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Antibiotically disturbed gastrointestinal microbiota neds a long period time to be restored
to normal, which may cause a series of problems to the host. Téan understanding of
restoration of the biased microbiota by antibiotics remais largely unknown. Here, we
investigated the microbiota shift in foregut (rumen) and mdgut (rectum) of lactating
cows after antibiotics exposure as well as after antibiots withdrawal with (Microbiota
transplantation, MT group) or without (Control, CON groupinicrobiota transplantation.
We were able to demonstrate that microbiota in both foregut ad hindgut signi cantly
changed after 3 or 14 days of antibiotics exposure, and the chnges persisted over
long period of time ¢ 18 days) after withdrawing the antibiotics. We further obseed
a faster restoration of microbiota in both foregut and hindgt of MT group than CON
group, microbiota in foregut was mainly bene ted from micrdiota transplantation
by restoring the alpha-diversity as well as within-group siilarity, while microbiota in
hindgut was primarily bene ted from microbiota transplanation by reestablishing the
co-occurrence network (nodes number, edges number, densit, modularity as well as
closeness centrality). These results together expanded ownderstanding of restoration
of the biased microbiota by antibiotics, and may also be instictive to deal with the
delayed microbiota restoration at least in cows.

Keywords: gut microbiota, antibiotics, microbial ecology, r estoration, foregut, hindgut

INTRODUCTION

Man has experienced much bene cial impact from the widespreselaf antibiotics for over half
a century. The bene ts include e cient killing of pathogen&\{lling et al., 201} and as growth
promoters in animal husbandrydho et al., 2012 The demand and consumption of antibiotics is
still growing rapidly worldwide I(axminarayan et al., 20).6The adverse e ects arising from the
use of antibiotics such as, perturbed host resident micranigms, increasing antibiotic-resistant
pathogens, and direct negative e ects on the host, has inetepsople' concern in recent years
(Willing et al., 2011; Cho et al., 2012; Perez-Cobas et dI3;20orgun et al., 2015; Korpela et al.,
2016; Langdon et al., 20lAmong these, dysbiosis of the microbiota that resultsrfrose of
antibiotics has been associated with a large number of ihngattblems as well as being implicated
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in modulation of the host metabolism, immune function and MATERIALS AND METHODS

susceptibility to pathogensgkirov et al., 2008; Rooks et al., 2014,

4, .
Boulangé et al., 2016; Langdon et al., 2016; Mahana et ), 20 Ammals . . . . .
It is well known that microbial fermentation in rumen and Tifteen ruminally stulated lactating Holstein cows in their

lower intestine supply most of the energy and protein requirgd b middle lactation stage (150 10 days in lactation) were prepared
ruminants (NRC, 2001 France and Kebreab, 2004aintaining 2 months before experiments, and were housed in a free stall
a healthy gastrointestinal microbiota is critical for thedith and pen at tﬂe Zhon?‘d' Dairy Resgarch C_ekr:tér (Beijing, Chlns). The
productivity of ruminants. However, antibiotic administien in ~ 'eSearch center has been equipped with RiSystem (Roughage
cows is widely adopted for treating infections such as nistrit "t@ke Control System, Insentec B.V., Marknesse, Nethesp
(Haimerl and Heuwieser, 20)4or mastitis (asquez et al., and Hegtlmé Pro Sy_stem (SCR Englpeers Ltd., I_\IetanyaZ Israel)
2016, and preventing further infectionsScherpenzeel et al., to mo_nltor the feed |_n_take apd activity, rgspectwely, toifer
2014; Golder et al., 20).6Each cow might receive frequent cows in heallthy COI’l.dItIOI‘.l durllng the expe_rlment. All cows wer
antibiotic therapy during her lifetime because of the higteraf ~©d @ total mixed ration diead libitum containing 33% roughage
infections in both young calved\(alker et al., 201)2and adult and 67% concentrates (Supple_mentary Table S1) and had free
cows @inedo et al., 20)0these may disturbed the indigenous access _to clean v_vater. All animal studies were approved by
microbiota as well as increased antibiotic-resistant génelairy ¢ Ethical Committee of the College of Animal Science and

cows Wichmann et al., 2014; Chambers et al., 2015; Liu et alTeghno!ogy (Eroject number 2016-2010) of China Agri(;ulturg
2014. University. Animal care and use were approved by complied with

fthe Regulations for the Administration of A airs Concerning
Experimental Animals, National Committee of Science and

in the microbiota after antibiotic administration can pessi Tec,h”"'o‘%ly of China (14.November 1988) a}nd Inst'ru.ctive
for extended periods of time, and some taxa of indigenouyono_nsw'th Respectto Caring fOIf Laboratory Animals, Ministr
bacteria might even not be recoveredefnberg et al., 2010: of Science and Technology of China (30 September 2006).

Manichanh et al., 2010; Nobel et al.,, 2015; Korpela et al.,
2016. The diculties in restoration of indigenous bacterial Group Assignment
community may go beyond our imagination as the disruption ofCows were randomly assigned to 3 groups with 5 cows in each
microbiota by antibiotics has also accumulated over gdiwra.  group and marked with ear tags. Two groups were allocated to
(Arnal et al., 2015; Blaser, 2Q1®Recently, there has been anexperimental groups and another group as donor group. After a
increased interest in research on strategies that can be tase 14-days adaptation period to the experimental conditions, eam
restore antibiotics disturbed gastrointestinal micrdlgieosystem and rectum samples were collected from experimental cows.
to normal.

Microbiota transplantation has been demonstrated as a\ntibiotics Treatment

e cient approach to reprogram gut microbiota in a critically - . L
. . . . . o Ten cows from experimental groups received antibiotics by
disturbed microbial ecosystem in recurre@tostridium di cile . L .
ntramuscular injection for 14 days, which was one of most

infection (Cammarota et al., 2014; Fuentes et al., 2014; Khorutssed antibiotic therapeutic strategy for ruminants in praeti
and Sadowsky, 2016; Li et al., 2))ahd thus been recommended P gy P

2 a therapeuic melhoBhgasarn o i 201 Prevous Lo sTIBOUES Consed of pril (160 per ) and
studies also demonstrated that rumen microbiota transpléoma ptomy 9P ’

) . . L . . cow received antibiotics two times each day at 08:00 h arfxD20:
was e ective to intervene in the metabolic disorders withtdie .
. . . . with 12 h a circle. Rumen and rectum samples were collected afte
induced milk fat depressionRico et al., 2014 or surgical

correction of left-sided displacement of the abomasurader 3 and 14 days of antibiotic administration.

et al., 2005t However, foregut (rumen) and hindgut (rectum)

of cows harbored distinct microbiotaGodoy-Vitorino et al., Microbiota Transplantation

2012; Wang et al., 20),7and these raised two questions: (1)Microbiota transplantation approach was modied from
will microbiota transplantation be e cient in restoring the previous protocol PePeters and George, 201Brie y, rumen
antibiotics disturbed gastrointestinal microbial ecolpgand  uid was collected from donor cows and mixed evenly before
(2) will the response of microbiota in foregut and hindgut transplantation to keep each experimental cow receiving the
to the microbiota transplantation be dierent. To addresssame microbiota. After antibiotic treatment, cows from one
these questions, we used lactating cows as animal model ¢éxperimental group received rumen microbiota transplarmtati
characterize the microbial ecology in foregut and hindgutby transferring 10L donor rumen uid via rumen stula (MT
analyzed the correlation of microbiota in foregut and hindg group), while cows from another experimental group received
monitored microbiota change after administration of aritiics, ~ 10L distilled deionized water (CON group). Both rumen uid
and compared the shift rate of microbiota diversity and co-transplantation and water infusion were administrated once pe
occurrence network feature after antibiotics withdrawathw day at 07:00 h before morning feeding for 3 continuous days.
or without microbiota transplantation in foregut and hindgu Rumen and rectum samples were collected at 4, 11, and 18 days
respectively. after withdrawing antibiotics.

A healthy microbial community is essential for the health o
the host (McKenney and Pamer, 20).%cological disturbances
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Sample Collection than 80% samples were considered as high-con dence
Original rumen digesta of each cow was collected befor®TUs.
morning feeding via rumen stulas from the middle part
of the ventral sac. The rumen uids as foregut samplesNetwork Construction and Topological
were obtained by squeezing the original digesta throughr fou .
Feature Analysis

layers of sterile cheesecloth. Fecal digesta as hindguytleam T q OTUs in the d d the hiah
were collected from rectum before morning feeding. All 0 reduce rare S In the data set, we used the high-

samples were stored in sterile tube and snap-frozen in quui%o_lf'ude,nce ?}TUS to contstruiztdthe netwct)'ilj. tngh-con dence
nitrogen immediately and then stored at80 C until DNA s In eacl grogp(pre- reated Cows, antiblolics exposurescow
extraction. and antibiotics withdrawal cows) were identi ed as desedb

above. The OTUs table was generated by combining high-

DNA Extraction and High Throughput con dence OTUs in each group, the co-occurrence network was
Sequencing inferred based on the Spearman correlation matrix wghaph

: . . k 1.0.1) in R sof Versi 3.1 h -
Genomic DNA of rumen uid and rectum digesta was extractedpac ages (1.0.1) in R software (Version 3.3.1), and the coft-o

using a Qiagen DNA Extraction K (Qiagen 51504, Hilden, false discovery rate (FDR) adjustBeralue of correlations was

. , 0.001{/a et al., 2015 Co-occurrence network in each group
Germany) following the_ manu_facturers proto<_:o|. Then l.GSwas inferred as sub-graph based on the high-con dence OTUs
rRNA genes were ampli ed using barcoded primers targetin

Ydenti ed
the V3-V4 region Brown et al., 2016 Sequencing libraries ' .
were generated using the NEB Next Ultra DNA Sample The nodes in networks represented OTUs, and the edges that

. . . . "tonnect these nodes represented correlations between OTUs.
Preparation kit (NEB’ MA, USA) following the standard lllumina The node size represented the degree of node (the number of
sample-preparation protocoldaporaso et al., 20)and then

. - . adjacent edges), the node color represented the vulnesabilit
E?:)enced on an lllumina MiSeq platform (San Diego, CAhode (the importance of a node in maintaining the connectivit

of network). To calculate the vulnerability of each node in a
network, we rstly measured the global e ciency (GE) which

Data Processing : >
Sequence analyses were performed using QIIME pipelin%escr'bed the connectivity of a network between two random

(version 1.5.0) Caporaso et al., 20)as previously described nodes (atora and Marchiori, 200} and then we rem(')ve.d
(Ji S. et al, 20)7 Quality control of the raw data was nodes one by one to assess the GE change by equation: node

performed by FastQC (version 0.11.3). Paired-end reads frorﬁjln?‘ra:l\'l“?k(') IlD éC%lE-GIiE(g)/GIE, th? 'g L:Enci ?rf] a; rg)ci)ltijte orr1
the original DNA fragments were merged using FLASH (version € network global €ciency re ecte € vuinerabrity o

1.2.7) Magoc and Salzberg, 2011and reads with 420 importance of one node in a network. The edge color represented

bp were generated. Concatenated sequences were detecrt]eegatlve (red) or positive (blue) correlation of two conrestt

. : no
using USEARCH (version 6.1) and subsequently lItered out. . .
Generated sequences were distributed into di erent sample Topological features of each network were calculated with

based on barcodes, and the OTUs were de ned by clusterint?]e igraph package (1.0.1) in R software (3.3.1)_. Parameters
node number, edge number, degree centrality, closeness

togeth ith a 97% identit t- ing UCLUS . . -
sequences fogether with a o ldentily cut-o using centrality, betweenness centrality, vulnerability and mladty

software (version 9.1) Hdgar, 201D after removing the were calculated to describe a network
singletons and barcodes. Consequently, we identi ed 58229 ’

raw sequences (49,415 11,597 sequences per sample) and

5,698,058 clean sequences (47,48411,114 sequences per Statistical Analysis

sample). The RDP 11.5 database was used for taxononfAdpha diversity indices were calculated using QIIME pipeline
classi cation of generated OTUs. Rarefaction curves oécted  (version 1.5.0)Caporaso et al., 20),Jand the diversity (Shannon
OTUs or Shannon index in both foregut and hindgut index), richness (Observed OTUs) and evenness (Pielou's
demonstrated a high sequencing depth in current analysigevenness index) were calculated as previously describedh(es
(Supplementary Figure S1). 16S rRNA gene sequencing reatisal., 201}t The beta diversity indices, principal coordinate
were deposited in the Genome Sequence Archive (http://gsanalysis (PCoA) and ANOSIM analysis between samples were
big.ac.cn) in the BIG Data Center under accession numbe@etermined based on Bray-Curtis metrics witeganpackage

PRJCA000455. (Version 1.8-8) in R software (Version 3.3.1), to visually
_ demonstrate the change path of microbiota, representative
High-Con dence OTUs microbiota of each group was also calculated by the relative

High-con dence OTUs were identi ed following a modied mean abundance and superimposed to the rst two dimension
criteria (Sonnenburg et al., 20).6Briey, in foregut and of PCoA. Hypergeometric test in comparing the foregut and
hindgut of pre-treated cows separately, OTUs with mearhindgut high-con dence taxa was performed witfennDiagram
abundance higher than 0.001 were kept, then sub OTUpackage (Version 1.6.17) in R (Version 3.3.1). Comparisons
tables were recalculated and OTUs abundance higher theretween groups were performed using a Wilcoxon test or
0.01 were considered dominant OTUs while those loweKruskal-Wallis test with R software (version 3.3.1). Allalatere
than 0.001 were Itered out, only OTUs presented in morepresented as means.d., with P< 0.1, P< 0.05, P< 0.01.
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RESULTS hindgut was not a ected after antibiotic usagEigure 40). In

h . . . foregut, 45 high-con dence taxa decreased and 11 taxaaser
C. arac?tenz_atlon of _GaStrOIHteStlnal in abundance after 3 days of antibiotics usage, while 43 taxa
Microbiota in Lactating Cows decreased and 12 taxa increased after 14 days of antibiotics
We rst explored the foregut (rumen) and hindgut (rectum) ysage P < 0.05; Supplementary Table S2). In hindgut, 48 taxa
microbiota structure with 10 pre-treated cows under the natm decreased and 7 taxa increased after 3 days of antibiotiggeus

animal husbandry conditionsR{gure 1A). Foregut and hindgut 53 taxa decreased and 6 taxa increased after 14 days obéintibi
harbored distinct microbial communities=gure 1B ANOSIM  ysage (Supplementary Table 83; 0.05).

P < 0.05), and the composition of microbiota in foregut and
hindgut diered in high-con dence OTUs Figure 1C P <
0.05), with higher richness, diversity and evenness ingare FOregut Microbiota Change After
(Figure 1D; P < 0.05). Though both foregut and hindgut were Microbiota Transplantation
dominated by Bacteroidetes and Firmicutes at phylum leveto perform the microbiota transplantation, we chose another 5
(abundance higher than 1%), Bacteroidetes in foregut wergealthy stulated cows as rumen microbiota donors, cokett
higher than those in hindgutR < 0.05) while Firmicutes in  and mixed the rumen uid from donor cows evenly before
foregut were lower than those in hindgwR € 0.05). Additionally  transplantation to keep each experimental cow receiving the
Fibrobacteres and Spirochaetes in foregut were also therdoti - same microbiota. The microbiota community in foregut of don
taxa and were higher compared to that in hindgé € 0.05).  cows showed higher similarities with pre-treated cows coragar
Compositional dierences were also observed at the lowefo antibiotics treated cows in foregut (Supplementary Figs23.
taxonomic levelsKigure 1B). However, microbiota composition di erence between donor and
Despite the di erences in microbiota of foregut and hindgut, pre-treated cows could also be detected at di erent taxonomic
we found out that evennessP(< 0.05) and diversity R |evels (Supplementary Figure S3).
D 0.31) were positively correlated while richnesB D Ten antibiotics pre-treated cows (antibiotics were rstly
0.22) was negatively correlated between foregut and hindgddministered for 14 days) were randomly assigned to 2 groups
microbiota Figure 2A). We further observed 28 taxa at di erent with one group receiving microbiota transplantation (MT
taxonomic levels of microbiota to be remarkably COI’I'E|aterr0up) and another one receiving 10L distilled deionized
(Figure2B P < 0.05) with 14 taxa positively correlated water (CON group), the foregut microbiota was monitored
(r > 0.40) and 14 taxa negatively correlated {  0.40). at 4, 11, and 18 days after antibiotics withdrawal. Foregut
These data revealed that there was interaction betweelgljbre microbiota communities were indistinguishable in 2 grougs a
and hindgut microbiota communities and indicated that thethe end of antibiotics usage (Supplementary Figure S4), and
changes in foregut microbiota communities may a ect lowerchanged immediately in both groups after antibiotics usage

gastrointestinal microbiota. was stopped. However the foregut harbored distinct microbiota
) ) ) ) community in CON and MT group at 4, 11, and 18 days after

Gastrointestinal Microbiota Change After withdrawing antibiotics usage (ANOSIN < 0.05;Figure 5A).

Antibiotics Exposure These observations suggested that microbiota transpiantat

Foregut and hindgut microbiota were monitored after 3 andmay alter the foregut microbiota community during restdoat
14 days post antibiotics usage. Antibiotics had a markedf foregut microbiota from antibiotics disturbance.
e ect on both foregut and hindgut microbiota communities = Comparison of the microbiota communities in MT and
(Figures 3A,B ANOSIMP < 0.05). The within-group similarity CON groups revealed a higher shift rate after microbiota
of foregut microbiota decreased 3 days post antibiotics @sadgransplantation. In MT group, the within-group similarities
(Figure 3C P < 0.05), while that of hindgut microbiota increased at 4 and 18 dayR € 0.05) and tended to increase at
decreased after both 3 days and 14 days post antibiotidd daysP < 0.1), however that in CON groups did not increase
usage Figure 3D; P < 0.05). Foregut microbiota richness and until 18 days after antibiotics withdrawaP (< 0.05;Figure 5B).
diversity were not aected by antibiotics however evennesMicrobiota transplantation also had a marked e ect on richness,
tended to decrease after 14 days of antibiotics usaigeie 3E  diversity and evenness of foregut microbiotaigure 50). At
P < 0.1). Hindgut microbiota richness decreased at 3 days after withdrawing antibiotics, diversity, richnemssd
days P < 0.05), while richness, diversity and evennesgvenness of MT group were higher than those of CON grdeip (
decreased after 14 days of antibiotics usdggufe 3F, P < < 0.05). When comparing the foregut microbiota after antiist
0.05). withdrawal to the disturbing microbiota community, riches in

A total of 126 OTUs in foregut and 120 OTUs in hindgut MT groups increased at day 4, 11, and B&(0.05), and diversity
were identi ed as high-con dence OTUs using a cluster-freein MT group increased at day 4 and 1B € 0.05), however, the
Itering approach as the description in method. Most of the high- diversity, richness and evenness of CON group did not chatge
con dence taxa were from phylum Bacteroidetes and Firmisuteany time point during this experiment. Additionally, most ofeh
in both foregut EFigure 4A) and hindgut Figure 4B). These changed high-con dence taxa in foregut restored in both CON
high-con dence taxa totally accounted for 60.4% in foregntd  and MT group, however at day 18 after antibiotics withdrawal,
72.8% in hindgut of total taxa abundance in pre-treated cowsl2 taxa in CON group and 8 taxa in MT group di ered from the
and although they decreased in foregir € 0.05), that in pre-treated cowsHigure 5D).
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FIGURE 1 | Foregut (rumen) and hindgut (rectum) harbored distinct micbiota. (A) Location of foregut and hindgut in gastrointestinal tract blactating cow. (B) The
microbiota in foregut and hindgut. Plot was drawn on the rst tvo dimension of PCoA based on Bray-Curtis distance; statistal comparison of foregut and hindgut
microbiota was performed with ANOSIM analysis(C) High-con dence OTUs distribution in foregut and hindgut. Ven diagram showed the shared and unique
high-con dence OTUs in foregut and hindgut, statistical conparison was performed with hypergeometric test(D) Richness, diversity and evenness of microbiota in
foregut and hindgut. (E) Microbiota community in foregut and hindgut at different leels of taxonomy; only taxa with abundance higher than 1% wershown. Data are
expressed as mean s.d. **P < 0.01.

Hindgut Microbiota Change After increase until day 11 in both group§igures 6B,C P < 0.05).
Microbiota Transplantation However, the diversity and evenness increased at day 11 and
The hindgut microbiota of CON and MT group was also day 18 for MT cows, and increased only at day 18 for CON
monitored at 4, 11, and 18 days after antibiotics usag€ows €Figure 6G P < 0.05). A more detailed analysis of the
withdrawal. Rapid changes were observed in both groupshanges microbiota after microbiota transplantation in digut

after antibiotics withdrawal, and microbiota communitiaere revealed that the high-con dence rebounded in a higher rate
indistinguishable at all the time points (Supplementary Feg86; for MT cows than CON cows with 18 taxa in CON group and
Figure 6A). The within group similarities and richness did not 9 taxa in MT group consistently di ering from the pre-treated
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FIGURE 2 | Correlation of microbiota in foregut and hindgut(A) Richness, diversity and evenness correlations between fegut and hindgut microbiota. (B)
Correlations of bacterial taxa in foregut and hindgut. Harontal axis and vertical axis represent the mean value of eglve bacterial abundance in foregut and hindgut,
respectively. Bubbles in blue represent the positive cortations and those in red represent the negative correlatian bubble size represented the correlation coef cient
(r); only bacterial taxa with correlation coef cientr] higher than 0.4 were shown. Bacteria at phylum (p), class )corder (o), family (f), and genus (g) level were included.

cows at day 18 after antibiotics withdraw#igure 6D). These rebounded more fast than that of CON group after antibiotics
data suggested that although microbiota in hindgut bené te withdrawal in hindgut (Supplementary Figures S6g,h). Taken
less compared to the foregut after microbiota transplantationtogether, microbiota transplantation promoted restoration
microbiota transplantation may also a ect the microbiota imt  microbiota co-occurrence network in hindgut.

lower intestine. To further illustrate the network change during antibiotics

. exposure as well as after antibiotics withdrawal, we then
Network Feature Change in Foregut and measured the distribution of microbiota network degree,
Hindgut betweenness, closeness and vulnerability in foregut andbfity

We inferred co-occurrence networks for foregut and hindgéit respectively. Degree and betweenness roughly followed a power
lactating cows, respectively, and created sub-graphs based law distribution while closeness and vulnerability roughly
the high-con dence OTUs detected in each groupigure 7).  followed a binomial distribution (Supplementary Figure S7),
We rstly examined the structure change of networks duringindicated scale-free networks we achieved and di erent OTUs
antibiotics exposure as well as after antibiotics withdilawan these networks may contribute di erently in maintaininge

in foregut and hindgut, and observed that both nodesnetwork connectivity. Although we observed the distributio
(Supplementary Figures S6a,b) and edges (Supplementaiyange of degree, betweenness, closeness and vulnerability
Figures S6c,d) number decreased after antibiotics expasure in both foregut and hindgut in our monitored time-points
foregut or hindgut. After antibiotics withdrawal, the nurab  (Supplementary Figure S7), closeness distribution was most
of nodes and edges in foregut maintained under low degregensitive to the antibiotics exposure, because only closeness
in MT group or CON group, however, the number of nodesdistribution signi cantly di ered after both short time (3 dys)

and edges in hindgut rebounded, and a higher shift rate werand long-time (14 days) antibiotics exposure in foregut and
observed in MT group than CON group (Supplementary Figuresindgut (Supplementary Figure SP, < 0.05). Additionally,
S6a—d). The density of a network is the ratio of the number ofvhen we looked into the correlations of network degree,
edges and the number of possible edges, we observed miaobibetweenness, closeness and vulnerability (SupplementarseFig
network density increased after antibiotics exposure, wasr S8), positive correlations were detected in each pairs of
after antibiotics withdrawal, MT group decreased fasterntha distribution parametersR < 0.05), and vulnerability correlated
CON group in both foregut and hindgut (Supplementary Figureswith other three parameters with high correlation coe cient
S6e,f). The modularity of a network with respect to some divis in both foregut ¢ > 0.48) and hindgut > 0.53). Thus,

(or vertex types) measures how good the division is, we foundistribution of closeness and vulnerability was emphasized i
that MT group and CON group had similar modularity index assessing the dynamic change of network structure in ctirren
change rate in foregut, while modularity index of MT group experiment.
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FIGURE 3 | Antibiotics altered foregut and hindgut microbiota(A,B) Microbiota changes in foregut(A) and hindgut (B) after antibiotics exposure. Plot was drawn on
the rst two dimension of PCoA based on Bray-Curtis distance;statistical comparison of microbiota was performed with AKDSIM analysis.(C,D) Within-group
similarities of microbiota change in foregu¢C) and hindgut (D) after antibiotics exposure. Within-group similarity wasalculated from Bray-Curtis metrics as
1-(Bray-Curtis distance).(E,F) Richness, diversity and evenness change of microbiota in fegut (E) and hindgut (F) after antibiotics exposure. Data are expressed as
mean s.d.*P< 0.1, **P < 0.01.

Closeness indicated the distance of one node to others, arfBrevotellaat Genus level) in foregut and OTU9B4raprevotella
the closeness distribution re ected the tightness of netwdVe  at Genus level) and OTU205 (Bacteroidetes at Phylum level) in
observed the closeness increased in both foregut and hindghindgut, the vulnerability values of these nodes in foreghifted
after antibiotics exposure (Supplementary FigureF5<; 0.05). in similar rate in CON group and MT group after antibiotics
In foregut, closeness distribution restored only at dayrfCON  exposure and antibiotics withdrawal, however, a more positive
group after antibiotics withdrawaR> 0.05), however increased restoration was observed in MT group than that in CON group
again at day 18R < 0.05), and closeness distribution maintainedin hindgut (Supplementary Figure S9).
under high level in MT group at all the monitored time-points
(P < 0.05). In hindgut, closeness distribution in CON group DISCUSSION
maintained under high level at day 4 and day 11 after antibsot
withdrawal (P < 0.05), and decreased at day 18 with a still highefThe gastrointestinal microbial ecosystem plays a variety of
distribution than that of initial state R < 0.05), the closeness important roles in animal physiology and gut homeostasis
distribution in MT group was higher than that of initial prole (Clemente et al., 2012; Tremaroli and Backhed, 2012; Boulangé
at day 4 after antibiotics withdrawalP(< 0.05), and restored to et al., 201)3 and gastrointestinal microbial disorders have been
initial pro le at day 11 and day 18 after antibiotics withdralv demonstrated to be related to multiple host diseases=(ites
(P> 0.05). et al., 2014; Marchesi et al., 2016; Zheng et al., 2016aishik

Most node vulnerability values distributed around zero inet al., 201). Antibiotics have bene ted humans a lot by killing
foregut and hindgut, meaning that these nodes had littlgpathogens \(Villing et al., 201) and as growth promoters in
in uence on the network global e ciency (Supplementary Figur animal husbandryCho et al., 2012 which also played important
S7). However, some nodes with high vulnerability score wermles currently Laxminarayan et al., 20),6however, the side
observed, indicating these nodes played important role i ects of antibiotics exposure such as perturbing host rediden
maintaining a network and acted as central nodes. We observemicroorganisms has raised people's concésagc et al., 20)6
that the top 2 nodes with highest vulnerability in pre-tredite Understanding the in uence of antibiotics on gastrointestl
cows were OTU49 (Clostridiales at Order level) and OTU493nicrobiota as well as the microbial restoration after aittiics
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FIGURE 4 | Antibiotics altered high-con dence OTUs in foregut and hindut. (A,B) High-con dence OTUs change in foregut(A) and hindgut (B) after antibiotics
usage. Each column represented one OTU and each row represéed one individual cow from pre-treated period (Start) to 31ad 14 days after antibiotics exposure,
taxonomic assignment is indicated at the top of each column(C) Total abundance of high-con dence OTUs change in foregut anchindgut after antibiotics exposure.
Data are expressed as mean s.d. ***P < 0.01.

exposure is important to deal with the gastrointestinal miwed  positive correlations between foregut and hindgut bacte&ga
disorders caused by antibiotics. Ruminants have a uniqueould be observed, which hinted that the alteration of miota
digestive structure with rumen as foregut which harborgidid  in foregut may also in uence that in hindgut, and di erent
microbiota from hindgut {Vang et al., 20107 which make bacterial taxa may regulate the microbiota in lower intestivith
it convenient to monitor the microbiota shift in foregut and various e ciencies.
hindgut, respectively. In this study we used lactating cows The inuence of antibiotics on gastrointestinal microbét
as animal model, treated cows with antibiotics to disturle th has been widely explored in miceClfio et al., 2012; Nobel
microbiota in foregut and hindgut, and illustrated the midsiota et al., 201p and humans [saac et al.,, 20)6 Here we
ecology shift after antibiotics withdrawal in foregut anshdéigut,  corroborated that either short (3 days) or long term (14 days
respectively. antibiotics exposure altered the microbiota in foregut and
Microbiota di erences in the foregut and hindgut of lactating hindgut in lactating cows. The main function of antibiotics
cows have been illustrated previously depending on distindb kill bacteria, however the antibiotic sensitivity of dient
ecological environment, feed substrate and functiGdodoy- bacteria diered {(Morgun et al., 2015 This might explain
Vitorino et al., 2012; Wang et al., 2Q18imilar di erences have why abundance of some bacteria taxa in foregut or hindgut
also been observed in di erent gastrointestinal sites ofrtiee  increased. Commonly, antibiotics a ected host in three modes
(Guetal., 201pand humansZhang et al., 20)4In this trial, the  direct e ects on the host, remaining antibiotic resistant
foregut harbored a much higher richness, diversity and eess microbes or depletion of microbiotaMorgun et al., 201p
for microbiota than the hindgut, and our data also showed thenterestingly, here we con rmed that antibiotics may dezse
correlation between microbiota in foregut and hindgut, whi the within-group similarity of microbiota, which re ected
raised the question of how the microbiota in foregut a ectedthe decrease in maturity or stability of microbiota after
thatin hindgut in ruminants. Previous studies have demoatgd  antibiotics exposureJami et al., 20)3Based on the ecological
that intragastric infusion of xenomicrobiota may induceeth niche theory, vacant niche facilitated the xenomicrobiota
xenomicrobiota colonization in the intestin€(entes et al., 2014; colonization, and these xenomicrobiota may include the
Lietal., 2015 while oral bacterial intake by animals or humanspathogenic microorganismLge et al., 2013; Caballero et al.,
resulted in di erent intestinal microbiotal(ee et al., 2013; Petrof 2015. Thus, our ndings here hinted that de-maturation of
and Khoruts, 201y} which indicated that microbial importation microbiota in gut may be another hazard factor of exposure to
into the gut might a ect the microbiota in lower intestine. We antibiotics.
observed that although the evenness and diversity of miotab A previous study showed that near total exchange of rumen
correlated positively, microbial richness correlated riegéy  microbiota in two cows disturbed the foregut microbiota, and
between foregut and hindgut. Additionally, both negativeda the microbiota in both cows returned to their original pro le
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FIGURE 5 | Restoration of foregut microbiota with or without microbita transplantation.(A) Microbiota transplantation altered foregut microbiota community. Each
small bubble represents one individual cow microbiota and ilg one represents the representative microbiota in each grg. Arrows in dark represent the change in
microbiota of CON group and those in gray represent the changin microbiota of MT group cows in the rst two dimensions of P@A. Microbiota from CON and MT
group cows at same time point were compared with ANOSIM analyis. (B) Within-group similarities of foregut microbiota in CON antT group changed over time.
(C) Richness, diversity and evenness of foregut microbiota in@N and MT group changed over time (D) The restoration of antibiotic disturbed high-con dence OT$
in foregut of CON and MT group over time. All OTUs were compatewith those in pre-treated cows (Start group as shown irFigure 4 ); only signi cantly changed
OTUs at both 3 and 14 days post antibiotics administration wee shown; blue dots represent signi cant increase and red das represent signi cant decrease. Data are
expressed as mean s.d.*P < 0.1, **P < 0.05, **P < 0.01.

after at least 14 day$\(eimer et al., 2019 which suggested that microbiota compositions in both segments did not return to
the foregut microbiota may re-established after beinglelmgled, their original pro les. These results supported the long term
meanwhile, the foregut microbiota restoration might lasteo  impact of antibiotics on microbiota in both foregut and hindg

a long time. Previous studies have also demonstrated theat ttland a much longer monitoring period might be required before
altered microbiota by antibiotics were not easy to recovepbserving a fully restored microbiota.

after antibiotics withdrawal, and thus could aect the host It was a universal phenomenon that the restoration rate of
physiological homeostasis over a long period tinder(berg microbiota after being disturbed by feed alteration, aittilrs

et al., 2010; Manichanh et al., 2010; Nobel et al., 2015; kKorpausage or other gut disorders to be slower than expected, the
et al., 201} Although we monitored the foregut and hindgut host might su er from low transition velocity of microbiota
microbiota change for 18 days after withdrawing the antilci®, (Cho et al., 2012; Korpela et al., 2016; Sonnenburg et al.).2016
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