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Gut microbiota play a key role in the host’s health system. Broad antibiotic therapy is known to disrupt the microbial
balance affecting pathogenic as well as host-associated microbes. The aim of the present study was to investigate the
influence of antibiotic paromomycin on the luminal and mucosa-associated microbiota at the DNA (abundance) and
RNA (potential activity) level as well as to identify possible differences. The influence of antibiotic treatment on
intestinal microbiota was investigated in 5 healthy individuals (age range: 20–22 years). All participants received the
antibiotic paromomycin for 3 d. Fecal samples as well as sigmoidal biopsies were collected before and immediately
after cessation of antibiotic treatment as well as after a recovery phase of 42 d. Compartment- and treatment status-
specific indicator operational taxonomic units (OTUs) as well as abundance- and activity-specific patterns were
identified by 16S rRNA and 16S rRNA gene amplicon libraries and high-throughput pyrosequencing. Microbial
composition of lumen and mucosa were significantly different at the DNA compared to the RNA level. Antibiotic
treatment resulted in changes of the microbiota, affecting the luminal and mucosal bacteria in a similar way. Several
OTUs were identified as compartment- and/or treatment status-specific. Abundance and activity patterns of some
indicator OTUs differed considerably. The study shows fundamental changes in composition of gut microbiota under
antibiotic therapy at both the potential activity and the abundance level at different treatment status. It may help to
understand the complex processes of gut microbiota changes involved in resilience mechanisms and on development
of antibiotic-associated clinical diseases.

Introduction

The human gut microbiota outnumber human cells by a factor
of 10 and are essential for maintaining homeostasis of the gastroin-
testinal tract and the host’s health.1-5 Gut microbiota show consid-
erable compositional variation between individuals, but remain
relatively stable over time.6-9 This specific microbial composition
can be disrupted by external factors, such as antibiotic (AB) treat-
ment. As most antibiotics eliminate pathogenic and beneficial
host-associated microbes alike, their usage can lead to a dramatic
compositional imbalance of the gut microbiota. Subsequent intes-
tinal disorders such as antibiotic-associated diarrhea can occur.
Pseudomembranous colitis is a highly relevant clinical example
where an overgrowth of Clostridium difficile leads to a potentially
life-threatening infectious colitis during the course of antibiotic
treatment.10 Other side effects of antibiotics are disturbances of

host metabolism and absorption of vitamins, as well as increasing
numbers of antibiotic-resistant bacterial strains. Even after short-
term AB treatment these consequences can persist for years.11,12

Many studies have investigated the impact of AB treatment on
the present microbiota in human fecal samples using mostly 16S
rRNA gene approaches,12-16 but mucosa-associated microbiota is
highly important to be taken in consideration. Mucosal micro-
biota is in contact with the gut-associated lymphoid tissue and is
thus likely to be more important to the host.4,9 This is supported
by the finding of Ott et al.17 showing by Single Strand Confor-
mational Polymorphism analysis that mucosa-associated micro-
biota differ from fecal communities in healthy individuals.
Moreover, it is of importance to take the active microbiota into
account, as only they contribute to metabolic turnover and were
shown to differ from present microbiota in healthy and diseased
people.18,19 To our knowledge, there is currently no study
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exploring both luminal and mucosal microbiota simultaneously
at the abundance and activity level.

The antibiotic paromomycin is active against most Gram-neg-
ative and many Gram-positive bacteria due to inhibition of pro-
tein biosynthesis. Paromomycin is used for preoperative reduction
of intestinal microbiota, treatment of hepatic encephalopathy and
treatment of tapeworms and amebiasis. One more reason for the
use of paromomycin as antibiotic in this study is that this antibi-
otic substance is not absorbed in significant amounts to human
circulation, but is selectively working in the human gut. The use
of this locally acting antibiotic substance helped avoiding any gen-
eral effects in our population of healthy volunteers.

We hypothesize (i) that composition of luminal and mucosal
microbiota is differentially affected by AB treatment and (ii) that
there are differences between microbial abundance and activity levels
in association with the above-mentioned factors. Differences and
changes in the microbial community of lumen and mucosa were
assessed by pyrosequencing at the 16S rDNA and rRNA level. With
reference to Blazewicz et al. we treat bacterial rRNA level amplicon
counts as an indicator for “potential” metabolic activity.20

Results

Sequence and OTU statistics
Preprocessing and quality check removed 19% of the sequen-

ces resulting in a final dataset of 404988 sequences (combined

DNA and RNA level data). Thereof 59931 sequences were left
after random subsampling. Sequences were assigned to a total of
4293 OTUs, with 2217 and 2823 OTUs at the DNA and RNA
level, respectively. Relative abundances of bacterial phyla and
families are depicted in Figures 1 and 2, respectively.

Large effects due to antibiotic treatment on a diversity at the
DNA level

Figure 3 illustrates the distribution of Shannon numbers
equivalent 1D. The numbers equivalent of a diversity index
(here: Shannon entropy) is the number of equally likely elements
(here: OTUs) needed to produce the given value of the diversity
index.21 So this measure of a diversity incorporates both OTU
richness and evenness. Table 1 gives the evaluation results of the
generalized least squares mixed models fitted to 1D. At the DNA
level, factors “Compartment” and “Treatment status” had a fairly
large combined effect on 1D, as shown by the marginal adjusted
explained variance (R2

adj.) of »25% of the model. About half of
the explained variance in the model could be attributed to the
random factor “Subject” (Table 1, compare conditional R2

adj. of
»50% to marginal R2

adj.). While the “Compartment” effect was
only weakly significant with slightly larger values of 1D in
mucosa compared to lumen (Table 1, PCompartment DNA D
0.040; Fig. 3), the “Treatment status” effect was substantial
(Table 1, PTreatment status DNA <0 .001). The latter is due to the
conspicuous “drop” in 1D immediately after AB treatment
(Fig. 3, treatment status B), while after 46 d a diversity nearly

reached the pre-AB treatment
level (Fig. 3, treatment status C).
In contrast, effects of the factors
under study on 1D were not
observable at the RNA level
(Table 1). Notably, an interac-
tion effect “Compartment:Treat-
men statust” on 1D was not
apparent at either level, thus the
effect of AB treatment must be
considered the same for lumen
and mucosa.

Significant differences due to
antibiotic treatment and
compartments in b diversity

OTU distribution based on
ribosomal gene (DNA) and RNA
abundance levels was investigated
in separate redundancy analysis
(RDA) models. Proportion of
variance explained by the overall
model (R2

adj.) for DNA was
about twice as much as for RNA
(R2

adj. DNAD 12.5%; R2
adj. RNA

D 6.4%).
Differences between treatment

status (A, before antibiotic treat-
ment (day 0); B, immediately

Figure 1. Distribution of bacterial phyla in fecal samples and biopsies at the DNA and RNA level. (A) before
antibiotic treatment (day 0); (B) immediately after cessation of antibiotic treatment (day 4); (C) 6 weeks after
cessation of antibiotic treatment (day 46).
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after cessation of antibiotic
treatment (day 4); C, 6 weeks
after cessation of antibiotic
treatment (day 46)) and com-
partments (lumen vs. mucosa)
were statistically significant at
both the DNA and RNA level
(PTreatment status DNA D 10¡4;
PTreatment status RNA D 2¢10¡3;
PCompartment DNA D 0.02; PCom-

partment RNA D 0.05). Pairwise
comparisons revealed significant
differences between treatment
status A and B as well as
between A and C at both the
DNA and RNA level (PAB DNA

D 2¢10¡5; PAC DNA D 6¢10¡5;
PAB RNA D 10¡3; PAC RNA D
0.04). Graphical representations
of the RDA models are shown
in Figure 4.

Both the treatment status
and the compartment exert a
significant effect on the gut
microbiota. However, these 2
factors do not interact with each
other (P-values for interaction
terms: PTreatment status:Compartment

DNA D 0.74, PTreatment status:

Compartment RNA D 0.45). This indicates that, although the micro-
biota of lumen and mucosa are inherently different, AB treat-
ment and resilience affected mucosal and luminal microbiota in a
similar way. Nevertheless, the gut microbial alterations at DNA
and RNA level were different (see below).

Compartment and treatment status-specific indicator OTUs
OTUs listed in Table 2 are significantly correlated with the

axes of the RDA model and thus responsible for differentiation
between compartments and treatment status, respectively.

Indicator OTUs at the DNA level for lumen (Table 3) were
affiliated with the genera Clostridium and Coprococcus, whereas
indicator OTUs for mucosa were affiliated with Clostridium as
well and additionally with Bacteroides, Streptococcus and Ralstonia.
Mucosal indicator OTUs at the RNA level were affiliated with
Faecalibacterium, Clostridium, Finegoldia, Lachnospiraceae, and
Bacteroides, in contrast luminal indicator OTUs have not been
detected.

At the DNA level indicator OTUs for treatment status A
(before antibiotic treatment) compared to treatment status B
(immediately after cessation of antibiotic treatment) (Table 4)
were mainly represented by Coprococcus, Eubacterium, Clostrid-
ium, Turicibacteriaceae, Blautia, Faecalibacterium, Ruminococ-
caceae, and Lachnospiraceae. Conversely, indicator species for
treatment status B compared to A represented Escherichia and
Holdemania. Only a few indicator OTUs affiliated to genera
Blautia, Faecalibacterium, and Coprococcus were found for

treatment status A at the RNA level. No indicator OTUs were
detected for treatment status B. Concerning the comparison of
treatment status A and C, indicator OTUs Faecalibacterium and
Coprococcus were identified for treatments status A at the DNA
level, whereas Blautia and Coprococcus depict indicator OTUs for
treatment status A as well but at the RNA level (Table 5).

Abundance does not necessarily correspond to potential
activity

The majority of OTUs significantly correlating with RDA
axes showed matching (i.e., correlated) abundance and potential
activity patterns (Table 2). The relative proportions of these cor-
related OTUs are depicted in Figures S1 and S2 at DNA and
RNA level, respectively. However, 6 OTUs did not exhibit such
a correlation between both levels (Table 6; highlighted in gray in
Table 2; Fig. 5) This contrasting pattern was shown for OTUs
3137, 1660, 1708, 2646, 3142, 3744 (C. hiranonis, Eubacterium,
Ruminococcus torques, Blautia, Clostridium and Holdemania).

Discussion

Antibiotic treatment may cause severe intestinal adverse
events, such as pseudomembranous colitis, that are hypothesized
to be provoked by the antibiotic-induced dysbalance in the gut
microbiota.11-15 Yet these side effects only affect a minority of
patients, whereas in most treated individuals the intestinal

Figure 2. Distribution of bacterial families in fecal samples and biopsies at the DNA and RNA level. (A) before
antibiotic treatment (day 0); (B) immediately after cessation of antibiotic treatment (day 4); (C) 6 weeks after
cessation of antibiotic treatment (day 46).
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microbiota appears to recover to a stable balance. While few stud-
ies have investigated this phenomenon at the level of fecal micro-
bial communities, we are presenting the first systemic study that
simultaneously elucidates the impact of AB treatment and subse-
quent recovery on both mucosa-associated and luminal micro-
biota of the human large intestine. Bacteria with high
transcriptional activity might have a more important pathophysi-
ological role than inactive bacteria.22-24 We thus studied effects
on the bacterial community at both the gene level (with rela-
tive 16S rRNA gene amplicon counts indicating abundance)
and the transcript level (with relative 16S cDNA amplicon
counts indicating general potential metabolic activity sensu
Blazewicz et al.20

AB treatment similarly affects
luminal and mucosal microbiota

Both a diversity (Fig. 3) and b
diversity RDA plots (Fig. 4) indi-
cate statistically significant differ-
ences between mucosal and
luminal microbiota as well as a
significant influence of AB treat-
ment on gut microbiota at the
DNA and (in b diversity) at the
RNA level. AB treatment affected
gut microbiota of lumen and
mucosa in a similar way, although
paromomycin is known to be
poorly absorbable after oral
administration, with almost
100% of the drug recoverable in
the stool.

Biopsies provide important
additional information alongside
fecal samples

The present study revealed
important differences between the
luminal and mucosa-associated
microbiota. OTU 2526 (Bacter-
oides dorei) is an indicator OTU
for mucosa at both the DNA and
RNA level. Active mucosa-associ-
ated B. dorei prevailed in patients
with ulcerative colitis (UC) com-
pared to healthy individuals and
has been associated with active

celiac disease as well as collagenous colitis.18,25,26 OTU 3137
(Clostridium hiranonis) is an indicator for luminal microbiota at
the DNA level and for mucosa at the RNA level (further dis-
cussed in the last section). C. hiranonis strains dehydroxylate pri-
mary bile acids to form secondary bile acids, which are important
for an adequate lipid metabolism.27-30 Increased levels of second-
ary bile acids have been associated with an increased risk of colon
cancer.31,32 OTU 3026, another indicator for mucosa at the
RNA level, is affiliated to Faecalibacterium prausnitzii, a species
with reported anti-inflammatory capacity.33 Interestingly, indica-
tor OTUs at RNA level were always associated with the mucosal
microbiota, whereas the DNA level exhibited indicator OTUs
for both, mucosa and lumen. Therefore, a study considering only

Figure 3. Distribution of Shannon numbers equivalent values at DNA and RNA level depending on factors
“Compartment” and “Treatment status.” Colored guiding lines mark the mean values for factor levels of
“Compartment” at the respective treatment status: (A) before antibiotic treatment (day 0); (B) immediately
after cessation of antibiotic treatment (day 4); (C) 6 weeks after cessation of antibiotic treatment (day 46).

Table 1. Evaluation results of modeling Shannon numbers equivalent 1D by factors “Compartment” and “Treatment status” at the DNA and RNA level. 1D
was modeled by generalized least squares mixed models with a random intercept for factor “Patient.” In both cases, a “Treatment status”-dependent vari-
ance structure was introduced to compensate for heteroscedasticity. P-values are given for individual factors and for their interaction term. Values below
the significance level of 0.05 are marked in bold-face. Marginal and conditional adjusted explained variance (R2adj.) are stated for the final models (i.e., after
removal of non-significant effects).

Level PCompartment PTreatment status PCompartment:Treatment status marginal R2adj. conditional R2adj.

DNA 0.040 <0.001 0.759 0.253 0.504
RNA 0.549 0.085 0.176 — 0.018
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luminal samples is likely to overlook possible detrimental as well
as anti-inflammatory effects on the mucosa exerted by these
OTUs. Future studies on gastrointestinal infectious diseases
should thus include biopsies to ensure detection of mucosa-asso-
ciated indicator OTUs, namely at the RNA level.

AB therapy leads to a reduction of beneficial OTUs
The three-day lasting antibiotic treatment resulted in a general

decrease of bacterial diversity at the DNA level (Fig. 3) and the

disappearance of several indicator taxa at the DNA and RNA
level. Indicator OTUs at the RNA level were a complete subset
of the indicator OTUs at the DNA level (Table 4). As the AB
treatment affected luminal and mucosal microbiota in a similar
way, mucosa and lumen bear the same indicator OTUs at the
DNA and RNA level, respectively. Luminal and mucosal indica-
tor OTUs at the DNA and RNA level were affiliated to Blautia,
Lachnospiraceae (including Coprococcus), Ruminococcaceae and
F. prausnitzii, and decreased due to AB treatment. This was

Figure 4. Graphical representations (distance plots) of the redundancy analysis (RDA) models of Hellinger-transformed OTU abundances. Models illus-
trate the relationships between luminal (magenta) and mucosal (green) samples at different treatment status A (dark) through C (light) at the DNA (A–C)
and RNA (D–F) level, controlling for variance between subjects. The three-dimensional models are depicted in 2-dimensional space showing the planes
spread out by RDA axes 1 and 2 (A, D), 1 and 3 (B, E), and 2 and 3 (C, F), respectively.
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Table 2. Correlated OTUs responsible for differentiation between compartments and/or treatment status with @ D OTU was significant at the respective
level. rho: Spearman’s rank correlation coefficient. Marked in gray: OTUs responsible for differences at the DNA and/or RNA level, but NOT correlated at
both levels.

Taxonomy DNA RNA

Family Genus Species OTU p-value rho q-value level level

Coriobacteriaceae Collinsella aerofaciens 2824 0.0396 0.3255 0.0444 @ @
2827 0.0134 0.4039 0.0175 @

Bacteroidaceae Bacteroides acca 3961 0 0.6292 0.0004 @
dorei 2526 0 0.7738 0 @ @
uncl. 2525 0.0008 0.5516 0.0025 @
uniformis 3324 0.0001 0.6149 0.0006 @
ureolyticus 3445 0 0.9971 0 @

ClostridialesFamilyXI. IncertaeSedis Finegoldia uncl. 3844 0 0.6425 0.0003 @ @
Lachnospiraceae Blautia uncl. 1653 0.0113 0.4152 0.0154 @

2616 0.0070 0.4437 0.0118 @ @
2617 0.0009 0.5463 0.0026 @
2625 0.0094 0.4263 0.0139 @
2646 0.1407 0.2032 0.1515 @

Clostridium hiranonis 3133 0.0002 0.6094 0.0006 @
3137 0.2519 0.1270 0.2564 @ @

orbiscindens 3663 0.0018 0.5154 0.0043 @ @
ramosum 4117 0 0.6567 0.0002 @
uncl. 1663 0.0085 0.4321 0.0131 @ @

3132 0.0258 0.3588 0.0301 @
3135 0.0228 0.3675 0.0272 @
3142 0.1946 0.1631 0.2056 @
3966 0.0023 0.5040 0.0051 @

Coprococcus Clostridium sp. SS2 1661 0.0050 0.4624 0.0088 @
uncl. 1648 0.0033 0.4845 0.0064 @

1655 0.0190 0.3808 0.0231 @
1696 0.0112 0.4157 0.0154 @
3795 0.0045 0.4687 0.0081 @
3910 0 0.7474 0 @ @

Eubacterium rectale 1668 0.0010 0.5388 0.0030 @
uncl. 1660 0.133 0.2095 0.1463 @

uncl. uncl. 4235 0 0.7876 0 @ @
Roseburia uncl. 1735 0.0149 0.3971 0.0190 @

1800 0.0027 0.4958 0.0057 @
Ruminococcus torques 1708 0.2401 0.1340 0.2490 @

Ruminococcaceae Faecalibacterium prausnitzii 3026 0.0015 0.5232 0.0038 @ @
3027 0.0121 0.4108 0.0161 @
3053 0.0082 0.4344 0.0131 @

uncl. 3025 0.0087 0.4313 0.0131 @
3029 0 0.8281 0 @ @

Oscillospira uncl. 3451 0.0001 0.6274 0.0004 @
uncl. uncl. 3205 0.0002 0.6094 0.0006 @ @

3221 0.0020 0.5104 0.0046 @
Streptococcaceae Streptococcus anginosum 3491 0 0.8628 0 @

thermophilus 4118 0.028 0.3521 0.0322 @
Turibacteriaceae uncl. uncl. 2513 0.0029 0.4910 0.0061 @
Burkholderiaceae Ralstonia uncl. 4168 0 0.7003 0 @
Caulobacteraceae Brevundimonas diminuta 2912 0 0.8713 0 @
Enterobacteriaceae Escherichia uncl. 1508 0.0072 0.4424 0.0118 @ @

1512 0.0032 0.4867 0.0064 @
Xanthomonadaceae uncl. uncl. 3319 0 0.6947 0 @
Enterobacteriaceae uncl. uncl. 1522 0.0170 0.3883 0.0211 @
Erysipelotrichaceae uncl. uncl. 2930 0.0111 0.4159 0.0154 @

uncl. 3519 0.0005 0.5724 0.0016 @ @
Holdemania uncl. 3744 0.3878 0.0543 0.3878 @

3748 0.0012 0.5343 0.0031 @
Bacteria uncl. uncl. 3197 0.0040 0.4752 0.0074 @
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reported before for the present microbiota.14,34 The relative
decrease of present and active F. prausnitzii (mean decrease from
2.42% to 0.46% at the DNA level and from 1.00% to 0.10% at
the RNA level) as a consequence of AB usage is particularly cru-
cial: apart from the above-mentioned anti-inflammatory capac-
ity,33 this species is known to be less abundant in individuals
suffering from inflammatory bowel diseases like Crohn’s disease
(CD) or UC.35-37 A statistically significant association of prior
AB usage and CD was reported as well.38 Taking this into
account, we argue that AB-induced reduction of intestinal species

such as F. prausnitzii could support the onset of intestinal disor-
ders, possibly fostering CD or UC.

OTU 3137, a minor constituent of both present and poten-
tially active gut microbiota (Figures S1 and S2), is affiliated
to Clostridium hiranonis. This species belongs to
Clostridium cluster XI which also includes C. difficile.39 The latter
is known to increase in relative abundance during broad-spec-
trum AB therapy, sometimes leading to AB-associated diarrhea
and pseudomembranous colitis.10,40,41 In this study, C. hiranonis
decreased in relative abundance due to AB treatment (mean

Table 3. Indicator OTUs for the effect of “Compartment” (mucosa vs. lumen) at the DNA and RNA level

Taxonomy Indicator DNA DNA Indicator RNA RNA

Family Genus Species OTU DNA level p-value q-value RNA level p-value q-value

Bacteroidaceae Bacteroides acca 3961 Mucosa 0.0031 0.0302
dorei 2526 Mucosa 0.0021 0.0302 Mucosa 0.0012 0.0263

Clostridiaceae Clostridium hiranonis 3137 Lumen 0.0009 0.0302 Mucosa 0.0081 0.0423
orbiscindens 3663 Mucosa 0.0043 0.0317

Clostridiales FamilyXI. Incertae Sedis Finegoldia uncl. 3844 Mucosa 0.0048 0.0335
Lachnospiraceae Coprococcus uncl. 1655 Lumen 0.0050 0.0317

1696 Lumen 0.0026 0.0302
Ruminococcaceae Faecalibacterium prausnitzi 3026 Mucosa 0.0109 0.0459
Streptococcaceae Streptococcus anginosum 3491 Mucosa 0.0052 0.0317
Lachnospiraceae uncl. uncl 4235 Mucosa 0.0043 0.0335
Burkholderiaceae Ralstonia uncl. 4168 Mucosa 0.0027 0.0302

Q-values are false discovery rate-corrected p-values.

Table 4. Indicator OTUs for the effect “Treatment status” (treatment status A (D before antibiotic treatment) vs. B (Dimmediately after antibiotic treatment))
at the DNA and RNA level

Taxonomy Indicator DNA DNA Indicator RNA RNA

Family Genus Species OTU DNA level p-value q-value RNA level q-value q-value

Clostridiaceae Clostridium hiranonis 3137 A 0.0020 0.0169
uncl. 1663 A 0.0090 0.0337

3135 A 0.0345 0.0662
3142 A 0.0035 0.0169
3966 A 0.0236 0.0487

Lachnospiraceae Blautia uncl. 2616 A 0.0072 0.0314 A 0.0006 0.0057
2617 A 0.0239 0.0487
2625 A 0.0033 0.0169

Coprococcus uncl 1655 A 0.0029 0.0169
1648 A 0.0172 0.0458
1696 A 0.0033 0.0169
3795 A 0.0035 0.0169
3910 A 0.0104 0.0356 A 0.0032 0.0195

Eubactrium uncl. 1660 A 0.0091 0.0337
uncl. uncl. 4235 A 0.0200 0.0469 A 0.0119 0.0498

Ruminococcaceae Faecalibacterium prausnitzii 3026 A 0.0015 0.0169 A 0.0032 0.0195
3027 A 0.0365 0.0675
3053 A 0.0017 0.0169

uncl. 3025 A 0.0205 0.0469
3029 A 0.0007 0.0169 A 0.0004 0.0057

uncl. uncl. 3205 A 0.0141 0.0423
3221 A 0.0013 0.0169

Turibacteriaceae uncl. uncl. 2513 A 0.0156 0.0440
Enterobacteriaceae Escherichia uncl. 1508 B 0.0183 0.0463
Erysipelotrichaceae Holdemania uncl. 3748 B 0.0244 0.0487
Bacteria uncl. uncl. 3197 A 0.0141 0.0423

Q-values are false discovery rate-corrected p-values.
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decrease from 0.29% to 0.01% at the DNA level). This could
lead to a diminished role of C. hiranonis in the bile acid metabo-
lism, possibly resulting in a disturbed lipid metabolism. A recent
multi-omic study already showed an attenuated capacity of the
host’s microbiota to transport and metabolize bile acid and cho-
lesterol due to AB therapy.42

Few indicator OTUs fail to recover within 42 d after AB
cessation

Luminal and mucosal indicator OTUs affiliated to F. prausnitzii
and Coprococcus at the DNA level and to Blautia and Coprococcus at
the RNA level failed to recover sufficiently, as each of themwas desig-
nated an indicator OTU for treatment status A (pre-AB treatment).
At the DNA level, OTUs 3053 (F. prausnitzii) and 2616 (Blautia)
were indicators for pre-AB treatment when compared to treatment
status B (immediately after cessation of AB treatment), but only
OTU 3053 was an indicator for treatment status A when compared
to treatment status C (6 weeks after cessation of AB treatment). This
points to an accelerated recovery of Blautia compared to F. prausnit-
zii at the DNA level as shown by Young and Schmidt.34 A different
response in recovery of several other intestinal bacterial species after
AB treatment was also observed in a long-term study by Jernberg
et al.15 Similarly to F. prausnitzii (see above),Coprococcus andBlautia
seem to be gut-protective as reduced abundances of Coprococcus were
described to be associated with colorectal adenomas and irritable
bowel syndrome, respectively. Moreover, Blautia showed a reduction
inmucosa-adherent samples of patients suffering from colorectal can-
cer and hepatic encephalopathy.43-46

OTU abundance and potential activity do not necessarily
conform to each other

Abundance and potential activity are well correlated in most
significant OTUs (Table 2). However, this was not the case for
some OTUs representing Eubacterium, Ruminococcus torques,

Blautia, C. hiranonis, Clostridium spp. and Holdemania (Table 6).
Interestingly, C. hiranonis showed significantly higher potential
activity in mucosa-associated compared to luminal samples, while
just the opposite was the case for its abundance. C. hiranonis con-
stitutes an important factor in the host’s metabolic status (see
above). Whether a discrepancy between abundance and activity of
an OTU contributes to metabolic patterns or represents clinical
disease markers is still unknown and needs to be investigated in
further studies. As the present study was conducted on healthy
individuals, it would be interesting to investigate patients to
unravel disease-specific patterns possibly underlying OTU abun-
dance-activity discrepancies.

Conclusion and Outlook

This study revealed that AB treatment can lead to significant
alterations of present and potentially active microbiota. Luminal
and mucosa-associated microbiota are affected in a similar way.
We identified compartment-specific as well as AB-influenced
taxa, such as Blautia, B. dorei, F. prausnitzii, and C. hiranonis. At
the RNA level only mucosal indicator OTUs were identified.
During and after cessation of AB treatment some OTUs behaved
inconsistently with respect to their abundance and potential
activity patterns. Therefore, future gut microbial studies should
consider present and active members of both the luminal and
mucosal microbiota.

Patients and Methods

Study participants and study design
Fecal samples and biopsies were collected from 5 healthy vol-

unteers (all women, aged 20–22 years). Criteria for participation

Table 5. Indicator OTUs for the effect “Treatment status” (treatment status A (D before antibiotic treatment) vs. C (D 6 weeks after cessation of antibiotic
treatment)) at the DNA and RNA level

Taxonomy Indicator DNA DNA Indicator RNA RNA

Family Genus Species OTU DNA level p-value q-value RNA level p-value q-value

Lachnospiraceae Blautia uncl. 2616 A 0.0007 0.0111
Coprococcus uncl. 3910 A 0.0010 0.0250 A 0.0011 0.0111

Ruminococcaceae Faecalibacterium prausnitzii 3053 A 0.0009 0.0250

Q-values are false discovery rate-corrected.

Table 6. OTUs responsible for differences at the DNA and/or RNA level, but NOT correlated at both levels. @ indicates significant OTU in the RDA model of
the respective level. rho: Spearman’s rank correlation coefficient.

Taxonomy DNA RNA

Family Genus Species OTU level level rho p-value

Clostridiaceae Clostridium hiranonis 3137 @ @ 0.1270 0.2519
uncl. 3142 @ 0.1631 0.1946

Lachnospiraceae Blautia uncl. 2646 @ 0.2032 0.1407
Eubacterium uncl. 1660 @ 0.2095 0.1333
Ruminococcus torques 1708 @ 0.1340 0.2401

Erysipelotrichaceae Holdemania uncl. 3744 @ 0.0543 0.3878
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in the study were: no antibiotic,
antimycotic or probiotic therapy
and no hospitalization or diarrhea
in the previous 6 months; no cur-
rent infection; no relative or abso-
lute contraindications against
paromomycin. All individuals
gave their written consent as
approved by the local ethical
committee of the Medical Faculty
of the Christian-Albrechts-Univer-
sity (CAU) of Kiel, Germany.
The antibiotic paromomycin
(Pfizer, Berlin, Germany) was
administered at a dose of 4 g¢d¡1

over a period of 3 d. A series of
fecal samples and sigmoid biop-
sies were obtained before (A D
day 0) and immediately after ces-
sation of AB treatment (B D day
4) as well as 6 weeks after cessa-
tion (C D day 46). Prior to sig-
moidoscopy a rectal lavage was
administered to increase the safety
of examination (YalTM rectal infu-
sion, containing 13.4 g sorbitol in
a total volume of 67.5 ml,
Trommsdorf, Alsdorf, Germany).
Biopsies and fecal samples were
stored at ¡80�C until further use.

DNA and RNA extraction,
PCR amplification of V1 to V2

Simultaneous extraction of
DNA and RNA from biopsies was
performed with the AllPrep DNA/
RNA Mini Kit (Qiagen, Hilden,
Germany) with an additional
bead-beating step after addition of
RLT buffer to enhance cell lysis.
RNA extraction included an addi-
tional on-column DNase digestion
using a DNase solution/RDD
buffer mix. Extracted RNA was
reverse-transcribed into cDNA
with the High Capacity cDNA
Reverse Transcription Kit (Applied
Biosystems, Foster City, USA)
according to the manufacturer’s
instructions. Total DNA from fecal
samples was extracted using FastDNATMSPIN KIT FOR SOIL
(Qiagen, Hilden, Germany), with a preceding incubation in 200 ml
TL-Buffer and 25 ml proteinase K for 2 hours at 56�C. Extraction
of RNA from stool was performed using PowerMicrobiomeTM

RNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA)
according to the manufacturer’s protocol. Variable regions V1 and

V2 of the 16S rRNA gene and 16S cDNA were amplified and
sequenced with 454 pyrosequencing as previously described.47

Data processing
Data were preprocessed using MOTHUR version 1.26.0 as

previously reported.48,49

Figure 5. Relative abundances in sample groups of significant OTUs lacking correlation between DNA and
RNA levels. Colored guiding lines mark the mean values for factor levels of “Compartment” at the respective
treatment status: (A) before antibiotic treatment (day 0); (B) immediately after cessation of antibiotic treat-
ment (day 4); (C) 6 weeks after cessation of antibiotic treatment (day 46).
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General information on statistical analysis
All downstream computations were performed in R v2.15.2.50

Unless stated otherwise, analyses were separately performed with
DNA and RNA level data. P-values in multiple testing scenarios
were subject to Benjamini-Hochberg correction (“Q-values”).51

For convenience, treatment status levels are coded A (before AB
treatment), B (immediately after cessation of AB treatment), and
C (after 42-day recovery phase).

Alpha diversity and taxonomic plots
Alpha diversity was described by effective OTU richness 1D

(aka. Shannon numbers equivalent), which takes both the num-
ber and relative abundance of OTUs into account.21 1D was fit-
ted to the experimental factors “Treatment status” (with
treatment status A, B and C as levels) and “Compartment” (with
lumen and mucosa as levels). As framework for statistical fitting
we used generalized least squares mixed models with a random
intercept for factor “Subject” implemented in function lme of
the R package nlme v3.1–117.52 Models were compared by
means of the Akaike Information Criterion (AIC) and validated
following the recommendations of Zuur et al.53 Introduction of
a “Treatment status”-dependent variance structure compensated
for heteroscedasticity. Significance of individual factors and their
interaction term was determined by likelihood-ratio tests. Mar-
ginal and conditional adjusted explained variance (R2

adj.) were
calculated for the final models with the R package lmmfit v1.0.54

Marginal R2
adj. describes the proportion of variance explained by

the fixed factors alone, while conditional R2
adj. describes the pro-

portion of variance explained by both fixed and random factors.
R2 values were adjusted for the number of fixed effects and the
number of correlation structure parameters.

For an initial overview of the distribution of bacterial taxa
across samples, OTU counts were added up at the phylum and
family level, respectively. The family Erysipelotrichaceae was
moved from the phylum Tenericutes into the phylum Firmicutes
to reflect recent taxonomic changes.55

Data transformation and statistical model evaluation in b
diversity

Multivariate statistics was conducted via redundancy analysis
(RDA).56 as implemented in the R package vegan v2.1–20.57

OTU count data were Hellinger-transformed in order to produce
valid results in RDA.58 The design of the present study corre-
sponds to a multivariate mixed-effects model in which the OTU
count data are explained by 2 fixed effects (denoted as
“Treatment status” and “Compartment”) nested within the ran-
dom subject effect. Homogeneity of variances for the 2 fixed
effects was assessed using function betadisper. The appropriate
statistical model was determined via stepwise selection by func-
tion ordistep. Significance of individual effects within the selected
model was determined by 104 restricted permutations. Variance
partitioning was done with varpart. 3D visualizations of the
RDA models were produced in kinemage format.59 using the R
package R2Kinemage developed by SCN and displayed in KiNG
v2.21.60

Pairwise post-hoc tests in b diversity
Individual post-hoc tests were performed on the treatment sta-

tus combinations A-B and A-C with appropriate subsets of the
OTU count data. To control for the random effect between
study participants, we first conducted a regression on factor
“Subject.” Residuals of this regression were then subject to a per-
mutational ANOVA (function adonis) with 105 permutations,
using the levels of factor “Compartment” as strata.

Determination of significant OTUs
OTUs significantly correlated with an axis in the RDA model

were determined using function envfit with 105 permutations. In
order to reduce the number of tests in this procedure, OTUs
were pre-filtered according to their vector lengths calculated from
corresponding RDA scores (scaling 1) by profile likelihood
selection.61

Indicator analysis
Significant OTUs were further subject to indicator analysis

with the R package indicspecies v1.6.5.62 Indicator OTUs (in
analogy to indicator species).62 are OTUs that prevail in a certain
sample type while found only infrequently and irregularly in a
comparison sample type. Each analysis was preceded by a regres-
sion on factor “Subject” to avoid confounding inter-individual
effects. Residuals were subject to a second regression on the
respective other fixed effect. Residuals of this second regression
were transformed to positive values by subtraction of their mini-
mum and used as input for indicator analysis (function multi-
patt) with 105 permutations.

Between-level OTU correlations
Relationships between DNA and RNA level counts of OTUs

were investigated by Spearman rank correlation. Any OTU deter-
mined “significant” as outlined above at either the DNA or RNA
level was included.
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