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Abstract

Activated carbon (AC) is an increasingly attractive remediation alternative for the sequestration of
dioxins at contaminated sites globally. However, the potential for AC to reduce the bioavailability
of dioxins in mammals and the residing gut microbiota has received less attention. This question
was partially answered in a recent study examining 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-
induced hallmark toxic responses in mice administered with TCDD sequestered by AC or freely
available in corn oil by oral gavage. Results from that study support the use of AC to significantly
reduce the bioavailability of TCDD to the host. Herein, we examined the bioavailability of TCDD
sequestered to AC on a key murine gut commensal and the influence of AC on the community
structure of the gut microbiota. The analysis included gPCR to quantify the expression of
segmented filamentous bacteria (SFB) in the mouse ileum, which has responded to TCDD-induced
host toxicity in previous studies and community structure via sequencing the 16S ribosomal RNA
(rRNA) gene. The expression of SFB 16S rRNA gene and functional genes significantly increased
with TCDD administered with corn oil vehicle. Such a response was absent when TCDD was
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sequestered by AC. In addition, AC appeared to have a minimal influence on murine gut
community structure and diversity, affecting only the relative abundance of Lactobacillaceae and
two other groups. Results of this study further support the remedial use of AC for eliminating
bioavailability of TCDD to host and subsequent influence on the gut microbiome.
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Introduction

Polychlorinated dibenzo-p-dioxins and furans, or simply dioxins, are a group of persistent
organic pollutants that are widespread in the environment (Ferrario et al. 2000; Gadomski et
al. 2004). Dioxin exposure, typically from food such as fish or dairy, is partly the result of
persistence and accumulation in river sediment and floodplains, necessitating ongoing
remedial efforts (Yamashita et al. 2000; Ghosh et al. 2011). Compared to dredging or
isolation with walls and capping, alternative remediation methods such as in situ activated
carbon (AC) sorbent amendments are an economically viable control mechanism (Bridges et
al. 2010; E.P.A. 2013). Thus, AC has recently been implemented in multiple contaminated
sites throughout the world (Patmont et al. 2015). Despite increasing use and demonstrated
potential for AC to reduce the bioavailability of dioxins in aquatic invertebrates and
earthworms (Fagervold et al. 2010; Josefsson et al. 2012) influence on mammals, their
residing gut microbiota has received less attention.

This question was addressed, in part, in a recent study that examined the availability of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) amended to AC (AC-TCDD) in a murine
model (Boyd et al. 2017). Classic markers of TCDD-induced toxicity were measured
including modulation of the IgM antibody-forming cell (AFC) and the dioxin-inducible
cytochrome P450 family cyplal messenger RNA (MRNA) gene expression. Results from
that study supported the use of AC to eliminate bioavailability of dioxins in mammals in that
TCDD-induced host responses were observed only when administered with corn oil (CO-
TCDD). Responses were not observed with equivalent TCDD doses administered with AC.

The goals of this study were to (1) examine the bioavailability of TCDD sequestered to AC
(AC-TCDD) on a key gut commensal in the murine model and (2) characterize the influence
of AC on the gut microbiota. This is an important question as the gut microbiota plays a
crucial role in host health and immune competence (Littman and Pamer 2011; Honda and
Littman 2016). Previous studies have observed TCDD-induced dyshiosis of gut commensals
including Candidatus Savagella also known as segmented filamentous bacteria (SFB),
Firmicutes, and Enterobacteriaceae (Bhaduri 2015; Lefever et al. 2016; Stedtfeld et al. 2017,
Modulatory influence of segmented filamentous bacteria on transcriptomic response of
gnotobiotic mice exposed to TCDD, submitted). Experiments performed by our group and
others suggest that gut commensal response is the result of TCDD-induced toxicity to the
host, mediated in part, through the aryl hydrocarbon receptor (AhR), and not the direct
influence of TCDD on bacteria (Lefever et al. 2016; Stedtfeld et al. 2017). Given the
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recently demonstrated limited bioavailability of AC-TCDD to hallmark responses in mice
(Boyd et al. 2017), we hypothesized that the response of key gut commensals would also be
muted. To test this hypothesis, the transcriptomic response of SFB was examined, which has
previously been shown to respond to the toxicity induced by TCDD (Bhaduri 2015;
Stedtfeld et al. 2017) and other AhR ligands (Zhang et al. 2015).

A secondary question was to examine the influence of food grade AC on the gut
microbiome. Along with the potential for entering the food chain by way of ingestion, AC
has also been used to remove residual levels of antibiotics from the colon (Khoder et al.
2010), or as a food additive to reduce bioavailability of contaminants in animal feed
(Avantaggiato et al. 2004)—a potential alternative to antibiotics in animal husbandry (Chu et
al. 2013). AC is also used as an emergency treatment for accidental dosing of poisonous
substances or overdosing (Holt and Holz 1963). It is increasingly used as a remedy or
supplement for intestinal disorders and detoxification. However, the potential for AC to
interfere with the gut microbiome and subsequently host health has not been well
documented. This was examined here via 16S ribosomal RNA (rRNA) gene sequencing
using DNA extracted from ileal tissues of mice exposed to AC-TCDD.

Materials and methods

Animals and experimental design

Pathogen-free female B6C3F1 mice that were 5 to 8 weeks old were purchased from Charles
River Breeding Laboratories (Portage, MI, USA) and handled as previously described (Boyd
et al. 2017). Briefly, 45 mice were randomly separated, five per cage into nine separate
cages, one for each experimental group. The experimental design (Fig. S1) included mice
dosed by oral gavage with corn oil vehicle (CO) with 0, 0.1, 1.0, and 10 ug/kg TCDD and
mice dosed by oral gavage with AC vehicle with 0, 0.1, 1.0, and 10 pg/kg TCDD. A naive
group (n=5) with no oral exposure was also used. Five mice were placed in each group for
replication. Food grade WPC coconut AC (Calgon Carbon Corp) was characterized and
adsorbed with TCDD as described previously (Boyd et al. 2017). Briefly, for AC-TCDD,
156.25 mg of AC loaded with TCDD via the incipient wetness method (Boyd et al. 2011,
Kaplan et al. 2011) and confirmed through analysis using pyrolysis gas chromatography
mass spectrometry was suspended in 5 ml deionized water prior to dosing. Mice were dosed
by oral gavage 200 pl once per day for four consecutive days, resulting in 6.25 mg of AC-
TCDD per day. Three days after the fourth and final exposure with TCDD (7 days into the
experiment), mice were sacrificed and tissues were collected for analysis. During all
treatments, mice had access to water and food ad libitum. The entire experiment was
replicated and included three naive mice as a no treatment control. All animals received
humane care in compliance with the animal use protocol approved by Michigan State
University.

Isolation of tissue and transcriptomic response with gPCR

RNA was extracted from the ileum of all mice to evaluate the transcriptome response of SFB
in response to TCDD. At the time of sacrifice, a 0.25-cm segment proximal to the caecum
was removed from the same spot for all animals and was used for subsequent analysis.
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Intestinal tissue samples were added to RNA/DNA stabilizer and stored at — 80 °C until
further use. The PureLink RNA Mini Kit with Trizol (12183018A, Ambion/Thermo Fisher
Scientific, Waltham, MA) was used to extract and purify RNA from ileal tissue and content.
RNA was processed further to remove DNA using a two-step procedure that included
DNAse | (Invitrogen/Thermo Fisher Scientific, Waltham, MA) and Turbo DNAse | kit (Life
Technologies/Thermo Fisher Scientific, Waltham, MA). After extraction, isolated RNA was
quantified using a Qubit (Life Technologies) and assessed for purity using the Nanodrop
ND-1000 UV-Vis spectrophotometer (Nanodrop Products, Wilmington, DE).
Complementary DNA was synthesized via random primers using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA), with a starting amount
of 1.0 ug of RNA.

For mRNA expression analysis of bacteria, gPCR primers were designed from functional
gene sequences available for SFB (Table S1). Genes targeting SFB function were selected
based on potential interaction with the host and Th17 cell induction (Pamp et al. 2012).
Primers were designed as previously described (Stedtfeld et al. 2008) using default
parameters of Primer Express version 2.0.

QPCR was performed using a custom SmartChip™ (Wafergen Biosystems, Fremont, CA)
with SFB-specific 16S rRNA gene and functional gene primers (Table S1). Briefly,
Wafergen’s custom SmartChip™ array permits 5184 gPCR reactions with 100 nl volumes to
be run in parallel. Sample and primers were dispensed into the SmartChip™ using a Multi-
sample Nano-dispenser (Wafergen Biosystems, Fremont, CA). PCR cycling conditions and
initial data processing were performed as previously described (Wang et al. 2014; Stedtfeld
et al. 2016). Amplification reactions on the SmartChip™ consisted of 1xLightCycler 480
SYBR® Green | Master Mix (Roche Inc., USA), nuclease-free PCR-grade water, 10 ng/ul
cDNA template per sample in the gPCR reaction (0.5 ng per reaction well), and 0.5 uM of
each forward and reverse primer. Each reaction was tested in triplicate, and a no template
control was also run. The mean genomic copies per reaction were calculated as previously
described (Looft et al. 2012). Genes detected in only one of the three technical replicates in
each sample were considered false positives and were filtered from the analysis.

Analysis of 16S rRNA genes using DNA extracted from ileum

For 16S rRNA gene sequence analysis, community DNA was extracted from ileal tissue and
content using the Power Soil Extraction kit (MoBio). Amplicon sequencing libraries of the
bacterial 16S V4 hypervariable region were made as previously described (Kozich et al.
2013). Following PCR, reaction outputs were normalized using Invitrogen SequalPrep DNA
Normalization plates and pooled. The library pool was quantified using a combination of
Qubit dsDNA HS, Caliper LabChipGX HS DNA, and Kapa Illumina Library Quantification
gPCR assays. The pool was loaded on an Illumina MiSeq v2 standard flow cell for
sequencing, which was performed in a 2 x 250 bp paired-end format with a v2, 500 cycle
reagent cartridge. Sequencing primers specific for the V4 region (515f/806r) were added to
the appropriate wells of the reagent cartridge as described in (Kozich et al. 2013). Base
calling was done by Illumina Real Time Analysis (RTA) v1.18.64, and output of RTA was
demultiplexed and converted to a FastQ format with Illumina Bcl2fastq v1.8.4. Raw
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sequence reads were submitted to NCBI (BioProject Accession No. PRINA381198).
Sequences were analyzed using default parameters of Qiime (Caporaso et al. 2010).
Analysis of structural shifts was performed at the family level. Chao and Shannon diversity
indices were calculated using the same sequencing depth (6472 sequences per sample).

Statistical analysis and SFB gene quantification

Results

QPCR was analyzed for absolute abundance based on the mass of tissue and content used to
extract RNA and extraction/digestion yield. Expression analysis of SFB functional genes
included normalizing to SFB-specific 16S rRNA gene primer set (calculating relative
expression) and examining analysis of fold change between the group administered 10 pg/kg
TCDD with corn oil (CO_10TCDD) and all other groups. The ROUT method witha Q= 1%
was used to identify and remove outliers (Motulsky and Brown 2006). A one-way ANOVA
and a multiple comparison Sidak tests were performed to compare all groups with the naive
control and to compare the 10 pg/kg CO-TCDD group with the CO group without TCDD
and the 10 pg/kg AC-TCDD group. For comparison of just two groups, a two-tailed unpaired
ttest was used. All statistical analysis and some plots were generated using Prism (version 7
for Windows, GraphPad Software, San Diego, CA, USA). Volcano plots were made using
Excel. Shifts in abundance were deemed significantly different if fold change > |1.5] and p <
0.05.

Effect of AC-TCDD on SFB

ATCDD-elicited host response significantly influenced the absolute abundance of SFB
solely in the group dosed with 10 pug/kg CO-TCDD compared to the naive control (Fig. 1a).
A TCDD-induced response in SFB was not observed with any of the doses of AC-TCDD.
Overall, a 5.0-, 8.5-, and 3.7-fold higher level of SFB was observed in the group dosed with
10 pg/kg CO-TCDD compared to naive, the CO without TCDD, and 10 pg/kg AC-TCDD
group, respectively. There was no measurable difference between the 10 pg/kg AC-TCDD
and AC control (fold change = 0.92), and the naive group (fold change = 2.28, p=0.98). A
similar result was observed with the replicate experiment, in which a significant increase in
SFB was only observed in the group that received the highest dose of CO-TCDD (Fig. S2).
Concordant with previously described studies, TCDD administered on AC eliminated both
the toxic response in mice (Boyd et al. 2017) and the subsequent effect on a key member of
the gut microbiome. However, a concentration-dependent dose response that was previously
observed with host bioassays was not observed with SFB.

To further verify TCDD-induced dysbiosis of SFB solely in groups dosed with CO, the
expression of select functional genes in ileal tissues was also analyzed via qPCR. Functional
SFB genes selected for analysis included factors putative to host interaction (Pamp et al.
2012). The number of functional genes detected with 10 pug/kg of CO-TCDD was higher
(11.8 + 6.2 number of genes detected) than other groups (4.3 £ 4.0 number of genes
detected). The summed expression of all tested functional genes was also significantly
higher for the 10 pg/kg CO-TCDD group of mice (Fig. 1b). All groups administered with
AC-TCDD did not show a significant increase in SFB functional gene expression.
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The relative expression of functional genes (normalized to SFB-specific 16S rRNA gene)
tended to decrease in the 10 pg/kg of CO-TCDD group compared to all other groups (Fig.
2a). However, this was only significant in the putative D-ala-D-ala-dipeptidase gene (Fig.
2b) and tended to be lower (p = 0.06) in the putative fibronectin-binding protein. The relative
expression analysis was only performed on genes that were detected in a majority of
replicates within a given group; thus, only 11 genes are displayed (Fig. 2a). The mean
expression of all genes detected shows that while the SFB 16S rRNA gene increased in the
group dosed with 10 pg/kg of CO-TCDD, the level of expression varied among functional
genes (Fig. S3). Taken together, the expression of SFB functional genes further verifies that
TCDD was not bioavailable when adsorbed on to AC.

Effect of AC and CO on gut microbiome

The 16S rRNA gene was sequenced to examine the influence of AC and CO on gut
microbiota in the ileum. Results showed that AC significantly increased the amount of
Lactobacillaceae in the ileum (Fig. 3b). Two separate bacterial groups significantly
decreased in response to AC including Ruminococcaceae and Rikenellaceae (Fig. 3c, d).
Chao and Shannon diversity indices were also examined, and no significant shift in diversity
was observed due to AC, CO, or TCDD (Fig. S4). While the Shannon diversity indices
tended to be lower with groups that were administered with AC, this was not significant (p =
0.114).

CO, a common vehicle for administering TCDD and other AhR ligands in murine studies
(Fernandez-Salguero et al. 1996; Bruner-Tran and Osteen 2011), also influenced the gut
microbiota (Fig. S5b), but to a lesser extent than previously observed with sesame oil. In
detail, only three bacterial families including Methanosaetaceae, Erysipelotrichaceae, and a
group from clostridia were significantly reduced (p < 0.05) in mice dosed with CO. In our
previous studies using sesame oil—a common vehicle (Brown et al. 1998; Kopec et al.
2008), we observed a response that opposed TCDD in terms of shifting SFB, Firmicutes,
and Enterobacteriaceae (Bhaduri 2015; Stedtfeld et al. 2017, submitted). For example,
compared to the relative abundance 1 day before dosing, Enterobacteriaceae in fecal pellets
decreased ~ 10-fold and 300-fold, 3 and 7 days following an initial dose of sesame oil,
respectively. However, Enterobacteriaceae was not influenced with CO compared to the
naive control in the ileum or fecal pellets measured five days after the initial dosing (Fig.
S6). Collectively, CO may be a more suitable vehicle compared to sesame oil for
investigating the influence of host toxicity and gut modulation with persistent organic
pollutants.

Discussion

SFB was selected as a marker because it interacts with host immunity (Ivanov et al. 2009)
and responds to TCDD in the murine model (Stedtfeld et al. 2017; Bhaduri 2015). Previous
studies have surmised that shift in the gut microbiome, including SFB, is an indirect
response to TCDD-induced modulation of the immune system (Zhang et al. 2015; Lefever et
al. 2016; Stedtfeld et al. 2017). Indeed, analysis of TCDD effect on immune function in
these mice, evaluated with anti-sheep red blood cell immunoglobulin M antibody-forming
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cells, induced significant suppression of humoral activity at doses down to 0.1 pug/kg CO-
TCDD (Boyd et al. 2017). Measured in mice feces, previous studies have also found that
mice deficient in mucosal immunity maintainers displayed a 10-fold increase in SFB
abundance (Upadhyay et al. 2012). Furthermore, in vitro studies have also shown that TCDD
did not directly influence gut commensals (Lefever et al. 2016; Stedtfeld et al. 2017). Taken
together, these results further verify that bacterial dysbiosis is due to TCDD-induced
changes in the host. Additional analysis is warranted to differentiate if dysbiosis is the result
of TCDD-induced changes to host luminal metabolites or immune suppression.

The significantly higher number of SFB with 10 ug/kg CO-TCDD compared to CO was only
observed in RNA and not in DNA. Measured via 16S rRNA gene sequencing with DNA,
SFB only tended to be higher in response to TCDD (fold change = 2.2, p=0.15). Other
bacterial groups (e.g., Enterobacteriacea; Fig. S6) also responded to TCDD as described in
previous studies (Stedtfeld et al. 2017, submitted; Lefever et al. 2016). Doses less than 10
ug/kg TCDD did not significantly influence SFB in this study, which had been observed
previously (Bhaduri 2015; Fader et al. 2015). In detail, a significant shift in SFB abundance
for TCDD doses ranging from 1 to 30 pg/kg administered every 4 days for 28 days was
previously observed (Bhaduri 2015). We suspect that the shorter duration of this experiment,
compared to previous studies (28 to 90 days), influenced overall bacterial response.
Assuming a TCDD half-life of 11 days in mice (Gasiewicz et al. 1983; Birnbaum 1986), a
theoretical analysis showed that the level of TCDD in mice from both experiments was
similar at the time of measurement, but varied in duration of exposure (Fig. S7). As
previously described (Boyd et al. 2017), analytical determination of TCDD concentrations in
murine gut feces was not determined due to the challenge of accurately measuring low levels
of exposure used in this study; further complicated by the use of AC.

Previous studies testing AC as an alternative to antibiotics in swine also observed a higher
level of lactic acid bacteria counts via culture analysis (Chu et al. 2013). The study by Chu
and coauthors also observed significantly lower levels of coliforms and lactic acid. In
general, lactic acid bacteria are considered probiotics due to the creation of organic acids,
providing an acidic environment that inhibits pathogenic organisms. Therefore, the short-
term ingestion of AC does not appear to have a threatening influence on the structure of the
gut microbiome.

Results of this study support the remedial use of AC to mute TCDD-induced responses to
the gut microbiome of a murine host. In detail, SFB functional genes were only expressed
with the highest dose of TCDD administered with CO. This most plausibly resulted from the
elimination of bio-availability to the host due to its sequestration by AC as previously
demonstrated (Boyd et al. 2017). As measured by 16S rRNA gene analysis of ileal content,
AC also had a minimal influence on gut community structure and diversity. Three members
were significantly shifted with AC, including a slight increase in Lactobacillaceae, generally
considered a probiotic. CO vehicle influenced the gut microbiota to a lesser extent compared
to previously used sesame oil vehicle. Overall, the response of a key member of the gut
microbiome was absent when TCDD was administered on AC.
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Fig. 1.

QPCR analysis of SFB gene expression from ileal tissue in response to 0, 0.1, 1.0, or 10
ug/kg TCDD administered with corn oil vehicle (CO_TCDD) or adsorbed onto activated
carbon (AC_TCDD): a expression of SFB-specific 16S rRNA gene primer set and b sum
expression of SFB functional genes (1= 21 primer sets). pvalues are listed from an ANOVA
with a multiple mean comparison Sidak test between naive, CO with no TCDD (CO), and 10
pg/kg TCDD administered on AC (AC_10TCDD) versus 10 ug/kg TCDD administered on
CO (CO_10TCDD). Numbers 0.1, 1.0, and 10 indicate microgram per kilogram dose of
TCDD
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Fig. 2.

QPCR analysis of SFB functional gene relative expression in the ileum. a Volcano plot
showing —Log1g p value and Log, fold change comparing the relative functional gene
expression of the group dosed with 10 pug/kg TCDD administered with corn oil
(CO_10TCDD) with all other groups and b the relative expression of the putative D-ala-D-
ala dipeptidase gene. The functional gene relative expression was normalized to SFB-
specific 16S rRNA gene
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Fig. 3.

1695 rRNA gene sequence analysis using DNA extracted from ileum comparing naive mice
with groups dosed with corn oil (CO) or dosed with activated carbon (AC). a Volcano plot
showing —Logq p value and Logs fold change for bacterial sequences classified at the
family level between naive mice and mice dosed with AC and b—d the taxonomic families
significantly influenced with AC
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