normal
intestinal microbiota.

4.2. Quantitative Flow Cytometry from Antibiotic-Treated and
Control Mice
Quantitative cell counts were performed on suspensions of fecal bacteria by flow
cytometry (Figure 2). As was observed on the Gram stains, the control mice had
a diverse population of bacteria as determined by forward scatter, while the
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Control

Antibiotic

Figure 1. Gram stains from fecal pellets from control mice (left) and antibiotic-treated
mice (right) fed Open Source chow. Photos are taken at 630×.

Figure 2. Quantitative flow cytometry on fecal suspensions from control and antibiotic-treated mice fed Open Source chow. A
heterogeneous population of cells was found in the control sample (Control: region i. bacteria), when compared to the antibiotic-treated sample (Antibiotic: region i. bacteria), which yielded a homogenous population of bacteria. Samples from 10 mice per
group yielded an average of a 1-log10 difference in bacterial load following antibiotic treatment, p < 0.001 (Quantitation). (i) Bacterial cells, (ii) microspheres added to each sample for quantitation, (iii) debris.

antibiotic-treated mice had a homogeneous population. Ten samples from each
group were analyzed, and an approximate 1-log10 reduction in the concentration
of bacteria was found in the antibiotic-treated samples when compared to the
control samples. By qPCR for 16S gene copy number, an approximately 3-log10
reduction was observed in samples from antibiotic-treated mice compared to
controls, confirming previously published data [12], and raising the possibility
that the material identified as “bacteria” by flow cytometry and Gram stain was
debris. To confirm that the Gram stain and flow cytometric assays were detecting bacteria, samples were stained with dual fluorescent stains for DNA and
peptidoglycan (Figure 3) and examined using confocal microscopy. Results indicate that the putative bacteria contain nucleic acid and peptidoglycan.
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Nucleic Acid

Peptidoglycan

Figure 3. Fluorescence microscopy of fecal suspensions stained for bacterial identification using stains specific for nucleic acid (left) and peptidoglycan (right). Photos are taken at 630×.

4.3. V3 16S rRNA DNA Sequencing from Antibiotic-Treated and
Control Mice
Paired-end sequencing of the V3 region of the 16S rRNA gene was performed to
identify the Gram-positive cocci in the antibiotic-treated mice, and characterize
the fecal microbiomes of the treated and nontreated mice (Figure 4). Analysis of
normalized data using Metastats [27] identified a statistically significant difference in levels of Lactococcus (p < 0.05). Diversity measurements indicated a statistically significant decrease in the Shannon indices in samples from antibiotictreated mice. In these samples, 89% - 95% of the Lactococcus-specific OTUs
from both the antibiotic-treated and nontreated mice were from a single identical sequence.

4.4. Bacterial Culture
Numerous attempts at culturing the cocci that were observed by Gram stain in
the antibiotic-treated samples yielded predominantly yeast (Figure 5), which
was confirmed by microscopic examination of wet mount preparations of isolated colonies. Upon closer examination, there were also scant pinpoint colonies.
These colonies were isolated and sub-cultured on blood agar plates, yielding alpha-hemolytic colonies (Figure 5). From these colonies, DNA was extracted and
the entire 16S rRNA gene was PCR-amplified and sequenced. Sequence analysis
identified the alpha-hemolytic colonies as Enterococcus casseliflavus, not Lactococcus. Additional molecular analyses were carried out to resolve why strong
Lactococcus genetic signatures were detected, but the only cultivated Grampositive cocci were identified as Enterococcus.

4.5. Cloning and Sequencing of Tuf Gene
Sequence variation in the tuf gene, a prokaryotic elongation factor, has been
previously used to differentiate species of Gram-positive cocci [26]. Therefore,
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o_Actinomycetales; f_Corynebacteriacae; g_Corynbacterium
o_Bacteroidales; f_S24-7; g_
o_Lactobacillales; f_Streptococcaceae; g_Lactococcus
o_Lactobacillales; f_Streptococcaceae; g_Streptococcus
o_Clostridiales; f_; g_
o_Clostridiales; f_Clostridiaceae; g_
o_Clostridiales; f_Lachnospiraceae; Other
o_Clostridiales; f_Lachnospiraceae; g_
o_Clostridiales; f_Ruminococcaceae; Other
o_Clostridiales; f_Ruminococcaceae; g_
o_Clostridiales; f_Ruminococcaceae; g_Oscillospira
o_Erysipelotrichales; f_Erysipelotrichaceae; g_
o-Fusobacteriales; f_Leptotrichiaceae; g_Leptotricha

Figure 4. Taxonomic assignment of bacterial phylotypes found in feces from control and antibiotic-treated mice at the genus level
by V3 region 16S rRNA sequence analysis. Each bar represents one mouse that was either non-treated (NT) or antibiotic-treated
(ABX). The total height of the bar represents 100% of the assigned sequences after quality filtering, and the height of the individually colored bars represents the relative contribution of the class of organisms. Minor populations not identified in the decoder
include the following: pink: Firmicutes (Clostridia), green: Cyanobacteria, red: Unassigned bacteria. Shannon index analysis demonstrates a statistically significant difference between groups.

fecal DNA from antibiotic-treated mice was amplified using degenerate tufspecific primers, cloned, and sequenced. Fourteen of 14 samples yielded a
99% match with Lactococcus through BLAST. These results confirmed the
results from the V3 sequencing data. Culture of a small fragment of a fecal
pellet from an antibiotic-treated mouse demonstrated the appearance of Enterococcus-specific PCR product after 16 hours of culture, and appearance of
bacteria and yeast in Gram stains of milk after 24 hours of culture. Lactococcusspecific signal by PCR was detected throughout the culture but did not increase (Appendix 1). These results are consistent with the interpretation that
dead lactococci and low levels of viable enterococci and yeast were present in
the fecal sample. Collectively, the culture and DNA analysis indicated that
there was a low level of viable Enterococcus casseliflavus in the fecal samples,
but this species was not responsible for the strong Lactococcus signals found
in the high throughput sequencing and tuf gene analysis, and probably did
not account for the large number of noncultivatable bacteria in the morphometric analyses.
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(a)

(b)

Figure 5. Cultures of feces from antibiotic-treated mice. Aerobic
cultures of the fecal pellets from antibiotic-treated mice yielded
an abundant growth of yeast. Samples from two separate mice
are shown (a); Upon closer examination, there were pinpoint
α-hemolytic colonies that were subcultured for isolation on 5%
sheep blood agar (b). The streptococci were identified as Enterococcus casseliflavis by 16S gene sequencing.

4.6. Analysis of Chow
To identify the source of the noncultivatable Lactococcus, a sample of the Open
Source chow was processed and Gram stained (Figure 6). The Gram stain results demonstrated that the Open Source chow was heavily laden with Grampositivecocci, with no yeast observed. In contrast, no bacteria were visualized on
the Gram stain of 2018 Teklad Global 18% Protein Rodent Diet chow, which is
routinely used in the vivarium. To determine if the bacteria from the Open
Source chow was Lactococcus, PCR reactions were performed on both the Open
Source chow and the 2018 Teklad Global 18% Protein Rodent Diet chow with
both Lactococcus-specific and universal primers for the V4 segment of the 16S
rRNA gene (Figure 7). The results demonstrated that both the 2018 Teklad
Global 18% Protein Rodent Diet chow and the Open Source chow contained
DNA from bacteria; however only the Open Source Chow contained Lactococcus DNA.
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Open Source

Teklad

Figure 6. Gram stain analysis of Open Source (left) and 2018 Teklad Global 18% Protein
Rodent Diet chow (right). The Gram stain showed homogenous Gram-positive cocci in
the Open Source diet that resembles the organism from the fecal samples, whereas no
bacterial cells were observed in the 2018 Teklad Global chow.

Lactococcus

V4 16S

(-)
Ctrl

(+)
Ctrl

Teklad
Global

Open
Source

(-)
Ctrl

(+)
Ctrl

Teklad
Global

Open
Source

Figure 7. PCR analysis identified Lactococcus DNA in the Open Source Diet chow. The
Open Source Diet chow and the 2018 Teklad Global chow were emulsified in sterile, distilled water and PCR reactions were performed using 16S rRNA and Lactococcus-specific
primers.

The Open Source and 2018 Teklad Global 18% Protein Rodent Diet chows
were analyzed by flow cytometry to compare the forward scatter characteristics
of bacteria in the chow with bacteria in the fecal samples of antibiotic-treated
mice. The Open Source chow had a distinct bacterial population that resembled
the fecal samples from the antibiotic-treated mice, while the 2018 Teklad Global
18% Protein Rodent Diet chow otic-treated mice, while the 2018 Teklad Global
18% Protein Rodent Diet chow lacked a distinct population (Figure 8). A pure
culture of Lactococcus was also analyzed for comparison. Finally, examination of
the chow by scanning electron microscopy confirmed the presence of easily detected particles that had morphology consistent with bacterial cocci, which were
observed in the Gram stains of the mouse chow (Figure 9). Following discussion
with scientists at Research Diets, it was determined that Lactococcus is used by a
supplier in the manufacture of casein that provides the source of protein in the
formulation of chow used in these studies. A sample of casein used in the manufacture of the chow was provided by Research Diets and analyzed by Gram stain.
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Figure 8. Flow cytometric analysis of chow. Open Source Diet (left) has a distinct bacterial population that resembles the fecal
samples from the antibiotic-treated mice and this population is absent in 2018 Teklad Global chow (center). An analysis on a purified culture of Lactococcus is shown in (right) for comparison.

Figure 9. SEM images of Open Source mouse chow showing particles with morphology that is consistent with Lactococcus.
Dashed box in the left hand panel shows the area of magnification in the right hand panel.

The casein contains a high level of Gram-positive cocci as a residual of the manufacturing process (Appendix 2).

4.7. Sequence Analysis on Fecal Suspensions from
Antibiotic-Treated Mice Fed Teklad Chow
Ten additional C57BL/6 mice were fed 2018 Teklad Global 18% Protein Rodent
Diet chow and treated (or not) with antibiotics. DNA extracted from fecal pellets
from both antibiotic-treated and control mice were amplified using V3 16S
rRNA primers and sequenced using an Illumina MiSeq. The different source of
chow resulted in the appearance of Proteobacteria (Enterobacteriaceae) that
dominated the bacterial microbiome (Figure 10). Analysis of normalized data
using Metastats [27] identified a statistically significant difference in levels of
Proteobacteria (p < 0.01), and analysis of Shannon indices confirmed a
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p<0.001

Shannon Index

8
6
4
2
0
ABX-Treated

Nontreated

Actinobacteria
Bacteroidetes
Cyanobacteria
Firmicutes
Fusobacteria
Proteobacteria
Verrucomicrobia
Figure 10. Fecal bacteria microbiome analysis from antibiotic-treated and control mice fed 2018 Teklad Global
chow. The total height of the bar represents 100% of the assigned sequences and the height of the individually
colored bars represents the relative percentage of organisms. Shannon indices are significantly different between groups. Data represent forward reads of paired end sequences. Reverse reads yielded identical results.

significant reduction in diversity. The antibiotic-treated mice produced an
overwhelming dominance—>95% in all 5 mice—of a lactose-fermenting facultative bacterial species that was identified as Escherichia coli by biochemical testing at the WVU Hospital clinical microbiology laboratory, and found to be
highly antibiotic resistant. No Lactococcus was detected by microscopic examination, and molecular analysis yielded <0.3% Lactococcus signal (of total identified OTUs) in all samples tested. Ingestion of the 2018 Teklad Global 18% Protein Rodent Diet chow not only produced dominant Enterobacteriaceae, but also
failed to promote the growth of yeast. Yeast was not detected in the feces of the
mice that were fed 2018 Teklad Global 18% Protein Rodent Diet chow and antibiotic treatment for 10 weeks by either culture or Gram stain. Another group of
mice that were on antibiotic treatment and fed the 2018 Teklad Global 18% Protein Rodent Diet chow for 3 weeks and then converted to Open Source chow for
the remaining 7 weeks also produced the Enterobacteriaceae with no yeast (data
not shown). In comparison, the mice that were on antibiotic treatment and the
Open Source chow displayed yeast by culture and Gram stain after 2 weeks.

4.8. Flow Cytometric Analysis of Fecal Bacteria from
Antibiotic-Treated Mice Fed Teklad Chow
Fecal suspensions from control and antibiotic-treated mice fed Teklad chow were
analyzed by quantitative flow cytometry. In these mice, antibiotic-treatment
557

A. Irvin et al.

reduced the concentration of bacteria >100 fold, and the distinct bacterial population of chow-derived Lactococcus was absent (Figure 11).

5. Discussion
This project was undertaken to examine the role of diet in affecting the intestinal
microbiome; particularly in the context of antibiotic-induced perturbations in an
intestinal ecosystem. The goal was to add quantitative analysis to previously reported studies that relied on culture methods or qPCR in studies of the microbiome. The present experiments, and results previously published by Dollive et

al. [12] indicated that by qPCR, antibiotic treatment using this regimen reduced
the total fecal bacterial counts by >3 orders of magnitude, whereas yeast greatly
outnumbered bacteria. However, quantitative flow cytometry revealed an average of a 1-log10 decrease in bacteria in the fecal samples from antibiotic-treated
mice when compared to the control fecal samples. Initially we hypothesized that
this disparity was due to variation in the number of 16S rRNA gene copies in
bacteria in the altered microbiome; the number of copies can vary from 1 to 15
[28]. Thus, if remaining bacteria have a disproportionately low copy number of
16S gene, then this could partially account for the discrepancy. This hypothesis
was rejected because it failed to adequately account for the 2-log10 discrepancy in
the quantitative results. Alternative explanations included: 1) the organism was
Archaea that resembled bacteria morphologically but had ribosomal RNA-encoding genes that were not amplified with V3-specific primers; 2) material identified as a microorganism by flow cytometer and Gram stain was actually debris;
3) the Gram-positive organism was dead.
The idea that the organism could be Archaea was provocative since Methano-

brevibacter smithii is known to colonize the human gut [29]. Very low signals

Figure 11. Flow cytometric analysis of fecal suspensions from control and antibiotic-treated
mice fed Teklad Global chow. A heterogeneous population of cells is displayed in the control sample (top left quadrant of Control), when compared to the antibiotic-treated sample
(right panel Teklad). Of note, most of the cells counted in the antibiotic-treated sample in
the top left quadrant of the samples from antibiotic-treated mice appear to be debris. Boxed
region represents counting beads that were added to the sample for quantitation.
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for Archaea were detected in samples from antibiotic-treated mice but not control mice when amplified with universal primers specific for the V4 region of the
16S gene, which should have amplified archaeal DNA. However, PCR analysis of
the fecal suspensions of the antibiotic-treated mice failed to amplify with Archaeaspecific primers. The microorganisms were bacterial inasmuch as they stained
with stains for DNA and peptidoglycan.
Sequence analysis of the V3 region of the 16S rRNA gene indicated that the
fecal microbiome in antibiotic-treated mice was dominated by Lactococcus and
the presence of Lactococcus was confirmed by PCR amplification of fecal DNA
with Lactococcus specific primers and sequencing of the tuf gene. Since the rodent chow was heavily laden with nonliving Lactococcus, it is apparent that the
chow was the source of this bacterial signal. This is the same conclusion reached
by Dollive et al. [12], however that study reported a bacterial load of 5 × 104 bacteria/per fecal pellet based on qPCR analysis, which was inconsistent with the
flow cytometry and image analysis of fecal suspensions and food pellets. A likely
explanation for this disparity in calculated values using qPCR and flow cytometry is that the DNA within the dead Lactococcus is partially degraded and fails to
amplify quantitatively by qPCR, in spite of the fact that the nucleic acid stain is
still capable of binding to the DNA making it detectable by flow cytometry.
Given this scenario, the dead Lactococcus could be thought of as nearly empty
shells that facilitate transport of its degraded DNA throughout the intestinal
tract. As indicated on product information published by Science Diets, Inc., the
major source of protein in the Open Source chow is casein. Casein is commonly
produced in food processing procedures by precipitation of milk proteins as a
result of acidification by introduced Lactococcuslactis. The casein is then heated,
which kills the lactococci. Because Gram stain analysis of a sample of casein
demonstrated Gram-positive cocci, we conclude that the source of the Lactococcus in the feces is undoubtedly from the casein that is present in the Open
Source chow, but absent from the plant-based Teklad chow.
After the discovery of the Lactococcus in the Open Source chow, the microbiome analysis was repeated with mice fed Teklad Global 2018 chow that was
confirmed to be negative for Lactococcus. Firmicutes and Bacteroidetes
represented the majority of the bacteria in samples from control mice (no antibiotics) that were fed Open Source chow. The ratio of Firmicutes to Bacteroidetes was essentially flipped in control mice fed the Teklad Global chow. The
finding that antibiotic-resistant Enterobacteriaceae dominated in Teklad-fed,
antibiotic-treated mice confirms a finding from Hill et al. [19].
Yeast were observed in Gram stains of every antibiotic-treated mouse fed
Open Source diet, confirming the previous study of Dollive et al. Interestingly,
although yeast (and low levels of Enterococcus casseliflavis) was consistently detectable in feces from antibiotic-treated mice fed Open Source chow, there was
no yeast recovered from the feces of the antibiotic-treated mice that were fed the
Teklad Global show, even after 10 weeks of antibiotic treatment. In addition to
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casein, Open Source chow consists of 35% sucrose. Sucrose has been shown to
enhance growth and biofilm formation by Candida albicans [30] [31], and enhance resistance to apolactoferrin [32]. These factors likely promoted the outgrowth of Candida seen here and previously [12] [29]. In the mice that were fed
solely the Open Source chow, we speculate that the additional sucrose supported
the growth of Candida, which out-competed antibiotic-resistant bacteria from
colonizing the intestine. We further speculate that the ecologic environment in the
intestines from mice fed the Teklad Global chow provided antibiotic resistant
bacteria the opportunity to colonize and flourish to out-compete the yeast once
the Open Source chow was introduced. The Teklad chow is plant-based, and it is
possible that components of the chow (such as plant-derived fatty acids) inhibit the
growth of yeast. These hypotheses are testable and such work is ongoing.

6. Conclusion
Our results demonstrate that ingestion of chow laden with nonviable Lactococcus is capable of passage through the intestinal tract and appears as the dominant bacteria within the feces in this model of antibiotic-ablation of the intestinal microbiome, albeit at approximately 10% of the concentration of bacteria in
mice that are not treated with antibiotics. Thus, it is possible for bacteria in food
to influence studies focused on the intestinal microbiome. The results of our
study have paved the way for potential future studies of whether and/or to what
extent food-derived; nonviable bacteria can alter intestinal physiology.
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Appendix

Appendix 1. Culture of fecal pellets in milk. A small fragment of a
mouse pellet from an antibiotic-treated mouse was cultured for
24-hour in condensed milk and analyzed by PCR with Lactococcus
or Enterococcus—specific primers at 0, 8, 16 and 24-hour time points.
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Appendix 2. Gram stain of casein used to produce Open Source
chow demonstrates the presence of Gram-positive cocci, which are
introduced into milk to precipitate the casein (magnification ×630).
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