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ABSTRACT

The stable gut microbiome plays a key role in sustaining host health, while the instability of gut
microbiome also has been found to be a risk factor of various metabolic diseases. At the ecological
and evolutionary scales, the inevitable competition between the ingested probiotic and indigenous
gut microbiome can lead to an increase in the instability. It remains largely unclear if and how
exogenous prebiotic can improve the overall gut microbiome stability in probiotic consumption. In
this study, we used Lactobacillus plantarum HNU082 (Lp082) as a model probiotic to examine the
impact of the continuous or pulsed supplementation of galactooligosaccharide (GOS) on the gut
microbiome stability in mice using shotgun metagenomic sequencing. Only continuous GOS
supplement promoted the growth of probiotic and decreased its single-nucleotide polymorphisms
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(SNPs) mutation under competitive conditions. Besides, persistent GOS supplementation increased
the overall stability, reshaped the probiotic competitive interactions with Bacteroides species in the
indigenous microbiome, which was also evident by over-abundance of carbohydrate-active
enzymes (CAZymes) accordingly. Also, we identified a total of 793 SNPs arisen in probiotic admin-
istration in the indigenous microbiome. Over 90% of them derived from Bacteroides species, which
involved genes encoding transposase, CAZymes, and membrane proteins. However, neither GOS
supplementation here de-escalated the overall adaptive mutations within the indigenous microbes
during probiotic intake. Collectively, our study demonstrated the beneficial effect of continuous
prebiotic supplementation on the ecological and genetic stability of gut microbiomes.

Introduction advantageous properties,”® such as increased resis-
tance against intestinal colonization by pathogenic
microbes, restoration of the gut microbiome
dysbiosis,” and promotion of the growth of benefi-
cial, indigenous microbes'® inhuman hosts.
Prebiotics are recognized for their capability to
promote the fitness of probiotics or the indigenous
intestinal microbiome, with both ecological and
evolutionary ramifications.'' From the ecological
perspective, an exogenous probiotic strain com-
petes for nutrients and space with members already
present in the indigenous microbiome. The

Probiotics are live microorganisms that can potenti-
ate health benefits in the host when administered in
appropriate quantities." The gut microbiome has
long been considered a prospective target in the
therapy for numerous diseases or general well-
being.>> A variety of studies have demonstrated the
beneficial effects of probiotics on the phenotypical
modulation of the host gut microbiome.*® The com-
monly administered probiotics belong to the bacter-
ial strains within genera Lactobacillus and
Bifidobacterium. Probiotics usually exhibit shared
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appropriate supplementation of nutritional sub-
strates as prebiotics for the gut microbial commu-
nity could lower such competition and therefore
enhance colonization of probiotic strains.'* The
prebiotics such as fructooligosaccharide (FOS),"’
xylooligosaccharide (XOS),'* galactooligosacchar-
ide (GOS), and inulin'®> have shown beneficial
effects on probiotics in vitro. Our preliminary
experiments found that galactooligosaccharide
(GOS) used in the present study is the leading
prebiotic for promoting the growth of Lp082.
Previous studies have reported the molecular
mechanism underlying GOS utilization by probio-
tics including Lactobacillus and Bifidobacterium;
which highlighted the key roles of -galactosidases
(GH42 and GH2) in GOS metabolism.'®'® The
highly abundant members of Bacteroides in the
indigenous gut microbiome can also competitively
utilize GOS, as they possess many carbohydrate-
active enzymes that enable the digestion of a wide
range of polysaccharides."

Most of the reported benefits of prebiotics as well
as the competition between exogenous and indi-
genous probiotics have been made from a microbial
ecology and host physiology perspective.’**
However, the competition between ingested pro-
biotics and the resident microbiome within the
gastrointestinal tract also results in a profound
and  previously unappreciated microbiome
dynamic. First, unlike abiotic therapeutics,
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probiotics accumulate genomic mutations in
a competitive environment.”>** As a result, the
indigenous intestinal microbiome could transiently
fluctuate in abundance and genetically evolve
rapidly to adapt to the invasion of probiotics.*
The direction of such co-evolution could eventually
determine the ecological conditions in the gut
microbiome and impact the therapeutic efficacy of
probiotics treatments. It remains largely unclear if
prebiotic supplementation can attenuate the pro-
biotics-driven, genetic instabilities generated in the
indigenous microbiome and how to most effec-
tively administer the prebiotics from both the eco-
logical and evolutionary standpoints.

In our previous work, we isolated a probiotic
strain, Lactobacillus plantarum HNU082 (Lp082),
from the traditional fermented seafood. We
sequenced its whole genome®® and found encoded
with an abundant number of carbohydrate-active
enzymes and phosphotransferases. We also found
that the bacteria exhibit a series of excellent pro-
biotic characteristics.”” Therefore, it was developed
as a model strain to systematically assess the ecolo-
gical and evolutionary effects of probiotics on the
gut microbiome, both in the presence and absence
of prebiotic. In this study, we designed a 4-week
microbiome study on mice using four treatment
groups:  Control, Probiotic, GOS+Probiotic
Continuous (GPC), and GOS+Probiotic Pulsed
(GPP) (Figure la). We longitudinally tracked the
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Figure 1. The experimental design and Lp082 adaptive evolution within host gut. (a) The experimental design. Control (n = 5 animals),
PRO (n = 6 animals), GPC (n = 6 animals), and GPP (n = 6 animals). (b—c) The temporal dynamics of the relative abundance and the
mutation frequency (SNPs) of Lp082 among the three groups, error bar: mean=SD. (d) Every SNP location was marked on the reference

genome of Lp082.



relative abundance of bacterial species-level com-
positions, single-nucleotide variants (SNV) pro-
files, and gene contents of these species in the
fecal microbiome of mice. This study design allows
us to specifically examine i) the impact of the sup-
plementary GOS on the ecological and genetic sta-
bility of ingested probiotic Lp082 over time in the
gut; ii) the impact of GOS supplementation on the
overall stability of indigenous intestinal micro-
biome during probiotic consumption.

Results

The persistent GOS supplementation promote the
colonization of the consumed probiotic and
increased its genetic stability under the intestinal
selective pressure

To profile the temporal dynamics of probiotics after
consumption in each group, we first mapped the
metagenomic sequences to the reference genome of
Lp082 to calculate the relative abundance of this
strain in each fecal microbiome. After probiotic
intervention, the average relative abundance of the
probiotic Lp082 was 0.025% among the 3 treatment
groups (annotated from metagenomic reads),
which only counted for less than millesimal indi-
genous microbes (Fig S1A). We found that, when
GOS was not supplemented (i.e in PRO group), the
relative abundance of the ingested probiotic
decreased continuously over time possibly due to
the selective pressure from indigenous gut micro-
biome (Figure 1b and Fig S1A). The probiotic
abundance was more fluctuated over time, and
highly correlated with the timing of the GOS sup-
plement (Figure 1b) with the pulsed GOS supple-
ment (i.e in GPP group). It dropped off from 7 to
14 d, went up from 14 to 21 d, then went down after
21 d. In contrast, its relative abundance was mark-
edly stable over time (Figure 1b) under continuous
supplement of GOS (i.e in GPC group). These
results indicated that GOS supplementation can
effectively enhance the colonization of the con-
sumed probiotic in the intestinal microbiome.

We were next interested in delineating the
impact of GOS supplementation on the population
genetic stability of the probiotics under the selective
pressure from the indigenous gut microbiome.
Firstly, single-nucleotide polymorphism (SNP) on
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this probiotic genome in each fecal microbiome
was identified by mapping the metagenomic
sequences to the reference genome of Lp082
(Table S2). A total of 28 SNPs on this probiotic
strain were annotated from all fecal microbiomes.
When GOS was not supplemented, the total num-
ber of probiotic SNPs (averagely 8-9) was relatively
higher during the first 14 d of colonization than
that under GOS supplementation (Figure 1lc-d)
and was lowered after 14 d (averagely 6). In the
case of pulsed GOS supplement, the number of
adaptive mutations acquired by probiotics was
associated with the timing of GOS supplementa-
tion. The persistent GOS supplement significantly
decreased and stabilized the mutation frequency of
consumed probiotic over the full course of inges-
tion. From the mutation frequency profiles, we
found certain SNPs were significantly different in
frequency between PRO and GPC groups (Fig
S1C). These SNPs were mainly located on the
gene dps encoding starvation-inducible DNA-
binding protein, and the gene Ip_2588 encoding
cell surface adherence protein.

The continuous GOS supplementation stabilized the
structural fluctuation of indigenous intestinal
microbiomes induced by probiotic invasion

We next sought to elucidate whether the response
of indigenous intestinal microbiome to the ingested
probiotics is GOS-supplementation-dependent.
For that, the temporal changes in the beta diversity
of indigenous gut microbiome based on the Bray-
Curtis distance of the species-level taxonomic pro-
files (Figure 2a, Table S3) were quantified.

The probiotic ingestion spontaneously resulted
in an increment in fecal alpha diversity (Figure 2c)
and introduced the dramatic perturbations in the
indigenous microbial community structure over
time which is evident by Bray-Curtis distances to
the control group (Figure 2b, ¢). In contrast, fol-
lowing the continuous supplementation of GOS,
relatively high stability of gut microbiome over
time was observed in the GPC group (Figure 2b,
c). The pulsed GOS supplementation increased the
probiotics-derived fluctuations. This result suggests
that only continuous supplementation of prebiotics
can reduce such microbiome instabilities due to
probiotic invasion. We further identified the
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Figure 2. The indigenous intestinal microbiome response to the probiotic ingestion at the taxonomic level. (a) The PCoA plot based on
the Bray—Curtis distance metric of species-level taxonomic profiles of fecal samples in each group. The points in different colors
represented the samples in different groups, and the gradation of same color represented the samples in the same group but different
time points. (b) The Bray—Curtis distance between samples in control and each of treatment groups at each time point, error bar: mean
+SD. (c) The changes in taxonomic Shannon diversity compared to the control group at each time point, error bar: mean=SD. (d) The
heatmaps showing significantly changed species-level taxa from control in each group. (e) The co-occurrence networks indicating the
ecological relationships between Lp082 and indigenous intestinal species under each of treatments. The nodes in different colors
represented by members in the community, i.e. Lp082, species positively correlated with probiotic, and species negatively correlated
with probiotic. The edges are colored by sign and strength of correlation between a pair of nodes, which calculated based on the

Spearman correlation coefficients.

differentially abundant species to control at each
time point in each group (Figure 2d). Among all
probiotic-treated groups, we found the least num-
ber of species-level taxa in the GPC group tends to

diverge in abundance from control over time. This
further shows a relatively uniform microbiome
configuration under continuous GOS
supplementation.



Next, we constructed a co-occurrence network in
each group to identify the ecological relationships
between indigenous microbes and the consumed
probiotic. Positive links represent commensalism
or facilitation, while negative links represent antag-
onism or competition. From the network in PRO
group (Figure 2e, right panel), the probiotic posi-
tively connected to Bifidobacterium pseudolongum,
Bifidobacterium animalis, Lactobacillus animalis,
Lactobacillus pentosus, and Lactobacillus johnsonii,
while it showed a negative correlation to the species
of the genus Bacteroides. Interestingly, the negative
correlations between the Lp082 and Bacteroides spe-
cies in the probiotic group turned to positive in GPC
group (Figure 2e, left panel). The co-occurrence net-
work was constructed based on the dynamics of the
microbial abundance. The continuous GOS supple-
mentation not only improved the colonization of the
ingested probiotic in the indigenous gut microbial
communities but also promoted the growth of indi-
genous Bacteroides species (such as Bacteroides
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caccae, Bacteroides ovatus, Bacteroides vulgatus,
Bacteroides thetaiotaomicron, and Bacteroides caeci-
muris). Based on this observation, we concluded that
the Bacteroides species were able to utilize the GOS,
which lead to a strong competition between the
Lp082 and Bacteroides species because of the similar
carbohydrate utilization profile.

The continuous GOS supplement featured changes
in the carbohydrate-active enzymes (CAZymes) in
the indigenous microbiome

To examine the impact of GOS supplement on the
functional diversity in the indigenous fecal micro-
biome we characterized the temporal changes in the
diversity of gut microbial CAZymes using the
Bray-Curtis distance metric in all groups following
probiotic treatments. The general disruption of the
fecal CAZyme profiles by different probiotic
administrations was evident by Bray-Curtis dis-
tances to the control group (Figure 3a, b). During
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Figure 3. The consumption of the probiotic with prebiotic featured the temporal changes in the CAZymes of indigenous gut
microbiome. (a) The PCoA plot based on Bray—Curtis distance of CAZymes profiles in the fecal microbiomes in each group. The points
are colored by different treatment groups. (b) The Bray—Curtis distance between the control group and others based on CAZymes
profiles at each time point, error bar: mean+SD. (c) The significantly changed CAZymes between the control and the other probiotic-

treated (GPC, GPP, and PRO) groups, error bar: mean=SD.
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the first 2 weeks, the Bray-Curtis distance of
CAZymes in the fecal microbiomes increased con-
sistently in each of the probiotics-treated groups
which may be due to new exogenous bacteria intro-
duced into the microbiome. Interestingly, a smaller
Bray-Curtis distance of CAZyme profiles to the
control group was observed under continuous
GOS supplementation than that in other treat-
ments. It shows that the CAZyme profiles of gut
microbiome tend to be more similar to those in the
control group during the first 2 weeks under con-
tinuous GOS supplement. After 2 weeks of probio-
tic colonization, the CAZyme profiles under all
probiotic treatments were found to shift toward
a control-group-like configuration.

The differentially abundant CAZymes between
treatment groups at each time point were then
identified (Figure 3c, Table S4). The relative abun-
dance of the a-L-arabinofuranosidase and f-
xylosidase decreased sharply in the GPC, GPP,
and PRO groups as compared to control groups.
The abundance of a-galactosidase, rhamnogalac-
turonan  endolyase,  a-L-rhamnosidase, a-
mannosidase, and [(-1,4-xylanase, however,
increased significantly in the three probiotic-
administrated groups. Notably, the p-galactosidase
was maintained in a high abundance in the GPC
group (Figure 3c). Therefore, we concluded that the
consumption of probiotics and GOS leads to over-
representation of certain key CAZymes in indigen-
ous gut microbiomes that improved the overall
functional capacity related to GOS utilization.

The GOS supplement did not reduce the adaptive
mutations within indigenous gut microbiomes due
to probiotic consumption

Afterward, we examine the effects of GOS supple-
mentation on the single-nucleotide variants (SNV)
frequency of indigenous gut microbiomes during
the ingestion of probiotics. For SNV profiling, 16
species that have sufficient coverage in at least 95%
of the metagenomic samples were analyzed.
Unexpectedly, 793 putative SNPs were identified
in the probiotic-treated groups compared to con-
trol, suggesting the probiotic administration
remarkably increased the overall mutations in the
indigenous microbiome. From the PCA plot based
on the SNV frequency table, prebiotic

supplementation was observed to be a lesser asso-
ciation with SNV profiles (Figure 4a). The SNV
differences related to time were more pronounced
(Figure 4b). The SNV frequency of the indigenous
microbes in all groups consistently increased within
the first 2 weeks, and plateaued or slightly lowered
after 2 weeks of probiotic consumption (Figure 4a-
b). This result suggested that the GOS supplement
did not reduce the overall changes in the genetic
diversity within indigenous gut microbiomes in
probiotic consumption.

Notably, among 793 SNPs identified in total, the
vast majority (over 90%) was located in Bacteroides
species (such as Bacteroides ovatus, Bacteroides cae-
cimuris, and Bacteroides thetaiotaomicron)
(Figure 4c, d, Table S5), which are also among the
most abundant and prevalent species in the human
gut. Genes under the adaptive evolution are mainly
involved in carbohydrate utilization and cross-
membrane polysaccharide importers such as trans-
posase, integrase, carbohydrate-active enzymes,
conjugative transposon protein, SusC/SusD outer
membrane protein, and mobilization protein for
plasmid transfer (Table S6). Interestingly, even
though continuous GOS supplement changed the
competitive relationship between indigenous
Bacteroides and ingested probiotics (Figure 2e),
both of them were still kept in a high frequency of
adaptive mutations in the same gut ecosystem. It
suggested that the evolution processes in the gut
microbiome mediated by probiotic ingestion are
faster, complex, and profound than is often
assumed.

Discussion

The stable gut microbiome plays a key role in
sustaining host health, while the instability of gut
microbiome also has been found to be a risk factor
of various metabolic diseases. Healthy human gut
microbiota is stable over long periods, where mem-
bers of Bacteroidetes and Actinobacteria were able
to be maintained over the course of more than
5 y.*® In contrast, that temporal shifts in the
human gut microbiome are more frequent and
extreme in Inflammatory Bowel Disease and acute
myeloid leukemia patients as compared to healthy
individuals. The high degree of temporal instability
of stool and oral microbial diversity has been also
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consumption. (a) The PCoA plot based on the Euclidean distance of SNP profiles in each group. The points are colored by different
treatments. (b) The Euclidean distance between the control group and others based on SNP profiles at each time point, error bar: mean
+SD. (c) The heat map showing the median number of SNPs identified in each species in the probiotic-treated groups (GPC, GPP, and
PRO) at each time point. (d) The distribution of identified SNPs in the genomes of the Bacteroides caecimuris and Bacteroides

thetaiotaomicron.

observed in patients suffering from acute myeloid
leukemia.”*® The probiotics are commonly found
to cause mild diarrhea in the early consumption
stage. Such events can associate with the temporary
instability of gut microbiome resulted from the
intestinal colonization resistance to ingested
probiotics.’® In this paper, we have highlighted
the benefit of using GOS, and found that it not
only promoted the growth of probiotics, but also
buffered the possibly harmful response of the

indigenous intestinal microbiome to probiotic
invasion. Consequentially, this maintained the sta-
bility of the indigenous microbiome and reduced
the side effects of probiotic intake.

The prebiotic has been found to promote the
growth of probiotics, yet its impact on the stability
of the gut microbiome remains largely unknown.
Our study focused on the effects of prebiotic intake
on the temporal stability of probiotics and the indi-
genous gut microbes in the probiotic consumption
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from both the evolutionary and ecological stand-
points. The gastrointestinal tract is a battleground
for residing microorganisms, where both indigen-
ous and invasive microbes compete for the limited
availability of nutrients such as carbohydrates, and
space. From our microbial co-occurrence network
analysis, we found that Bacteroides species have
a strong negative link to the Lactobacillus plan-
tarum when no prebiotics are supplied, suggesting
a naturally occurring, strong, antagonistic relation-
ship. Genome sequencing revealed that
Lactobacillus plantarum and Bacteroides species
(including Bacteroides ovatus, Bacteroides vulgatus,
Bacteroides caecimuris, and Bacteroides thetaiotao-
micron) consistently encode a large number of -
galactosidases. This suggests that they share similar
carbohydrate utilization capabilities and an ecolo-
gical niche with each other, which supports the
strong negative link observation. Indeed, dietary
GOS can enrich lactose-fermenting bacteria includ-
ing Lactobacillus in the gut, along with the growth
of certain Bacteroides spp.”> Coincidentally
observed that their ecological relationship was
eventually reshaped by the dual supplementation
of probiotic and continuous GOS. Therefore,
appropriate prebiotic supplementation with pro-
biotics can attenuate the competitive interactions
between the exogenous probiotic and the indigen-
ous gut microbiome.

Influx of administered probiotics into the intest-
inal tract and subsequent competition with the
indigenous microbiome leads to increasing
instability of the gut microbiome.”> We observed
that exogenous prebiotic carbohydrate reduced the
deleterious changes induced by the probiotic inva-
sion in the community composition of the indigen-
ous gut microbiome. The intestinal microbial
CAZymes also responded to the increased availabil-
ity of nutrients. Intriguingly, we found that
although GOS mitigates the intensive competition
between them, the adaptive evolution within the
genomes of both parties was still highly active
throughout the whole study. More than 90% of
these putative evolutionary changes were found in
the indigenous microbial competitors of the pro-
biotic Lp082, which likely promoted their compe-
titive capacity and fitness in the gut. It strongly
suggested that the common or even daily supple-
ment of probiotics could rapidly become a strong

driving force of both ecology and evolution in the
indigenous gut microbiome within a relatively
short timescale, that has been largely overlooked.
Collectively, our study illuminated the effects of
probiotic ingestion on the overall gut microbiome
stability, as well as highlighted the GOS mediated
co-evolution between the ingested probiotic and
the indigenous gut microbiome. These findings
provide novel sights about the beneficial effects of
prebiotic supplementation with probiotics in
the gut.

Materials and methods

Determining the optimal prebiotic for Lactobacillus
plantarum HNU082

The optimal prebiotic of Lp082 was screened from
GOS, XOS, FOS, stachyose, and inulin compared
with the MRS medium based on the growth curve
in the MRS medium in vitro and colony counting
method. In brief, the screening medium was
improved based on basal nutrient growth medium
(peptone 10 g/L, beef extract 10 g/L, yeast extract
5 g/L, CsHsO,(NH,); 2 g/L, Tween 80 1 ml/L, CH;
COONa 5 g/L, K,HPO, 2 g/L, MgSO, 0.58 g/L,
MnSO, 0.25 g/L, pH adjusted to 6.2 with HCl
solution) supplied with different prebiotics (20 g/
L). The solid medium contained 2% agar. The
growth curve showed that the growth capacity of
Lp082 in the GOS-improved medium was like that
of the MRS medium, while the number of viable
counts was higher than that of the MRS medium.
Thus, the GOS was selected as the optimal prebiotic
of Lp082, Table SI.

Animal experimentation and diets

Animal experimentation was carried at the Hainan
University, Haikou, China following the guidelines
approved by the Ethics Committee of the Hainan
University. A total of 48 five-week-old male C57BL/
6 mice were purchased from Hunan SJA
Laboratory Animal Co., Ltd., which were housed
at Hainan University, Haikou, China in specific
pathogen-free conditions. After a 14-d adaptation
period, all mice were randomly divided into 4 treat-
ment groups (12 mice/group). These treatment
groups were: Control, Probiotic (PRO), GOS



+Probiotic Continuous (GPC), and GOS+Probiotic
Pulsed (GPP). Mice were provided with the experi-
mental diets for the next 4 weeks (Figure 1a). All
the animals were provided with ad libitum feed and
water. The Control group was fed with the com-
mercially available feed (Hunan SJA Laboratory
Animal Co.). The GPC group was fed with 8.6
Logl0 CFU/day Lp082 and 20 mg/day GOS, while
the GPP group was fed with 8.6 Logl0 CFU/day
Lp082 and 20 mg/day GOS (only on week 1 and
week 3). The PRO group was fed with 8.6 Logl0
CFU/day Lp082. The Lp082 and GOS were admi-
nistered to mice by intragastric administration,
along with normal saline, while the equal volume
of normal saline was given to the control group.

Fecal sample collection

Considering the possibility of accidental deaths
during the trial, a total of 12 mice/treatment
group were allocated at the beginning of the experi-
ment. These 12 mice in each group were then
further divided into 3 cages (4 mice/cage). The
mice in each cage were numbered. Although 12
mice were fed in each group, we collected fecal
samples from totally 5-6 mice (two out of four
mice in each of three cages) under the same condi-
tion consistently in all time points of this experi-
ment. To ensure that the fecal samples were fresh
and collected at each time point and avoid any
cross-contamination, we transferred each target
mouse into a new clean cage for sample collection
and return it to its original cage. Fecal samples were
collected at d 7, 14, 21, and 28 from 5 mice (n = 5
for control) or 6 mice (n = 6 for PRO, GPC, and
GPP) before gavage at 9 a.m. The fecal samples
were snap-frozen in liquid nitrogen and stored
at — 40°C until further analysis. After 4 weeks of
experimental diet feeding, the mice were sacrificed
by cervical dislocation. Every effort was made to
minimize animal suffering.

Fecal DNA extraction, shotgun metagenomic
sequencing, and data quality control

The DNA was extracted from fecal samples by
using the QIAamp® DNA Stool Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s
instruction. The quality of the extracted DNA was
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determined by 0.8% agarose gel electrophoresis,
and OD 260/280, while DNA concentration was
measured by using NanoDrop 2000 (Novogene
Company, Beijing, China). This was used for the
shotgun metagenomic sequencing that was per-
formed by Illumina HiSeq 2500 instrument in the
Novogene Company (Beijing, China). The length of
the DNA fragments after library preparation was
approximately 300 bp. In the forward and reverse
directions, 150 bp paired-end reads were generated.
The reads were trimmed using Sickle software and
were subsequently aligned to the mouse genome
(GRCm38.p6) to remove the host DNA fragments.

Identification of microbial species, functional genes,
metabolic pathways, and the abundance of Lp082

The shotgun reads were assembled into contigs and
scaffolds using MEGAHIT>* with the default para-
meter. For metagenomic species annotation, the
Kraken 2.0>> and Bracken 2.5°° software were applied
for taxonomic classification. HUMANnN2 was per-
formed for metagenomic functional features and
metabolic-pathway —annotation based on the
UniRef90 database.”” More information on the soft-
ware and code should be found in “code availability.”
Accordingly, we obtained the taxonomic, gene
families, and metabolic-pathway profiles of the
intestinal microbiome through the above analysis.
Given the compositionality nature in the microbiome
data,”® we further used CLR-transformed abun-
dances based on the R package “composition” to
perform univariate statistical analysis. Because the
probiotic Lp082 had been whole-genome sequenced,
we know every detail of its genome. When calculat-
ing the abundance of Lp082, firstly we constructed
a reference genome database based on the whole
genome sequence of the strain. The Lp082 reference
genome was added into Kraken database, and the
shotgun metagenomic sequencing reads of each sam-
ple were mapped to the Lp082 reference genome by
running the Bracken 2.5 software, generating the
relative abundance of Lp082 in each sample.

Carbohydrate-active enzymes (CAZYmes)
annotation and calculation of gene abundance

The dbCAN2*° software was used to identify and
annotate CAZymes. In this regard, the assembled
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contigs by MEGAHIT were submitted and pre-
dicted to generate protein sequences using
FragGeneScan v1.31.*" After protein prediction,
Diamond v0.9.24** was employed for fast blast
hits in the CAZymes database (E value = le-102,
based on CAZyDB on 08 August 2019). Then,
the contigs were used to predict the functional
genes with MetaGeneMark.*> Finally, a non-
redundant gene catalog was constructed using
CD-HIT.** The abundances of genes were deter-
mined by aligning the reads back to the gene
catalog using Bowtie2® and SAMtools
v_0.1.18.*° Subsequently, for any sample N, we
calculated the abundance as follows:

Step 1: Calculation of the copy number of each
gene:

Xi

b=
L,

(2)

Step 2: Calculation of the relative abundance of
gene i

bi
ST 3
“=Sh (3)
a; the relative abundance of gene i,

b;: the copy number of gene i from sample N,
L;: the length of gene i,
x;: the number of mapped reads.

The genome of Lp082 has been completely
sequenced (Accession: PRJCA000348). The relative
abundance of Lp082 was also calculated based on
the above methods.

Evolutionary analysis based on shotgun
metagenomic data of gut microbiome

We next employed MIDAS (Metagenomic Intra-
Species Diversity Analysis System) to profile the
species-level SNP frequency and gene contents
in the gut microbiome.*” Briefly, we constructed
a reference genome database including the indi-
genous species in high abundance and the spe-
cies closely related to Lp082. Then, the shotgun
metagenomic sequencing reads were mapped to
the database for the SNP calling on each of
intestinal species using the same method as sin-
gle genomic analysis. The SNPs identified from
samples in the control group were set as the

reference for the estimation of bacterial muta-
tions of every single species at the following time
points.

Statistics statement

All statistical analyses were performed using
R. Principle coordination analysis (PCoA) was
performed in R using the ade4 package. The
“zcomposition” package was used for CLR trans-
formation. The differentially abundance analysis
on each microbial feature in the taxonomic and
functional profiles was tested with Wilcoxon
rank-sum test or Kruskal-Wallis test on CLR-
transformed data. A microbiome feature is con-
sidered differentially abundant at p < .05 (the
data were corrected for multiple testing, and
the p value was the adjusted p value, which is
also considered as q wvalue). The package
“ggplot2” was used for generating bubble and
box-and-whisker plots. The line chart was con-
structed using Graphpad Prism 6.07. The heat-
map was constructed using the “pheatmap”
package, and the evolutionary dynamics were
built using the “ggmuller” package. The micro-
bial ecological networks were inferred by
Spearman’s rank correlation coefficient from
the metagenomic sequencing data and visualized
in Cytoscape (Version 3.7.1).

Authors’ contribution

The study was designed by J.Z., Z.H.S, and Z.S. The experiment
was performed by C.M,, S.J., H.C, and Z.Z. Data collection was
performed by Z.Y., SJ., H.C, and Y.X.W. Data analysis was
performed by J.Z., CM., Z.S., RM,, Y.Y.W., D.H,, and S.J. The
manuscript was written by C.M., SW., CL, J.Z, ZS., ZH.S,
and S.H. All authors read and approved the final manuscript.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Funding

The project was supported by the National Natural Science
Foundation of China (No. 31701577, 31622043) and Key R &
D programs in Hainan (No. ZDYF2019150).



ORCID
Rajeev Mishra (%) http://orcid.org/0000-0003-1404-3477
Jiachao Zhang (1) http://orcid.org/0000-0001-8099-6749

Data and code availability

The sequence data reported in this paper have been deposited
in the NCBI database (metagenomic sequencing data:
PRJNA608079). More details about the figure construction
and code can be found in Github: https://github.com/
HNUmcc/HNU082_GOS_project

References

1.

Hill C, Guarner F, Reid G, Gibson GR, Merenstein D],
Pot B, Morelli L, Canani RB, Flint HJ, Salminen S, et al.
Expert consensus document. The international scienti-
fic association for probiotics and prebiotics consensus
statement on the scope and appropriate use of the term
probiotic. Nat Rev Gastroenterol Hepatol. 2014;11
(8):506-514. doi:10.1038/nrgastro.2014.66.

. Gentile CL, Weir TL. The gut microbiota at the inter-

section of diet and human health. Science.
2018;362:776-780. doi:10.1126/science.aau5812.

. Jackson MA, Verdi S, Maxan ME, Shin CM, Zierer J,

Bowyer RCE, Martin T, Williams FMK, Menni C,
Bell JT, et al. Gut microbiota associations with common
diseases and prescription medications in a
population-based cohort. Nat Commun. 2018;9:2655.
doi:10.1038/s41467-018-05184-7.

. Zhang ], Zhao ], Jin H, Lv R, Shi H, De G, Yang B,

Sun Z, Zhang H. Probiotics maintain the intestinal
microbiome homeostasis of the sailors during a long
sea voyage. Gut Microbes. 2020;11:1-14.

. Pan H, Guo R, Ju Y, Wang Q, Zhu ], Xie Y, Zheng Y,

Li T, Liu Z, Lu L, et al. A single bacterium restores the
microbiome dysbiosis to protect bones from destruction
in a rat model of rheumatoid arthritis. Microbiome.
2019;7(1):107. doi:10.1186/s40168-019-0719-1.

. Hou Q, Zhao F, Liu W, Lv R, Khine WWT, Han J, Sun Z,

Lee Y-K, Zhang H. Probiotic-directed modulation of gut
microbiota is basal microbiome dependent. Gut Microbes.
2020;1-20. doi:10.1080/19490976.2020.1736974.

. Piewngam P, Zheng Y, Nguyen TH, Dickey SW, Joo HS,

Villaruz AE, Glose KA, Fisher EL, Hunt RL, Li B, et al.
Pathogen elimination by probiotic Bacillus via signal-
ling  interference. Nature. 2018;562:532-537.
doi:10.1038/541586-018-0616-y.

. Kim SG, Becattini S, Moody TU, Shliaha PV,

Littmann ER, Seok R, Gjonbalaj M, Eaton V,
Fontana E, Amoretti L, et al. Microbiota-derived lanti-
biotic restores resistance against vancomycin-resistant
enterococcus. Nature. 2019;572(7771):665-669.
doi:10.1038/s41586-019-1501-z.

10.

11.

12.

13.

14.

15.

16.

17.

18.

GUT MICROBES (&) e1785252-11

. Castro-Mejia JL, O’Ferrall S, Krych L, O’Mahony E,

Namusoke H, Lanyero B, Kot W, Nabukeera-Barungi
N, Michaelsen KF, Molgaard C, et al. Restitution of gut
microbiota in Ugandan children administered with pro-
biotics (Lactobacillus rhamnosus GG and
Bifidobacterium animalis subsp. lactis BB-12) during
treatment for severe acute malnutrition. Gut Microbes.
2020;1-13. doi:10.1080/19490976.2020.1712982.

Xu H, Huang W, Hou Q, Kwok LY, Laga W, Wang Y,
Ma H, Sun Z, Zhang H. Oral administration of com-
pound probiotics improved canine feed intake, weight
gain, immunity and intestinal microbiota. Front
Immunol. 2019;10:666. doi:10.3389/fimmu.2019.00666.
Gibson GR, Hutkins R, Sanders ME, Prescott SL,
Reimer RA, Salminen SJ, Scott K, Stanton C,
Swanson KS, Cani PD, et al. Expert consensus document:
the international scientific association for probiotics and
prebiotics (ISAPP) consensus statement on the definition
and scope of prebiotics. Nat Rev Gastroenterol Hepatol.
2017;14(8):491-502. doi:10.1038/nrgastro.2017.75.
Walter J, Maldonado-Gomez MX, Martinez I. To
engraft or not to engraft: an ecological framework for
gut microbiome modulation with live microbes. Curr
Opin Biotechnol. 2018;49:129-139. doi:10.1016/j.
copbio.2017.08.008.

Mao B, Gu J, Li D, Cui S, Zhao J, Zhang H, Chen W.
Effects of different doses of fructooligosaccharides
(FOS) on the composition of mice fecal microbiota,
especially the Bifidobacterium composition. Nutrients.
2018;10:1105-1128.

Hansen CHF, Larsen CS, Petersson HO,
Zachariassen LF, Vegge A, Lauridsen C, Kot W,
Krych %, Nielsen DS, Hansen AK, et al. Targeting gut
microbiota and barrier function with prebiotics to alle-
viate autoimmune manifestations in NOD mice.
Diabetologia.  2019;62(9):1689-1700.  doi:10.1007/
s00125-019-4910-5.

Vandeputte D, Falony G, Vieira-Silva S, Wang J,
Sailer M, Theis S, Verbeke K, Raes J. Prebiotic
inulin-type fructans induce specific changes in the
human gut microbiota. Gut. 2017;66(11):1968-1974.
doi:10.1136/gutjnl-2016-313271.

Goh Y], Klaenhammer TR. Genetic mechanisms of pre-
biotic oligosaccharide metabolism in probiotic microbes.
Annu Rev Food Sci Technol. 2015;6:137-156. doi:10.1146/
annurev-food-022814-015706.

Andersen JM, Barrangou R, Abou Hachem M,
Lahtinen S, Goh Y], Svensson B, Klaenhammer TR.
Transcriptional and functional analysis of galactooligo-
saccharide uptake by lacS in Lactobacillus acidophilus.
Proc Natl Acad Sci USA. 2011;108:17785-17790.
doi:10.1073/pnas.1114152108.

O’Connell Motherway M, Fitzgerald GF, van Sinderen D.
Metabolism of a plant derived galactose-containing poly-
saccharide by Bifidobacterium breve UCC2003. Microb
Biotechnol. 2011;4:403-416. doi:10.1111/j.1751-7915.201
0.00218.x.


https://github.com/HNUmcc/HNU082_GOS_project
https://github.com/HNUmcc/HNU082_GOS_project
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1126/science.aau5812
https://doi.org/10.1038/s41467-018-05184-7
https://doi.org/10.1186/s40168-019-0719-1
https://doi.org/10.1080/19490976.2020.1736974
https://doi.org/10.1038/s41586-018-0616-y
https://doi.org/10.1038/s41586-019-1501-z
https://doi.org/10.1080/19490976.2020.1712982
https://doi.org/10.3389/fimmu.2019.00666
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1016/j.copbio.2017.08.008
https://doi.org/10.1016/j.copbio.2017.08.008
https://doi.org/10.1007/s00125-019-4910-5
https://doi.org/10.1007/s00125-019-4910-5
https://doi.org/10.1136/gutjnl-2016-313271
https://doi.org/10.1146/annurev-food-022814-015706
https://doi.org/10.1146/annurev-food-022814-015706
https://doi.org/10.1073/pnas.1114152108
https://doi.org/10.1111/j.1751-7915.2010.00218.x
https://doi.org/10.1111/j.1751-7915.2010.00218.x

e1785252-12 (&) C.MAETAL.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Pickard JM, Zeng MY, Caruso R, Nunez G. Gut micro-
biota: role in pathogen colonization, immune responses,
and  inflammatory = disease. = Immunol  Rev.
2017;279:70-89. d0i:10.1111/imr.12567.
Monteagudo-Mera A, Arthur JC, Jobin C, Keku T,
Bruno-Barcena JM, Azcarate-Peril MA. High purity
galacto-oligosaccharides enhance specific
Bifidobacterium species and their metabolic activity in
the mouse gut microbiome. Benef Microbes.
2016;7:247-264. d0i:10.3920/BM2015.0114.

de Freitas MB, Moreira EAM, Oliveira DL, Tomio C, da
Rosa JS, Moreno YMF, Barbosa E, Ludwig Neto N,
Buccigrossi V, Guarino A, et al. Effect of synbiotic supple-
mentation in children and adolescents with cystic fibrosis:
a randomized controlled clinical trial. Eur J Clin Nutr.
2018;72:736-743. d0i:10.1038/s41430-017-0043-4.
Krumbeck JA, Rasmussen HE, Hutkins RW, Clarke J,
Shawron K, Keshavarzian A, Walter J. Probiotic
Bifidobacterium strains and galactooligosaccharides
improve intestinal barrier function in obese adults but
show no synergism when used together as synbiotics.
Microbiome. 2018;6(1):121. doi:10.1186/s40168-018-
0494-4.

Crook N, Ferreiro A, Gasparrini AJ, Pesesky MW,
Gibson MK, Wang B, Sun X, Condiotte Z,
Dobrowolski S, Peterson D, et al. Adaptive strategies
of the candidate probiotic E. coli nissle in the mamma-
lian gut. Cell Host Microbe. 2019;25(4):499-512 e8.
doi:10.1016/j.chom.2019.02.005.

Martino ME, Joncour P, Leenay R, Gervais H, Shah M,
Hughes S, Gillet B, Beisel C, Leulier F. Bacterial adapta-
tion to the host’s diet is a key evolutionary force shaping
Drosophila-Lactobacillus symbiosis. Cell Host Microbe.
2018;24(1):109-19 e6. doi:10.1016/j.chom.2018.06.001.
Ferreiro A, Crook N, Gasparrini AJ, Dantas G.
Multiscale evolutionary dynamics of host-associated
microbiomes. Cell. 2018;172(6):1216-1227.
doi:10.1016/j.cell.2018.02.015.

Zhang ], Wang X, Huo D, Li W, Hu Q, Xu C, Liu S, Li C.
Metagenomic approach reveals microbial diversity and
predictive microbial metabolic pathways in Yucha,
a traditional Li fermented food. Sci Rep. 2016;6
(1):32524. doi:10.1038/srep32524.

Shao Y, Huo D, Peng Q, Pan Y, Jiang S, Liu B, Zhang J.
Lactobacillus plantarum HNU082-derived improve-
ments in the intestinal microbiome prevent the devel-
opment of hyperlipidaemia. Food Funct. 2017;8
(12):4508-4516. doi:10.1039/C7F000902].

Faith JJ, Guruge JL, Charbonneau M, Subramanian S,
Seedorf H, Goodman AL, Clemente JC, Knight R,
Heath AC, Leibel RL, et al. The long-term stability of
the human gut microbiota. Science. 2013;341
(6141):1237439. doi:10.1126/science.1237439.
Galloway-Pena JR, Smith DP, Sahasrabhojane P,
Wadsworth WD, Fellman BM, Ajami NJ, Shpall EJ,
Daver N, Guindani M, Petrosino JF, et al
Characterization of oral and gut microbiome temporal

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

variability in hospitalized cancer patients. Genome
Med. 2017;9(1):21. doi:10.1186/s13073-017-0409-1.
Lloyd-Price ], Arze C, Ananthakrishnan AN,
Schirmer M, Avila-Pacheco J, Poon TW, Andrews E,
Ajami NJ, Bonham KS, Brislawn CJ, et al. Multi-omics
of the gut microbial ecosystem in inflammatory bowel
diseases. Nature. 2019;569(7758):655-662. doi:10.1038/
541586-019-1237-9.

Sanders ME, Akkermans LM, Haller D, Hammerman C,
Heimbach J, Hormannsperger G, Huys G. Safety assess-
ment of probiotics for human use. Gut Microbes. 2010;1
(3):164-185. doi:10.4161/gmic.1.3.12127.
Azcarate-Peril MA, Ritter AJ, Savaiano D, Monteagudo-
Mera A, Anderson C, Magness ST, Klaenhammer TR.
Impact of short-chain galactooligosaccharides on the
gut microbiome of lactose-intolerant individuals. Proc
Natl Acad Sci USA. 2017;114(3):E367-E75. doi:10.1073/
pnas.1606722113.

Zhang C, Derrien M, Levenez F, Brazeilles R, Ballal SA,
Kim J, Degivry M-C, Quéré G, Garault P, van Hylckama
Vlieg JET, et al. Ecological robustness of the gut micro-
biota in response to ingestion of transient food-borne
microbes. Isme J. 2016;10(9):2235-2245. doi:10.1038/
isme;j.2016.13.

Li D, Liu CM, Luo R, Sadakane K, Lam TW.
MEGAHIT: an ultra-fast single-node solution for large
and complex metagenomics assembly via succinct de
Bruijn graph. Bioinformatics. 2015;31:1674-1676.
doi:10.1093/bioinformatics/btv033.

Wood DE, Salzberg SL. Kraken: ultrafast metagenomic
sequence classification using exact alignments. Genome
Biol. 2014;15:R46. doi:10.1186/gb-2014-15-3-r46.

Lu ], Breitwieser FP, Thielen P, Salzberg SL. Bracken:
estimating species abundance in metagenomics data.
Peer] Comput Sci. 2017;3.

Franzosa EA, Mclver L], Rahnavard G, Thompson LR,
Schirmer M, Weingart G, Lipson KS, Knight R,
Caporaso JG, Segata N, et al. Species-level functional pro-
filing of metagenomes and metatranscriptomes. Nat
Methods. 2018;15(11):962-968. doi:10.1038/s41592-018-
0176-y.

Martino C, Morton JT, Marotz CA, Thompson LR,
Tripathi A, Knight R, Zengler K. A novel sparse com-
positional technique reveals microbial perturbations.
mSystems. 2019;4:e00016-19.

J-A M-F, Hron K, Templ M, Filzmoser P, Palarea-
Albaladejo J. Bayesian-multiplicative treatment of
count zeros in compositional data sets. Stat Modell.
2014;15:134-158.

Zhang H, Yohe T, Huang L, Entwistle S, Wu P, Yang Z,
Busk PK, Xu Y, Yin Y. dbCAN2: a meta server for auto-
mated carbohydrate-active enzyme annotation. Nucleic
Acids Res. 2018;46(W1):W95-W101. doi:10.1093/nar/
gky418.

Rho M, Tang H, Ye Y. FragGeneScan: predicting genes
in short and error-prone reads. Nucleic Acids Res.
2010;38:€191. doi:10.1093/nar/gkq747.


https://doi.org/10.1111/imr.12567
https://doi.org/10.3920/BM2015.0114
https://doi.org/10.1038/s41430-017-0043-4
https://doi.org/10.1186/s40168-018-0494-4
https://doi.org/10.1186/s40168-018-0494-4
https://doi.org/10.1016/j.chom.2019.02.005
https://doi.org/10.1016/j.chom.2018.06.001
https://doi.org/10.1016/j.cell.2018.02.015
https://doi.org/10.1038/srep32524
https://doi.org/10.1039/C7FO00902J
https://doi.org/10.1126/science.1237439
https://doi.org/10.1186/s13073-017-0409-1
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.4161/gmic.1.3.12127
https://doi.org/10.1073/pnas.1606722113
https://doi.org/10.1073/pnas.1606722113
https://doi.org/10.1038/ismej.2016.13
https://doi.org/10.1038/ismej.2016.13
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1093/nar/gky418
https://doi.org/10.1093/nar/gkq747

42.

43.

44,

45.

Buchfink B, Xie C, Huson DH. Fast and sensitive pro-
tein alignment using DIAMOND. Nat Methods.
2015;12:59-60. doi:10.1038/nmeth.3176.

Zhu W, Lomsadze A, Borodovsky M. Ab initio gene
identification in metagenomic sequences. Nucleic Acids
Res. 2010;38:e132. doi:10.1093/nar/gkq275.

Li W, Godzik A. Cd-hit: a fast program for clustering
and comparing large sets of protein or nucleotide
sequences. Bioinformatics. 2006;22:1658-1659.
doi:10.1093/bioinformatics/btl158.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast
and memory-efficient alignment of short DNA

46.

47.

GUT MICROBES (&) e1785252-13

sequences to the human genome. Genome Biol.
2009;10:R25. doi:10.1186/gb-2009-10-3-r25.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan ],
Homer N, Marth G, Abecasis G, Durbin R. The
sequence alignment/map format and SAMtools.
Bioinformatics. 2009;25(16):2078-2079. doi:10.1093/
bioinformatics/btp352.

Nayfach S, Rodriguez-Mueller B, Garud N, Pollard KS.
An integrated metagenomics pipeline for strain profil-
ing reveals novel patterns of bacterial transmission and
biogeography. Genome Res. 2016;26:1612-1625.
doi:10.1101/gr.201863.115.


https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1093/nar/gkq275
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1101/gr.201863.115

	Abstract
	Introduction
	Results
	The persistent GOS supplementation promote the colonization of the consumed probiotic and increased its genetic stability under the intestinal selective pressure
	The continuous GOS supplementation stabilized the structural fluctuation of indigenous intestinal microbiomes induced by probiotic invasion
	The continuous GOS supplement featured changes in the carbohydrate-active enzymes (CAZymes) in the indigenous microbiome
	The GOS supplement did not reduce the adaptive mutations within indigenous gut microbiomes due to probiotic consumption

	Discussion
	Materials and methods
	Determining the optimal prebiotic for <italic>Lactobacillus plantarum</italic> HNU082
	Animal experimentation and diets
	Fecal sample collection
	Fecal DNA extraction, shotgun metagenomic sequencing, and data quality control
	Identification of microbial species, functional genes, metabolic pathways, and the abundance of Lp082
	Carbohydrate-active enzymes (CAZYmes) annotation and calculation of gene abundance
	Evolutionary analysis based on shotgun metagenomic data of gut microbiome
	Statistics statement

	Authors’ contribution
	Disclosure of potential conflicts of interest
	Funding
	ORCID
	Data and code availability
	References

