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Abstract 

Background Horizontal gene transfer (HGT) describes the transmission of DNA outside of direct ancestral line-
ages. The process is best characterised within the bacterial kingdom and can enable the acquisition of genetic traits 
that support bacterial adaptation to novel niches. The adaptation of bacteria to novel niches has particular relevance 
for faecal microbiota transplantation (FMT), a therapeutic procedure which aims to resolve gut-related health condi-
tions of individuals, through transplanted gut microbiota from healthy donors.

Results Three hundred eighty-one stool metagenomic samples from a placebo-controlled FMT trial for obese ado-
lescents (the Gut Bugs Trial) were analysed for HGT, using two complementary methodologies. First, all putative HGT 
events, including historical HGT signatures, were quantified using the bioinformatics application WAAFLE. Second, 
metagenomic assembly and gene clustering were used to assess and quantify donor-specific genes transferred 
to recipients following the intervention. Both methodologies found no difference between the level of putative HGT 
events in the gut microbiomes of FMT and placebo recipients, post-intervention. HGT events facilitated by engrafted 
donor species in the FMT recipient gut at 6 weeks post-intervention were identified and characterised. Bacterial 
strains contributing to this subset of HGT events predominantly belonged to the phylum Bacteroidetes. Engraft-
ment-dependent horizontally transferred genes were retained within recipient microbiomes at 12 and 26 weeks 
post-intervention.

Conclusion Our study suggests that novel microorganisms introduced into the recipient gut following FMT have 
no impact on the basal rate of HGT within the human gut microbiome. Analyses of further FMT studies are required 
to assess the generalisability of this conclusion across different FMT study designs and for the treatment of different 
gut-related conditions.
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Background
Horizontal gene transfer (HGT) is an agent of adaptive 
evolution enabling the transmission of DNA outside 
of direct ancestral lineages. HGT is best characterised 
within the bacterial kingdom and predominantly occurs 
through three mechanisms. Specifically, bacteria may (1) 
uptake free DNA from an environment (transformation), 
(2) transfer DNA directly between cells through pili (con-
jugation), or (3) acquire fragments of bacterial host DNA 
via bacteriophage infection (transduction) [1]. HGT also 
enables the transfer of mobile genetic elements encod-
ing adaptive traits, including antibiotic resistance [2]. 
Consequently, HGT is of increasing public health inter-
est because of its capacity to facilitate the dissemination 
of antibiotic-resistance genes across multiple, unrelated 
bacterial populations [3]. HGT is accentuated within bio-
films that line the large intestinal mucosa [4]. HGT rates 
for human gut microbiomes are variable between indi-
viduals and are affected by the environment [5]. Notably, 
human gut microbiome HGT networks increase in com-
plexity from birth to adulthood [6] and impact the trans-
fer of antibiotic-resistance genes to both persistent and 
transient bacteria of the colon [7, 8]. However, relatively 
little is known about the patterns of HGT for non-antibi-
otic resistance genes within the human gut microbiome.

The increasing global prevalence of antibiotic-resist-
ant infections has renewed attention to alternative 
approaches to conventional antibiotics [9]. Emerging 
evidence indicates that faecal microbiota transplantation 
(FMT) is a promising therapeutic approach for reducing 
the resistance gene load within an individual [10–12]. 
Patients undergoing FMT therapy are given a faecal 
transplant from clinically and microbiologically screened 
healthy donors, with the aim of restoring their gut micro-
biota from a state of disease. The therapy has already 
been adapted as a highly effective treatment for antibi-
otic-resistant recurrent Clostridioides difficile infection 
[13–16]. New paradigms that incorporate pivotal roles 
for the microbiome in complex phenotypes are leading 
to research into further treatment indications [17]. These 
include small trials that have demonstrated potential for 
treating obesity by FMT [18, 19]. During FMT, hundreds 
of microbial strains are transferred from the donor to the 
recipient [20]. The stable engraftment of donor strains 
into the microbiome of the recipient requires adaptation 
to the new environment and its resident microbial com-
munity. Theoretically, this adaptation may be supported 
by the horizontal transfer of genes with functions that are 
advantageous beyond a given niche [21, 22]. Therefore, 
we hypothesised that FMT treatment will increase HGT 
within the recipient’s gut microbiome.

HGT within the human gut microbiome can be 
characterised through a range of experimental and 

bioinformatic approaches [23]. Bioinformatic meth-
odologies for analysing metagenomic data identify 
HGT through phylogenetic incongruencies or the 
altered composition of the DNA sequence [24]. Here, 
using previously published metagenome data from 
a randomised controlled trial investigating FMT for 
adolescent obesity [20], we characterise HGT events 
within  participant and donor gut microbiomes. We 
apply two complementary methodologies to quan-
tify HGT events across FMT and placebo recipients, 
capturing donor microbiome-specific genes trans-
ferred following the intervention, as well as all puta-
tive signatures of HGT in the metagenome through the 
inferred taxonomic discordance of genes on assembled 
metagenomic contigs [25].

Methods
Data acquisition
Quality-controlled, post-processed metagenomic sequenc-
ing files were obtained from a previously published clini-
cal multi-donor FMT trial (the Gut Bugs Trial) [20]. The 
dataset included 381 samples from 87 recipients sampled  
at baseline, 6 weeks, 12 weeks, and 26 weeks post-treat-
ment, and 9 donors sampled at each donation (Supplemen-
tary Table 1). Samples had an average post-QC read count 
of 45.7 million ± 6.1 million reads/sample (mean ± SD).

Assembly of contig sequences
De novo contig assembly with MEGAHIT (version 1.1.4) 
[26] was used to produce contigs with a minimum length 
of 500 base pairs.

Binning contigs to metagenome‑assembled genomes
Genes were predicted from the contig sequences using 
Prodigal (version 2.6.3) [27]. Binning was subsequently 
performed using MetaBAT 2 (version 2.15–3) [28], to 
produce the metagenome-assembled genomes (MAGs). 
MAG completeness and contamination were assessed 
using CheckM (version 1.1.2) [29]. MAG taxonomy was 
assigned using GTDB-Tk (version 1.0.2, database release 
89) [30]. To produce a non-redundant gene catalog, genes 
with > 95% identity were clustered using cd-hit-est (ver-
sion 4.7) [31]. Functional annotations were generated 
using eggNOG (version 2.0.1) [32].

Detection of horizontal gene transfer events
HGT events were identified with two complemen-
tary approaches. Firstly, to identify HGT events in the 
metagenomic sequencing data, contig sequences for each 
sample (n = 381) were analysed using WAAFLE (version 
0.1.0) [25]. For each sample, WAAFLE produced output 
files with contigs that contained putative HGT events 
and those that did not contain any HGT events.
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Secondly, we used a gene-based approach. Genes 
belonging to high-quality MAGs (thresholds of > 90% 
completeness and < 5% contamination) were included 
in this analysis. Across male and female sample data, 
9,425,258 genes met the threshold criteria. 492,953 of 
these (5.23%) belonged to MAGs with no species clas-
sification and were subsequently excluded from HGT 
analyses. Male and female data were analysed separately 
given donor-recipient pairings were sex-matched [19]. 
Horizontally transferred gene clusters (HTGCs) were 
identified for each trial participant as gene clusters with 
discordant MAG species classification in the trial par-
ticipant and donor samples. It was additionally required 
that any HTGCs were present in recipients at week 6 and 
in any respective donor samples, but absent from the 
trial participant at baseline. Data manipulation was per-
formed in R (version 4.2.1) using the tidyverse package 
(version 1.3.2). Figures were produced using the R pack-
age ggplot2 (version 3.4.0), unless specified otherwise.

Impact of FMT treatment on HGT events
The number of HGT events detected by WAAFLE in 
each of the 323 recipient samples was normalised by 
species richness data that was previously obtained using 
MetaPhlAn (version 2.7.7) [20]. All HGT events, includ-
ing those without a direction of transfer, were used for 
this analysis. Linear mixed models were fitted (R package 
lme4, version 1.1.31; lmerTest version 3.1.3). Treatment 
group (placebo vs FMT), sex (female vs male), and time-
point (baseline vs week 6, week 12, and week 26) were 
considered fixed effects. Within-participant variation 
was considered a random effect. After comparing the fit 
of the full (interactions between the fixed effects) and 
reduced (no interactions between the fixed effects) mod-
els using a likelihood ratio test in the base R stats package 
(version 4.2.1) (p = 0.11), all two- and three-way interac-
tions were excluded from the model. The 95% confidence 
intervals of the reduced model fixed effect coefficients 
were also obtained using the base R stats package.

HTGC frequency was calculated as the percentage 
of HTGCs relative to the total number of gene clusters 
for each sample. HTGC frequencies were compared 
between intervention groups, normality was assessed 
(Shapiro test; p = 1.93e − 07) and subsequently assessed 
by the Wilcoxon rank sum test. HTGCs that were unique 
to each treatment group were quantified. Distinct genes 
from the same gene cluster may originate from different 
samples and therefore were treated as different trans-
fer events. The number of HGT events involving each 
HTGC was quantified for FMT- and placebo-specific 
HTGCs. Venn diagrams were produced using the R 
package Euler (version 7.0.0).

Identification of strain engraftment‑dependent horizontal 
gene transfer
Donor strain engraftment data was obtained from a 
previously published dataset [20]. This data was gener-
ated using StrainPhlan (MetaPhlAn, version 2.7.7) [33] 
which profiles the dominant strain for a given species 
within each sample. By comparing the genetic similar-
ity of recipient strains pre- and post-intervention to 
the respective donor strains, instances of donor-strain 
engraftment were identified. To identify potential HGT 
events originating from donor-engrafting strains, HGT 
events were filtered based on instances of specific 
donor strain engraftment at 6  weeks post-FMT. Allu-
vial plots were produced using the R package ggalluvial 
(version 0.12.3).

Taxonomic classification of horizontal gene transfer events
The engraftment-dependent HGT data for FMT recipi-
ents at week 6 was grouped by the engrafted donor and 
recipient bacterial species involved in the horizontal 
transfer, and the HGT events between each species com-
bination were counted. Phylum-level identification for 
each species was performed. The species were grouped 
by phylum and plotted as a heatmap, with the color of 
each tile corresponding to the number of HGT events 
that occurred between each species combination.

The relative abundance of FMT donor bacterial 
phyla was calculated for the respective engrafted spe-
cies and engrafted species with HGT. Engrafted phyla 
were defined as the phyla of donor bacterial strains that 
engrafted into the FMT recipient gut at week 6. This 
data was filtered for bacterial phyla only (i.e. no phage 
or archaea). Engrafted phyla with HGT were defined as 
engrafted phyla (see above) which were also identified as 
contributing to HGT in FMT recipients at week 6. Where 
the engrafted species were absent from MAG phylum 
classification, phylum classification was added manu-
ally using UniProt taxonomy [34]. Phylum relative abun-
dances for the engrafted phyla and the engrafted phyla 
with HGT were compared using a chi-squared test from 
the base R stats package (version 4.2.1), with the Benja-
mini–Hochberg method used to control the false discov-
ery rate for multiple hypothesis testing by adjusting the 
p values (R chisq.posthoc.test version 0.1.2). The distri-
bution of phyla with donor-specific genes on high-quality 
MAGs (‘background’) was calculated as a reference.

Retention of engraftment‑dependent horizontally 
transferred genes
Gene abundances of each gene cluster were determined 
using the k-mer-based alignment tool KMA (version 
1.2.27). The gene abundance data was subsequently 
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subset for the engraftment-dependent HGT clusters in 
FMT recipients, post-intervention. Duplicate entries, i.e. 
multiple HGT events of the same gene cluster but involv-
ing different genes, were removed, as the abundance data 
corresponds to the abundance of the entire cluster. Lin-
ear mixed models with and without interactions between 
the fixed effects were fitted (R package lme4, version 
1.1.31; lmerTest version 3.1.3) and all two- and three-way 
interactions were excluded from the model (likelihood 
ratio test, base R stats package, version 4.2.1; p = 0.6794). 
Sex (female vs male) and timepoint (week 6 vs week 12 
and week 26) were considered fixed effects, while within 
recipient variation was considered a random effect. The 
95% confidence intervals of the reduced model fixed 
effect coefficients were also obtained using the base R 
stats package.

Functional annotation of engraftment‑dependent 
horizontally transferred genes
Functional annotations of gene clusters were obtained 
using the eggNOG mapper (version 2.0.1) and included 
Cluster of Orthologous Genes (COG) categories. Func-
tional categories were grouped by their major classifica-
tion: cellular processes and signaling, information storage 
and processing, metabolism, or were poorly character-
ised. In cases where gene clusters had multiple functional 
categories assigned, these were considered separately. 
The relative abundances of HTGCs within each COG 
functional category classification were compared by a 
permutational multivariate analysis of variance (PER-
MANOVA) test with the Bray–Curtis method and 999 
permutations, using the adonis2 function from the vegan 
R package (version 2.6.4).

Results
The Gut Bugs Trial
To understand the level of HGT in the gut microbiomes 
of FMT donors and recipients, we analysed metagenomic 
sequences obtained from a previously published double-
blinded, randomised, placebo-controlled trial investigating 
the impact of FMT on adolescent obesity that was carried 
out in Auckland, New Zealand [18, 20]. Each recipient 
received capsules containing microbiota from four sex-
matched donors, with the same donors used throughout 
the trial [19]. There was no effect of FMT on weight loss 
at 6 weeks post-intervention, although improvements in a 
marker of abdominal obesity (android-to-gynoid fat) were 
observed [18]. Post hoc analysis identified improvements 
in insulin sensitivity and glucose metabolism in a subset 
of participants with metabolic syndrome. Sustained shifts 
in both the structure and functional potential of recipient 
gut microbiomes in response to FMT were observed, with 
highly variable rates of strain engraftment [20].

Metagenome‑assembled genome (MAG) assembly
Metagenomic sequencing data were available for 381 
trial samples, including 58 FMT donor samples collected 
from 9 donors over the 12-month stool donation period, 
and 323 samples belonging to 42 FMT and 45 placebo 
recipients collected at baseline and 6, 12, and 26  weeks 
post-intervention. An average of 96,604 contigs with a 
minimum length of 500  bp were assembled per sample 
(range 27,729–202,760). Clustering of genes with > 95% 
identity resulted in a gene catalog containing 2.9 mil-
lion genes from across all samples. Across all samples, 
we assembled 20,941 metagenome-assembled genomes 
(MAGs), of which 4189 (20.0%) were high-quality (> 90% 
completeness and < 5% contamination). Most high-qual-
ity MAGs were taxonomically classified as belonging to 
the phyla Firmicutes (68.2%), Bacteroidetes (21.8%), and 
Actinobacteria (4.2%), and the species Agathobacter rec-
tale (4.2%), Agathobacter faecis (4.1%), and Faecalibacte-
rium prausnitzii (3.9%). A total of 9,425,258 genes were 
present on high-quality MAGs, representing 1,090,166 
gene clusters, 79% of which were assigned a COG func-
tional annotation.

FMT does not increase HGT compared with a placebo
We analysed the assembled metagenomic contigs for his-
toric HGT events by identifying DNA segments assigned 
to a separate ancestral lineage compared to the sur-
rounding DNA [25]. We identified that 0.15% of assem-
bled contigs per sample (range 0.074–0.26%) harbored 
segments implicated in HGT. The mean prevalence of 
contigs without HGT was 58.64% (range 38.19–80.33%) 
(Supplementary Fig. 1, Supplementary Table 2).

We hypothesised that the acute competition associated 
with FMT would stress the recipient microbiome and lead 
to an increase in HGT events. However, it is also possi-
ble that metagenome samples with increased microbial 
species richness have an increased propensity for HGT 
events. Therefore, we normalised HGT event counts 
within each microbiome sample by species richness. Lin-
ear mixed models did not identify evidence of a treat-
ment effect on normalised HGT events (LMM, b = 0.0076, 
95%CI [− 0.11, 0.12], p = 0.90). Similarly, there was no 
evidence of a significant sex (b = 0.11, 95%CI [− 0.0036, 
0.23], p = 0.060), or timepoint effect from baseline to week 
6 (b =  − 0.0043, 95%CI [− 0.16, 0.15], p = 0.96), or base-
line to week 12 (b = 0.032, 95%CI [− 0.13, 0.19], p = 0.71). 
By contrast, there was a significant longitudinal effect, in 
both FMT and placebo recipients, from baseline to week 
26 (b = 0.37, 95%CI [0.21, 0.53], p < 0.001) (Fig. 1), which is 
likely due to drift over time.

A limitation of the aforementioned approach to detect 
HGT events is its inability to differentiate between HGT 
events that have occurred following FMT treatment 
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and historical signatures of HGT present in bacterial 
genomes. We hypothesised that HGT due to FMT treat-
ment, specifically, would increase following FMT. There-
fore, we utilised a complementary method to quantify 
the number of FMT donor genes that transferred to FMT 
recipients, at 6 weeks post-intervention. Genes that were 
present on high-quality MAGs (i.e. > 90% completion 
and < 5% contamination) were clustered using a > 95% 
identity threshold. To identify putative HGT events, we 
performed a time-course analysis for each individual 
(FMT and placebo recipients). Gene clusters that were 
present within the participant samples at 6  weeks post-
intervention, absent at baseline, and were also present in 
the respective donor samples were identified. Gene clus-
ters were then classified as being horizontally transferred 
if their taxonomic identification differed between donor 
and recipient MAGs. Using this approach we identified 
57,590 putative HGT events occurring post-interven-
tion in 39 FMT recipients. Using the same criteria, we 
observed 111,273 putative HGT events that occurred in 
44 placebo recipients. Adjusting for gene richness, there 

was no difference in the percentage of genes involved in 
HGT for the FMT and placebo groups, including when 
subset by sex (Wilcoxon rank sum test, overall, p = 0.56; 
males, p = 0.84; females, p = 0.63). This finding is con-
sistent with our earlier observations and supports the 
conclusion that FMT does not increase the rate of HGT 
events above the background rates in the gut microbiome 
(Fig. 2a).

To understand the occurrence of treatment-specific 
HGT events, we quantified the number of transfer events 
for each horizontally transferred gene cluster (HTGC), 
across FMT- and placebo-specific HTGCs. FMT-specific 
HTGCs were defined as distinct HTGCs that were pre-
sent in FMT recipients at 6 weeks post-intervention and 
absent in the respective placebo group samples. Placebo-
specific HTGCs were defined as the reverse. We observed 
that 42% (4260/10,109) of HTGCs in female FMT 
recipients were FMT-specific and 63% (9794/15,643) of 
HTGCs in female placebo recipients were placebo-spe-
cific. In males, 63% (3321/5258) of HTGCs in FMT recip-
ients were FMT-specific and 69% (4379/6316) of HTGCs 

Fig. 1 FMT treatment does not significantly increase HGT events in the recipient’s gut microbiome. HGT events were normalised by the number 
of microbial species present in each recipient sample (n = 323). Each point represents a participant’s sample. Boxes represent the interquartile range 
(IQR) split by the median, with whiskers expanding up to 1.5 × the IQR. Differences between groups over time were assessed using linear mixed 
models (group, sex, and timepoint fixed effects and recipient random effect). There were no significant differences between treatment groups, 
but a significant difference between baseline and week 26 was observed for both groups, ***p < 0.001. HGT, horizontal gene transfer; FMT, faecal 
microbiota transplantation
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in placebo recipients were placebo-specific (Fig.  2c). 
Quantifying the number of individual transfer events for 
each FMT-specific and placebo-specific HTGC identified 
that FMT- and placebo-specific HTGCs were predomi-
nantly involved in single transfer events (FMT-specific 
mean 2.7 ± 3.2; placebo-specific mean 4.7 ± 5.4). There-
fore, we did not observe any increase in the occurrence 
of FMT-specific HGT events, relative to the background 
rate of HGT observed in the placebo cohort (Fig. 2b).

Engrafted bacterial species horizontally transfer genes 
to recipient bacteria
The engraftment of microbial strains within the recipi-
ent microbiomes was observed to be donor-specific in 
the Gut Bugs FMT trial for adolescent obesity [20]. We 
hypothesised that the engraftment of novel donor strains 
into the recipient’s gut would promote HGT with other 
microorganisms within the recipient’s gut. To investigate 
this, we selectively focused on HGT events that occurred 

at 6  weeks post-intervention between donor-engraft-
ing strains and distinct strains in the FMT recipient’s 
gut [20]. HGT events involving engrafted bacteria were 
identified for three female donors and four male donors. 
Engrafted strains contributing to HGT events in FMT 
recipients most commonly originated from donor DF16 
in females and donor DM08 in males (Fig.  3), consist-
ent with the higher levels of strain engraftment observed 
from these donors [20]. Between the male donor DM07 
and recipient TM04, specifically, there were a high num-
ber (n = 161) of HGT events, with 158 of these being 
between Bacteroides uniformis and Bacteroides vulgatus.

We investigated if the HGT events associated with 
engrafted bacteria occurred through inter- or intra-
phylum transfers. The majority of HGT events were 
facilitated by engrafted species in the Bacteroidetes 
phylum (159/166 events for females and 375/400 events 
for males) (Figs.  4a and c). We compared the distribu-
tion of engrafted phyla that contributed to HGT, with all 

Fig. 2 FMT does not increase HGT rates following treatment, when compared with a placebo. a The percentage of HTGCs was calculated 
from the number of distinct recipient gene clusters involved in HGT for each FMT (n = 39) or placebo (n = 44) recipient relative to the number 
of distinct gene clusters on high-quality MAGs for each respective participant, at week 6. The percentage of HTGCs was compared between groups 
(Wilcoxon test). Each point represents a participant’s sample. Boxes represent the interquartile range (IQR) split by the median, with whiskers 
expanding up to 1.5 × the IQR. b The number of transfer events for each HTGC was plotted separately for the FMT-specific and placebo-specific 
HTGCs, for males and females. A bin width of 1 was used. HTGCs with greater than 20 transfer events were grouped under ‘20 + ’. c Counts 
of FMT-specific (red), shared (purple), and placebo-specific (blue) HTGCs in females and males. HGT, horizontal gene transfer; FMT, faecal microbiota 
transplantation; HTGC, horizontally transferred gene cluster; MAG, metagenome assembled genome; ns, not-significant (p < 0.05)
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engrafted phyla, to determine if the Bacteroidetes phy-
lum was overrepresented amongst the engrafted donor 
bacteria (Fig.  4b). In the female cohort, Bacteroidetes 
were overrepresented (adj. p < 0.001, chi-squared test) 
and Firmicutes were underrepresented (adj. p < 0.001, 
chi-squared test) in the engrafted bacteria contributing 
to HGT. In the male cohort, Bacteroidetes were over-
represented (adj. p < 0.001, chi-squared test), while Fir-
micutes and Proteobacteria were underrepresented (both 
adj. p < 0.001, chi-squared test) in the engrafted bacteria 
contributing to HGT.

Engraftment‑dependent HTGCs are maintained 
following FMT
We assessed the retention of engraftment-dependent 
HTGCs in FMT recipients. Gene abundance data was 
obtained for each engraftment-dependent HTGC in the 
FMT recipients, post-intervention. We hypothesised that 
HTGCs acquired by 6 weeks post-intervention would fur-
ther proliferate within participants at week 12 and week 
26. In total, there were 289 male and 139 female distinct 
engraftment-dependent HGT events detected in FMT 
recipients, 6 weeks following the intervention. Of these, 

248 (85.8%) male and 134 (96.4%) female HTGCs were 
retained at week 12, while 232 (80.3%) and 135 (97.1%) 
female HTGCs were retained at week 26. We found no 
evidence of timepoint- or sex-specific effects on the rela-
tive abundance of engraftment-dependent HTGCs using 
linear mixed models to compare the relative abundance 
of HTGCs at 6-, 12-, and 26  weeks post-intervention 
(Fig. 5). These data suggest that while the HTGCs did not 
proliferate, they were maintained within the host for up 
to 26 weeks following the intervention.

Functional annotation of engraftment‑dependent HTGCs
We investigated the assigned COG functions for the 
engraftment-dependent HTGCs [35]. Across the 
female recipients, 76 (54.7%) of engraftment-depend-
ent HTGCs detected at 6  weeks post-intervention 
were able to be assigned a functional classification 
(cellular processes and signalling, information stor-
age and processing, or metabolism), while 37 (26.6%) 
were poorly characterised, and 26 (18.7%) had no clas-
sification. In the male cohort, 166/289 (57.4%) had a 
functional classification, 62/289 (21.5%) were poorly 
classified, and 61/289 (21.1%) had no classification 

Fig. 3 Engrafted bacterial strains from FMT donors transfer genes to the recipient’s bacteria. Alluvial plots illustrating HGT events where gene 
clusters from engrafted donor species were transferred to distinct bacterial species within the FMT recipient (6 weeks post-FMT). Alluvial flow 
is coloured according to FMT donor identity. HGT, horizontal gene transfer; FMT, faecal microbiota transplantation
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(Fig.  6). Comparisons of the relative abundance of 
gene clusters with each functional classification at 
each timepoint identified no significant differences 

(PERMANOVA test females, p = 0.87; males, p = 0.92). 
The relative abundance of individual COG functional 
categories assigned to these HTGCs was also not 
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Fig. 5 Engraftment-dependent HTGCs are maintained in the FMT recipient’s gut. Relative abundance (CPM) of HTGCs transferred from engrafted 
FMT donor strains to FMT recipient bacteria. Each point represents a distinct HTGC. Boxes represent the interquartile range (IQR) split by the median, 
with whiskers expanding up to 1.5 × the IQR. Abundance data was measured at 6-, 12-, and 26 weeks post-FMT and compared using linear mixed 
models (sex and timepoint fixed effects and recipient random effect). HTGC, horizontally transferred gene cluster; CPM, copies per million reads

Fig. 6 Gene functions of engraftment-dependent HTGCs show no differences up to 26 weeks post-intervention. COG functional categories were 
grouped by classification. Relative abundances of gene cluster classifications were compared within each sex at each timepoint (PERMANOVA test). 
CPM, copies per million reads; COG, clusters of orthologous groups; HTGC, horizontally transferred gene cluster
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significant (PERMANOVA test females, p = 0.92; males, 
p = 0.99) (Supplementary Fig. 2).

Discussion
We investigated HGT dynamics within the human gut 
following FMT using metagenomic data from a placebo-
controlled FMT trial for obesity in adolescents [18, 20]. 
We compared the overall rates of gene transfer in the gut 
microbiomes of the participants and the impact of FMT 
on this process. We observed that the rate of HGT did 
not significantly differ between participants in the FMT 
and placebo cohorts. However, engrafted bacterial strains 
originating from the FMT donors did facilitate HGT, 
and these transferred genes were maintained within the 
recipient microbiomes up to 26 weeks post-intervention, 
suggesting that HGT is relevant to the long-term modu-
lation of the human gut microbiome.

Infant gut microbiomes obtain mobile genetic elements 
from maternal gut microbial strains [36], although this 
overlap can vary considerably between mother-infant 
pairings [37]. Maternal bacteria of the order Bacteroi-
dales have been identified as key contributors to these 
transfer events [36], which is consistent with the overrep-
resentation of engrafted Bacteroidetes facilitating HGT 
following FMT observed in our study. Similarly, a global 
study of HGT in human gut microbiomes identified Bac-
teroides species as being more promiscuous for HGT 
than species from other phyla [5]. Notably, within the 
global populations that were analysed, Groussin and col-
leagues identified higher rates of HGT in the gut micro-
biomes of industrialised populations, which may be due 
to lifestyle-related factors [5].

HGT could be facilitated by the presence of transient 
species within the recipient’s gut. However, the trans-
fer of genes between species is limited by species prox-
imity [38] and therefore more likely to be facilitated by 
engrafted species. Our data shows that engrafted donor 
bacteria facilitated HGT with recipient bacteria. It is pos-
sible that HGT is an important mechanism for the FMT 
donor microbiome to modulate the functions of the 
recipient gut microbiome community. Consequently, the 
influence of the FMT donor microbiome on the recipient 
may not necessarily depend on prolonged strain engraft-
ment, if genes from the engrafted microorganism are 
transferred before the species themselves are lost. We 
were unable to determine how long an engraftment is 
required to facilitate HGT and propose that this should 
be empirically measured.

We acknowledge a number of potential limitations 
associated with our study. First, the analyses we per-
formed were constrained by the structure of the FMT 
clinical trial [19]. For example, the timepoints for which 
metagenomic data were available limited the periods 

over which HGT could be analysed. It is possible that 
there was an enhanced rate of transient HGT closer to 
the FMT itself, and data from timepoints before 6 weeks 
post-intervention would have identified a greater dif-
ferential in HGT rates between the FMT and placebo 
recipients. However, as this was not observed at 6 weeks 
post-intervention, any potential dissimilarity prior to that 
point must have been transient (i.e. happening in bacteria 
that were lost from the recipient’s microbiome). Alter-
natively, differences in HGT levels in response to FMT 
may not have been observed due to the high basal rates 
of HGT in the human gut, particularly in an urban cohort 
[5]. It is also possible that we did not detect any statisti-
cal changes due to the limited sample size. The Gut Bugs 
Trial comprised 87 participants that produced 323 sam-
ples, which is higher than many other clinical FMT tri-
als [39], while a recent study investigating HGT in the 
human gut microbiome used a cohort of 48 individuals 
[5]. This highlights the importance of larger-scale studies, 
in general, for assessing the impact of FMT on the gut 
microbiome.

Quorum sensing may play a role in HGT [40, 41], 
requiring a certain population of bacteria to trigger the 
widespread transfer of genes between species. Therefore, 
the bowel cleanse administered prior to the FMT inter-
vention in this particular study may have prevented the 
bacteria from reaching the required threshold, leaving 
a microbial density that was too low for HGT events to 
occur. The method we used to identify genes that were 
transferred from FMT donors to the recipients was 
equally as successful at identifying putative HTGCs in 
the placebo cohort. Given the participants of the placebo 
cohort were not treated with donor FMT, they must have 
acquired HTGCs after the intervention that, by chance, 
were also present within the respective (male/female) 
donor cohort. Therefore, it is not possible to definitively 
assign the HTGCs acquired by the FMT cohort as origi-
nating from the respective donor microbiomes, with-
out also considering the possibility that these too were 
acquired by chance from the environment.

Accurate taxonomic assignment of genes is funda-
mental to HGT identification. The possible misas-
signment of species during MAG binning could have 
under- or overestimated the rate of HGT, in a species-
dependent manner. For example, it is possible that a 
high number of transfer events we observed between 
the male donor DM07 Bacteroides uniformis and 
recipient TM04 Bacteroides vulgatus may have been 
due to a misclassification of the bacterial taxonomy; 
however, it is also not possible to prove this from our 
data. It remains possible that the use of MAG binning 
approaches in the identification of HTGCs may also 
lead to an underestimation of the HGT rate. Binning 
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tools, including MetaBAT 2, have demonstrated low 
rates of plasmid recovery [42]. Therefore, our find-
ings have likely only captured transferred genes which 
integrated into the chromosome. The use of a com-
plementary approach, such as Hi-C [43], to capture 
plasmid transfer may provide a more comprehensive 
understanding of the rate of HGT (i.e. including both 
episomal and chromosomal events) following FMT 
treatment.

Despite these limitations, the finding that there is no 
impact of FMT on HGT rates in the human gut micro-
biome is notable. Moreover, our study has the strength of 
combining two complementary approaches to quantify 
the rate of HGT in metagenomic data. These method-
ologies are transferable to the analysis of other FMT tri-
als. We suggest that their application to additional FMT 
studies may further elucidate the impact of FMT on HGT 
rates in human gut microbiomes.

Conclusions
In conclusion, FMT does not increase rates of HGT in 
human subjects. However, donated strains do participate 
in HGT and evidence for these events is retained for at 
least 6  months following the FMT treatment itself. The 
observation of similar rates and apparently identical 
events in placebo patients indicates that the rates of HGT 
are not limited by access to donor strains and the gut 
microbiome is subject to regular genetic influx from the 
wider environment. Future analyses of other FMT trials 
will reveal the extent to which HGT patterns following 
FMT are conserved across different conditions and treat-
ment methodologies.

Abbreviations
COG  Clusters of orthologous groups
CPM  Copies per million
FMT  Faecal microbiota transplantation
HGT  Horizontal gene transfer
HTGC   Horizontally transferred gene cluster
MAG  Metagenome assembled genome
PERMANOVA  Permutational multivariate analysis of variance

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40168- 024- 01748-6.

Additional file 1: Table S1. Number of participants in each group at each 
timepoint.

Additional file 2: Table S2. Number of contigs with horizontal gene 
transfer (HGT) per sample from the WAAFLE output.

Additional file 3: Supplementary Fig. 1. Less than one percent of 
metagenomic contig sequences from healthy individuals and obese 
adolescents contain evidence of HGT. The percentage of contigs with and 
without HGT is plotted for each of the 381 microbiome samples from the 
Gut Bugs Trial [20]. ‘Unclassified’ contigs could not be explained by a single 
species or species-pair. HGT, horizontal gene transfer. Supplementary 

Fig. 2. Gene functions of engraftment-dependent HTGCs show no 
differences up to 26 weeks post-intervention. Relative abundances of 
gene clusters in each COG functional category were compared within 
each sex at each timepoint (PERMANOVA test). COG functional category 
descriptions: [C] Energy production and conversion; [D] Cell cycle control, 
cell division, chromosome partitioning; [E] Amino acid transport and 
metabolism; [F] Nucleotide transport and metabolism; [G] Carbohydrate 
transport and metabolism; [H] Coenzyme transport and metabolism; [I] 
Lipid transport and metabolism; [J] Translation, ribosomal structure and 
biogenesis; [K] Transcription; [L] Replication, recombination and repair; 
[M] Cell wall/membrane/envelope biogenesis; [N] Cell motility; [O] Post-
translational modification, protein turnover, chaperones; [P] Inorganic 
ion transport and metabolism; [Q] Secondary metabolites biosynthesis, 
transport and catabolism; [S] Function unknown; [T] Signal transduction 
mechanisms; [U] Intracellular trafficking, secretion, and vesicular transport; 
[V] Defense mechanisms. CPM, copies per million reads; COG, clusters of 
orthologous groups; HTGC, horizontally transferred gene cluster.

Acknowledgements
The authors would like to acknowledge the Gut Bugs Trial group: Thilini N. 
Jayasinghe, Karen S. W. Leong, José G. B. Derraik, and Benjamin B. Albert for their 
efforts in undertaking the trial. The authors also wish to acknowledge the use 
of New Zealand eScience Infrastructure (NeSI) high-performance computing 
facilities, consulting support, and training services as part of this research. New 
Zealand’s national facilities are provided by NeSI and funded jointly by NeSI’s 
collaborator institutions and through the Ministry of Business, Innovation & 
Employment’s Research Infrastructure programme. URL https:// www. nesi. org. nz.
We also thank Zeke Wang, Theo Portlock, the microbiome group, and the Gut 
Bugs Team for their support, statistical analysis, interpretation, and discussions.

Authors’ contributions
All authors contributed to the study design. AB analysed the metagenomic 
data with critical input from TV, JO, BW and DH. AB wrote the manuscript 
which was edited by TV, JO, BW, DH and WC. JO and WC established and co-
ran the Gut Bugs Trial. All authors reviewed and approved the final manuscript.

Funding
The Gut Bugs Trial was funded by the Rockfield Trust. AB is supported by a 
University of Auckland Doctoral Scholarship.

Availability of data and materials
The metagenomic dataset analysed during the current study is available in the 
NCBI SRA repository (BioProject PRJNA637785 https:// www. ncbi. nlm. nih. gov/ 
biopr oject/ PRJNA 637785/). Additional data files are available on request. Data pro-
cessing R scripts are available at https:// github. com/ annab ehling/ gutbu gs_ hgt/.

Declarations

Ethics approval and consent to participate
The Gut Bugs Trial was approved by the Northern A Health and Disability 
Ethics Committee of New Zealand on 8th November 2016 (16/NTA/172). All 
participants (donors and recipients) provided informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Liggins Institute, University of Auckland, Auckland, New Zealand. 2 Institute 
of Biotechnology, Helsinki Institute of Life Science, University of Helsinki, Hel-
sinki, Finland. 3 Research Program for Clinical and Molecular Metabolism, Fac-
ulty of Medicine, University of Helsinki, Helsinki, Finland. 4 The Broad Institute 
of MIT and Harvard, Cambridge, MA, USA. 5 The Maurice Wilkins Centre, The 
University of Auckland, Private Bag 92019, Auckland, New Zealand. 6 Australian 
Parkinsons Mission, Garvan Institute of Medical Research, 384 Victoria Street, 
SydneyDarlinghurst, NSWNSW 2010, Australia. 7 MRC Lifecourse Epidemiology 

https://doi.org/10.1186/s40168-024-01748-6
https://doi.org/10.1186/s40168-024-01748-6
https://www.nesi.org.nz
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA637785/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA637785/
https://github.com/annabehling/gutbugs_hgt/


Page 12 of 13Behling et al. Microbiome           (2024) 12:26 

Unit, University of Southampton, Southampton SO16 6YD, UK. 8 Singapore 
Institute for Clinical Sciences, Agency for Science Technology and Research, 
Singapore, Singapore. 

Received: 11 October 2023   Accepted: 2 January 2024

References
 1. Thomas CM, Nielsen KM. Mechanisms of, and barriers to, horizontal gene 

transfer between bacteria. Nat Rev Microbiol. 2005;3:711–21.
 2. Partridge SR, Kwong SM, Firth N, Jensen SO. Mobile genetic ele-

ments associated with antimicrobial resistance. Clin Microbiol Rev. 
2018;31:e00088-17.

 3. von Wintersdorff CJH, Penders J, van Niekerk JM, Mills ND, Majumder 
S, van Alphen LB, et al. Dissemination of antimicrobial resistance in 
microbial ecosystems through horizontal gene transfer. Front Microbiol. 
2016;7:173.

 4. Buret AG, Allain T. Gut microbiota biofilms: from regulatory mechanisms 
to therapeutic targets. J Exp Med. 2023;220:e20221743.

 5. Groussin M, Poyet M, Sistiaga A, Kearney SM, Moniz K, Noel M, et al. 
Elevated rates of horizontal gene transfer in the industrialized human 
microbiome. Cell. 2021;184:2053-67.e18.

 6. Li C, Chen J, Li SC. Understanding horizontal gene transfer network in 
human gut microbiota. Gut Pathog. 2020;12:33.

 7. Salyers AA, Gupta A, Wang Y. Human intestinal bacteria as reservoirs for 
antibiotic resistance genes. Trends Microbiol. 2004;12:412–6.

 8. Huddleston JR. Horizontal gene transfer in the human gastrointestinal 
tract: potential spread of antibiotic resistance genes. Infect Drug Resist. 
2014;7:167–76.

 9. Lin DM, Koskella B, Lin HC. Phage therapy: an alternative to antibiotics in 
the age of multi-drug resistance. World J Gastrointest Pharmacol Ther. 
2017;8:162–73.

 10. Millan B, Park H, Hotte N, Mathieu O, Burguiere P, Tompkins TA, et al. 
Fecal microbial transplants reduce antibiotic-resistant genes in 
patients with recurrent Clostridium difficile infection. Clin Infect Dis. 
2016;62:1479–86.

 11. Hyun J, Lee SK, Cheon JH, Yong DE, Koh H, Kang YK, et al. Faecal micro-
biota transplantation reduces amounts of antibiotic resistance genes 
in patients with multidrug-resistant organisms. Antimicrob Resist Infect 
Control. 2022;11:20.

 12. Ma X, Xu T, Qian M, Zhang Y, Yang Z, Han X. Faecal microbiota trans-
plantation alleviates early-life antibiotic-induced gut microbiota 
dysbiosis and mucosa injuries in a neonatal piglet model. Microbiol Res. 
2021;255:126942.

 13. van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG, de Vos WM, 
et al. Duodenal infusion of donor feces for recurrent Clostridium difficile. N 
Engl J Med. 2013;368:407–15.

 14. Kelly CR, Khoruts A, Staley C, Sadowsky MJ, Abd M, Alani M, et al. Effect 
of fecal microbiota transplantation on recurrence in multiply recur-
rent Clostridium difficile infection: a randomized trial. Ann Intern Med. 
2016;165:609–16.

 15. Nicholson MR, Mitchell PD, Alexander E, Ballal S, Bartlett M, Becker P, et al. 
Efficacy of fecal microbiota transplantation for Clostridium difficile infec-
tion in children. Clin Gastroenterol Hepatol. 2020;18:612-9.e1.

 16. Kelly CR, Ihunnah C, Fischer M, Khoruts A, Surawicz C, Afzali A, et al. Fecal 
microbiota transplant for treatment of Clostridium difficile infection in 
immunocompromised patients. Am J Gastroenterol. 2014;109:1065–71.

 17. Allegretti JR, Mullish BH, Kelly C, Fischer M. The evolution of the use of 
faecal microbiota transplantation and emerging therapeutic indications. 
Lancet. 2019;394:420–31.

 18. Leong KSW, Jayasinghe TN, Wilson BC, Derraik JGB, Albert BB, Chia-
varoli V, et al. Effects of fecal microbiome transfer in adolescents with 
obesity: the Gut Bugs Randomized Controlled Trial. JAMA Netw Open. 
2020;3:e2030415.

 19. Leong KSW, Jayasinghe TN, Derraik JGB, Albert BB, Chiavaroli V, Svirskis 
DM, et al. Protocol for the Gut Bugs Trial: a randomised double-blind 
placebo-controlled trial of gut microbiome transfer for the treatment of 
obesity in adolescents. BMJ Open. 2019;9:e026174.

 20. Wilson BC, Vatanen T, Jayasinghe TN, Leong KSW, Derraik JGB, Albert BB, 
et al. Strain engraftment competition and functional augmentation in a 
multi-donor fecal microbiota transplantation trial for obesity. Microbi-
ome. 2021;9:107.

 21. Cohan FM, Koeppel AF. The origins of ecological diversity in prokaryotes. 
Curr Biol. 2008;18:R1024–34.

 22. Wiedenbeck J, Cohan FM. Origins of bacterial diversity through horizontal 
genetic transfer and adaptation to new ecological niches. FEMS Microbiol 
Rev. 2011;35:957–76.

 23. McInnes RS, McCallum GE, Lamberte LE, van Schaik W. Horizontal transfer 
of antibiotic resistance genes in the human gut microbiome. Curr Opin 
Microbiol. 2020;53:35–43.

 24. Douglas GM, Langille MGI. Current and promising approaches to identify 
horizontal gene transfer events in metagenomes. Genome Biol Evol. 
2019;11:2750–66.

 25. Huttenhower C. WAAFLE – The Huttenhower Lab. Available from: https:// 
hutte nhower. sph. harva rd. edu/ waafle/. [Cited 2022 Jun 22].

 26. Li D, Liu C-M, Luo R, Sadakane K, Lam T-W. MEGAHIT: an ultra-fast single-
node solution for large and complex metagenomics assembly via suc-
cinct de Bruijn graph. Bioinformatics. 2015;31:1674–6.

 27. Hyatt D, Chen G-L, Locascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: 
prokaryotic gene recognition and translation initiation site identification. 
BMC Bioinformatics. 2010;11:119.

 28. Kang DD, Li F, Kirton E, Thomas A, Egan R, An H, et al. MetaBAT 2: an adap-
tive binning algorithm for robust and efficient genome reconstruction 
from metagenome assemblies. PeerJ. 2019;7:e7359.

 29. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM: 
assessing the quality of microbial genomes recovered from isolates, 
single cells, and metagenomes. Genome Res. 2015;25:1043–55.

 30. Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: a toolkit to 
classify genomes with the Genome Taxonomy Database. Bioinformatics. 
2019;36:1925–7.

 31. Li W, Godzik A. Cd-hit: a fast program for clustering and comparing large 
sets of protein or nucleotide sequences. Bioinformatics. 2006;22:1658–9.

 32. Cantalapiedra CP, Hernández-Plaza A, Letunic I, Bork P, Huerta-Cepas 
J. eggNOG-mapper v2: functional annotation, orthology assignments, 
and domain prediction at the metagenomic scale. Mol Biol Evol. 
2021;38:5825–9.

 33. Truong DT, Tett A, Pasolli E, Huttenhower C, Segata N. Microbial strain-
level population structure and genetic diversity from metagenomes. 
Genome Res. 2017;27:626–38.

 34. UniProt Consortium. UniProt: the universal protein knowledgebase in 
2023. Nucleic Acids Res. 2023;51:D523–31.

 35. Tatusov RL, Galperin MY, Natale DA, Koonin EV. The COG database: a tool 
for genome-scale analysis of protein functions and evolution. Nucleic 
Acids Res. 2000;28:33–6.

 36. Vatanen T, Jabbar KS, Ruohtula T, Honkanen J, Avila-Pacheco J, Sil-
jander H, et al. Mobile genetic elements from the maternal micro-
biome shape infant gut microbial assembly and metabolism. Cell. 
2022;185:4921-36.e15.

 37. Sosa-Moreno A, Comstock SS, Sugino KY, Ma TF, Paneth N, Davis Y, et al. 
Perinatal risk factors for fecal antibiotic resistance gene patterns in preg-
nant women and their infants. PLoS ONE. 2020;15:e0234751.

 38. Jeong H, Arif B, Caetano-Anollés G, Kim KM, Nasir A. Horizontal gene 
transfer in human-associated microorganisms inferred by phylogenetic 
reconstruction and reconciliation. Sci Rep. 2019;9:5953.

 39. Podlesny D, Durdevic M, Paramsothy S, Kaakoush NO, Högenauer C, 
Gorkiewicz G, et al. Identification of clinical and ecological determi-
nants of strain engraftment after fecal microbiota transplantation using 
metagenomics. Cell Rep Med. 2022;3:100711.

 40. Zhu L, Chen T, Xu L, Zhou Z, Feng W, Liu Y, et al. Effect and mechanism of 
quorum sensing on horizontal transfer of multidrug plasmid RP4 in BAC 
biofilm. Sci Total Environ. 2020;698:134236.

 41. Zeng X, Lin J. Factors influencing horizontal gene transfer in the intestine. 
Anim Health Res Rev. 2017;18:153–9.

 42 Maguire F, Jia B, Gray KL, Lau WYV, Beiko RG, Brinkman FSL. Metage-
nome-assembled genome binning methods with short reads 

https://huttenhower.sph.harvard.edu/waafle/
https://huttenhower.sph.harvard.edu/waafle/


Page 13 of 13Behling et al. Microbiome           (2024) 12:26  

disproportionately fail for plasmids and genomic Islands. Microb Genom. 
2020;6:mgen000436.

 43. Belton J-M, McCord RP, Gibcus JH, Naumova N, Zhan Y, Dekker J. Hi-C: 
a comprehensive technique to capture the conformation of genomes. 
Methods. 2012;58:268–76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Horizontal gene transfer after faecal microbiota transplantation in adolescents with obesity
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Methods
	Data acquisition
	Assembly of contig sequences
	Binning contigs to metagenome-assembled genomes
	Detection of horizontal gene transfer events
	Impact of FMT treatment on HGT events
	Identification of strain engraftment-dependent horizontal gene transfer
	Taxonomic classification of horizontal gene transfer events
	Retention of engraftment-dependent horizontally transferred genes
	Functional annotation of engraftment-dependent horizontally transferred genes

	Results
	The Gut Bugs Trial
	Metagenome-assembled genome (MAG) assembly
	FMT does not increase HGT compared with a placebo
	Engrafted bacterial species horizontally transfer genes to recipient bacteria
	Engraftment-dependent HTGCs are maintained following FMT
	Functional annotation of engraftment-dependent HTGCs

	Discussion
	Conclusions
	Acknowledgements
	References


