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Neovaginas are surgically constructed to correct uterovaginal agenesis in
women with Mayer-Rokitansky-Kiister-Hauser (MRKH) syndrome or as part of
gender-affirming surgery for transfeminine individuals. Understanding the
assembly of the neovaginal microbiota is crucial for guiding its management.
To address this, we conducted a longitudinal study on MRKH patients fol-
lowing laparoscopic peritoneal vaginoplasty. Our findings reveal that the early
microbial assemblage exhibited stochastic characteristics, accompanied with
a notable bloom of Enterococcus faecalis and genital Mycoplasmas. While both
the pre-surgery dimple microbiota and the fecal microbiota constituted the
primary species pool, the neovaginal microbiota developed into a microbiota
that resembled that of a normal vagina at 6-12 months post-surgery, albeit
with a bacterial vaginosis (BV)-like structure. By 2-4 years post-surgery, the
neovaginal microbiota had further evolved into a structure closely resembling
with the homeostatic pre-surgery dimple microbiota. This concords with the
development of the squamous epithelium in the neovagina and highlights the
pivotal roles of progressive selective forces imposed by the evolving neova-
ginal environment and the colonization tropism of vaginal species. Notably, we
observed that strains of Lactobacillus crispatus colonizing the neovagina pri-
marily originated from the dimple. Since L. crispatus is generally associated
with vaginal health, this finding suggests potential avenues for future research
to promote its colonization.

Neovaginas are surgically constructed vaginas for correcting uter- microscopy>'. In most cases, focus has been on the neovagina of
ovaginal agenesis in women with Mayer-Rokitansky-Kiister-Hauser  transgender individuals, where a polymicrobial environment generally
(MRKH) syndrome' or as part of gender-affirming surgery for transfe- was identified®*. A recent study utilizing metaproteomic analyses
minine individuals®. In recent years, few cross-sectional studies have revealed that the polymicrobial communities harbored in penile skin-
examined the neovaginal microbiota using primarily cultivation and lined neovagina were quite distinct from the microbiota in the vagina
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of adult cisgender women (in the following referred to as a normal
vagina) and showed similarities in composition to an uncircumcised
penis’. MRKH syndrome women are characterized by hypoplasia of the
uterus, the cervix, and the upper part of the vagina, but with a normal
female karyotype (46, XX), and generally, normal steroid hormone
production’. A study on the microbiota in the neovagina of MRKH
patient reported on a dysbiotic microbiota years after surgery, with a
boost of Lactobacillus following squamous epithelialization®.

The host epithelium constitutes a critical interface between the
microbial communities and the host’. In the normal vagina, the strati-
fied squamous epithelium coated with cervicovaginal mucus provides a
habitat and nutrient source for colonizing microbes®’. During repro-
ductive age, increased glycogen accumulation in the epithelium pro-
motes a dominance of Lactobacillus species'®". By contrast, reduced
glycogen accumulation following reduced estrogen production and
tissue atrophy during menopause leads to a decreased colonization by
Lactobacillus species accompanied with the presence of and/or
increased relative abundances of anaerobes commonly associated with
bacterial vaginosis (BV)"° . A few studies evaluating neovaginas created
with different techniques suggested that the neovaginas in MRKH
women lined with amniotic membrane, peritoneum or tissue-
engineered biomaterial during creation would complete metaplasia
and be coated in time with a glycogen-containing stratified squamous
metaplastic epithelium®™%, However, a comprehensive characterization
of the neovaginal microbiota and detailed information on how the
microbial community develops and assembles in this process are
hitherto lacking. The initial assembly of the human gut microbiota has
been extensively studied in infants'">, while much less is known in
relation to the establishment of the vaginal microbiota. The surgically
constructed neovagina in MRKH patients provides a unique opportu-
nity for following the establishment of a vaginal microbiota. Here, we
present a detailed spatiotemporal analysis of the development of the
neovaginal microbiota in women with MRKH syndrome following
laparoscopic peritoneal vaginoplasty based on multi-site longitudinal
sampling and deep shotgun metagenomic sequencing. Our findings
reveal intricate connections between the neovaginal microbiota and the
pre-surgery dimple microbiota, emphasizing the pivotal roles of pro-
gressive selective forces imposed by the evolving neovaginal environ-
ment and colonization tropism of vaginal species.

Results
Study design and morphological characterization of the
neovagina
In this study, 39 Chinese women with MRKH syndrome (at the time of
surgery aged 17-35 years (24.85+4.06 years, this format across the
manuscript consistently represents mean * standard deviation)) were
recruited and followed with multi-site longitudinal samples collected
before (PRE: 0-2 days pre-surgery), and four times up to 2~4 years
after laparoscopic peritoneal vaginoplasty (P14D: 14.11+2.04 days;
P90OD: 91.56+7.76 days; P6/12M: 8.79+2.50 months; and P2/4Y:
42.81+ 8.18 months) (Fig. 1a, Table 1 and Methods). In total, 456 sam-
ples were collected and analyzed with deep shotgun metagenomic
sequencing, including 142 vaginal samples, 31 peritoneal fluid samples,
111 fecal samples, 108 tongue coating samples, 33 abdominal skin
samples, and 31 control saline samples (Supplementary Table 1).
Metadata were collected via peri-surgery clinical examination and
questionnaires for neovaginal management, function, and health
evaluation (Table 1 and Supplementary Data 1). All patients had normal
female karyotype (46, XX). Pre-surgery estradiol measurements were
all within the normal range except for patient LH042, whose hormone
levels were then re-examined at P14D and turned out to be normal
(Supplementary Data 1).

Before surgery, the external genital appeared normal and the
vagina presented as a dimple with variable length between 1and 3 cm,
and similar to a normal vagina, coated with a glycogen-containing

stratified squamous epithelium (Fig. 1b-e, Supplementary Video).
During surgery, a canal between the bladder and the rectum was cre-
ated and lined with dissected peritoneum. In this way, the neovaginal
cavity was created. The neovagina was -9 cm in length when first
constructed and 9.4 +1.11cm at P2/4Y (Table 1 and Methods). The
original dimple, acting as the neovaginal opening post-surgery, formed
the initiating site for spontaneous upward squamous epithelization in
the neovagina. Squamous epithelium coating became discernible as
early as P14D, and extended to the apex by P90D (Fig. 1b-e, Supple-
mentary Video). It has been suggested that the neovagina matures
about 12 months post-surgery”, forming an epithelium resembling
that of the dimple and the normal vagina. In our study, we observed
further progression towards a normal epithelium 2-4 years post-
surgery (Fig. 1b-e). Colposcopy revealed a pink and smooth mucosa
(Fig. 1b), lacking the folds or ‘rugae’ that characterize the normal
vagina'®. Furthermore, the apex of the neovagina was not connected to
a cervix and a uterus, and thus, the neovagina would not be coated
with cervical mucus as in the normal vagina.

Along the progression of epithelization in the neovagina, there
emerged a certain degree of similarity and relevance to the conditions
found in the normal vagina of premenopausal and postmenopausal
women. We have thus additionally collected data on the microbiota of
the normal vagina from healthy Chinese women. In order to avoid the
fluctuations during the peri-menopausal phase to confound our
grouping, we excluded individuals between 45 and 55 years of age and
finally included 237 premenopausal (H_R, n=237, aged 39.99 +2.54
years) and 235 postmenopausal (H.M, n=235, aged 58.09 +3.86
years) women, respectively, to serve as references for compar-
ison (Fig. 1a).

Microbiota assembly in the neovagina of MRKH patients

We first characterized the pre-surgery dimple and post-surgery neo-
vaginal microbiota of MRKH patients in comparison to those of pre-
and postmenopausal women (Fig. 2 and Supplementary Fig. 1a). The
most abundant species in the dimple, including Lactobacillus iners,
Prevotella timonensis, Atopobium vaginae, Prevotella bivia, Lactoba-
cillus crispatus, Prevotella disiens, and Gardnerella vaginalis (Fig. 2a),
comprised over 75% mean relative abundance and were also among
the top 10 species in the healthy references (Supplementary Data 2).
Overall, the pre-surgery dimple microbiota exhibited some resem-
blance to both H R and H.M women, with a high abundance of L. iners
as in H.R women and high representation of some BV-associated
species including G. vaginalis and Prevotella spp. as in H.M women
(Fig. 2). Considering species accounting for >1%. mean relative abun-
dance, bacteria harbored in the pre-surgery dimple and the post-
surgery neovagina of MRKH patients were largely common ‘native’
vaginal species (Supplementary Fig. 1b). Nevertheless, the overall
compositional structure at different stages differed significantly from
the healthy references (Supplementary Fig. 1c), and consistently
exhibited more species and higher Shannon index except for the early
assemblage at P14D (Supplementary Fig. 1d, e).

We characterized the assembly progression more detailed in
relation to the pre-surgery dimple microbiota (Fig. 2 and Supplemen-
tary Fig. 1a). At P14D, the local environment in the neovagina was under
the influence of dramatic changes and peri-surgery medications,
including laxatives, paraffin oil, and prophylactic antibiotics (cefoxitin
in combination with metronidazole or clindamycin) (Table 1). At this
time-point, we observed a precipitous decline in species number (Two-
sided Wilcoxon rank-sum test, P < 0.0001) (Supplementary Fig. 1e) and
in the relative abundances of L. iners, P. timonensis, and A. vaginae
(Two-sided Wilcoxon rank-sum test, P adjust <0.1) (Fig. 2a, b and
Supplementary Data 3), but in some patients blooming of several
species intrinsically insensitive or resistant to the applied cephalos-
porins, including Enterococcus faecalis, Ureaplasma parvum, Urea-
plasma urealyticum, and Mycobacterium hominis*** (Fig. 2g). Despite
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Fig. 1| Schematic overview of the study design and neovaginal epithelium
development. a Multi-site longitudinal sampling in 39 MRKH syndrome patients
subjected to laparoscopic peritoneal vaginoplasty. Samples from the vagina (if not
otherwise indicated, MRKH patient’s vagina refers to the pre-surgery dimple and
the post-surgery neovagina collectively for simplicity), stool, and tongue coating
were collected 0-2 days before the surgery with no prior perturbation, and 14 days,
3 months, 6-12 months, and 2-4 years after the surgery, with time points denoted
as PRE, P14D, P90OD, P6/12 M, and P2/4Y, respectively. Peritoneal fluid (PF),
abdominal skin samples, and control saline were collected during the laparoscopic
Davydov procedure. Normal vaginal microbiota data of 472 healthy adult women
were included as references for the neovaginal microbiota. b Colposcopic images
of the pre-surgery dimple, neovaginal apex (P14D, P90D, P6/12 M, and P2/4Y) and

»

healthy cervix. c lodine staining of the pre-surgery dimple, neovaginal apex (P90D,
P6/12 M, and P2/4Y) and healthy cervix. Cells of vaginal origin contain glycogen,
which is stained brown or dark brown by iodine. Biopsies taken from the vaginas of
three MRKH women (dimple, the upper third neovagina at P90D, P6/12 M, and P2/
4Y), and the normal vagina of three control women (the upper third). After formalin
fixation, paraffin embedding and sectioning (section thickness: -3 um), the upper,
middle and lower sections of each biopsy were subjected to Hematoxylin and eosin
(HE) staining (d) and PAS staining (e), and similar results were obtained. HE-stained
vaginal biopsies (d) showing fibrous stroma lined with a stratified squamous epi-
thelium in all samples. PAS-stained vaginal biopsies (e) showing glycogen-
accumulated in a stratified squamous epithelium in all samples.

of the drastic change at P14D, intra-individual dissimilarities between
adjacent time points were still significantly lower than inter-individual
dissimilarities (Two-sided Wilcoxon rank-sum test, P < 0.05) (Fig. 2h),
indicating an inherent continuity of the microbiota during assembly.
At P90D, when the squamous epithelium reached the apex of the
neovagina, the microbiota developed into a poly-microbial state with
BV-associated species becoming abundant (Fig. 2c). Of note, the genus

Prevotella, primarily represented by P. timonensis and P. bivia (Fig. 2¢),
exhibited a significant increase to account for -29% mean relative
abundance at P90D (Two-sided Wilcoxon rank-sum test, P adjust <0.1)
(Supplementary Data 3). The mean relative abundance of G. vaginalis
and A. vaginae, which are critical for the manifestation of BV?*%, also
increased, with G. vaginalis even becoming the most abundant species
among the 11 patients we managed to follow at P6/12M during the
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Table 1| Summary of the most relevant metadata in the 39 women with MRKH syndrome

Metadata category Metadata Value in the MRKH cohort

Age Age at vaginoplasty 24.846 +4.064°

MRKH type MRKH type Type I: 26; Type 1I: 13

pH PRE pH pH4.8:1; pH5.8:1; pH 7: 1
P14D pH pH 4.8: 1; pH 5-5.8: 10; pH 6: 1; pH 7: 24
P9OD pH pH5-5.8:8; pH7: 9
P2/4Y pH pH 4-4.8:18; pH5: 4; pH7: 5

Sampling time

Pre-surgery days of PRE

0.205+0.528°

Post-surgery days of P14D

14.105 +2.038"

Post-surgery days of POOD

91.556 +7.757°

Post-surgery days of P6/12 M

263.636 +72.207°

Post-surgery days of P2/4Y

1275.731+246.233°

Peri-surgery medications

Pre-surgery bowel preparation

Oral laxatives: 39

Types of inpatient peri-surgery antibiotic usage

Cefoxitin Sodium and metronidazole: 38; Clindamycin: 1

Days of peri-surgery antibiotic usage

4.46 +0.854°

Lubricating material on dilator during the
initial week

Paraffin oil: 39

Post-surgery painkiller usage

No: 37; Yes: 2

Post-surgery painkiller usage frequency

No: 37; Once: 2

Questionaire at P2/4Y

Vaginal length at P2/4Y (cm)

9.359+1.106°

Expand frequency (mould or intercourse)
within a month

No: 6 ;1time a month: 5; 2-3 times a month: 3; 1time a week: 7; 2 times a week: 5; 1
time every two days: 1

Mould types within a month

No use: 12; Plastic: 10; Rubber: 5

Condom use with a month No: 12; Yes: 15
Lubricating oil use with one month No: 8; Yes: 19
Sexual intercourse after surgery No: 5; Yes: 22
Vaginal douche with one month No: 24; Yes: 3
Medication usage within a month No: 25; Yes: 2
Sexual activity within a month No: 12; Yes: 15

Morphological test at P2/4Y BV assessment by Nugent score

BV: 7; Intermediate BV: 9; Normal: 10

The superscript ‘a’ in the table represents mean + SD.

COVID pandemic (Supplementary Fig. 1a). Together, the intermediate
stages at P90D and P6/12M were characterized by low levels of Lac-
tobacillus spp. (<16% relative abundance on average) and high levels of
BV-associated anaerobes with only few patients presenting a microbial
composition dominated by Lactobacillus spp. (P90D 3/27; P6/12M
0/11) (Fig. 2g).

Two to four years post-surgery (P2/4Y), the neovaginal micro-
biota, intriguingly, did not carry over the BV-like state, but assumed a
state most close to the pre-surgery condition characterizing the dim-
ple, where the relative abundance of just one (P. buccalis) out of the
top 20 species differed significantly (Two-sided Wilcoxon rank-sum
test, P adjust <0.1) (Fig. 2a, d, i, Supplementary Fig. 1c, and Supple-
mentary Data 3). At this time-point, L. iners had colonized the neova-
gina of all the recalled patients. The relative abundance of L. iners, L.
crispatus, and the genus Lactobacillus altogether, significantly
increased compared to the early-intermediate stages (Two-sided Wil-
coxon rank-sum test, P adjust <0.1) (Supplementary Data 3), rendering
the Lactobacillus level at P2/4Y comparable to the dimple level (40.8%
at PRE and 38.3% at P2/4Y), but lower than that in the normal vagina of
H_R women (75.6%) and higher than in H.M women (17.1%) (Supple-
mentary Data 2). The ratio of Lactobacillus-dominated patients at
P2/4Y was close to PRE, but with more attributed to L. crispatus and
L. gasseri (Fig. 2g), which are considered to have a better protective
effect on vaginal health than L. iners®****°, Concurrently, the neovaginal
pH also showed an acidifying trend, where the proportion of women
having a vaginal pH lower than 5 increased over time (P14D 1/36; P9OD
10/26; P2/4Y 15/20) (Supplementary Data 1). Additionally, compared to
P90D, there was also a significant increase in the relative abundance of

P. timonensis (Two-sided Wilcoxon rank-sum test, P adjust <0.1)
(Fig. 2¢, d, Supplementary Data 3).

To gain insight into the neovaginal microbiota assembly from an
ecological perspective, we performed community typing based on
Dirichlet Multinomial Mixtures providing evidence for three distinct
clusters (Fig. 3a and Supplementary Fig. 2a). L. iners, U. parvum, and P.
bivia were major contributors to cluster 1, P. timonensis, Finegoldia
magna, and Peptoniphilus harei to cluster 2, and L. iners to cluster 3
(Fig. 3a). Interestingly, cluster 1 dominated from pre-surgery to P9OD.
Then at P2/4Y, the microbiota showed an obviously biased transition
towards cluster 2 (19 out of 27, 70.4%) (Fig. 3b), with 7 out of 13 (53.9%),
8 out of 9 (88.9%), and 4 out of 5 (80%) individuals initially classified as
clusters 1, 2, and 3, respectively, adopting this cluster at P2/4Y (Fig. 3¢
and Supplementary Fig. 2b). Thus, individuals belonging to cluster 2 at
PRE exhibited significantly less deviations from their initial state at P2/
4Y compared to individuals belonging to cluster 1 or 3. (Fig. 3d).
Despite that none of the Lactobacillus spp. appeared among the top
three contributors to cluster 2, nearly half (13/27) of the individuals
harbored communities dominated by Lactobacillus spp. at P2/4Y
(Fig. 2g). Further, analyses of co-occurrence networks demonstrated a
developmental process mirroring that observed in the compositional
structure and DMM community typing (Fig. 3c, e). Specifically, the
network developed from a sparse structure with few interactions
detected at P14D, through the intermediate stage at P9OD with
increasing significant interactions, to a structure at P2/4Y with the
highest number of significant interactions (Fig. 3e and Supplementary
Fig. 3). Along this process, while an increasing number of interactions
characterizing the pre-surgery microbiota were re-captured, some new
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Fig. 2 | Compositional developments along the assembly of the microbiota in
the neovagina in MRKH patients. Overall composition of the vaginal microbiota
in MRKH women at four stages, including PRE (a), P14D (b), P90D (c), and P2/4Y (d),
premenopausal women (H_R) (e) and postmenopausal women (H.M) (f). g The
distribution of the vagitypes in MRKH patients at different time-points. Vagitype
was assigned according to the species with the highest relative abundance in each
vaginal sample. If the maximal relative abundance was less than 30%, the type was

defined as ‘Diverse’™*’. Circles are scaled according to the number of patients for the
given vagitype at the given time-point. Intra- and inter-individual Bray-Curtis dis-
similarities in the vaginal microbiota of MRKH patients between adjacent time
points (h) and between PRE and different post-surgery time-points (i). p, Wilcoxon
rank-sum test. Box plot elements include: Centerline for median, box limits for
upper and lower quartiles; whiskers indicate 1.5x interquartile range; and points for
outliers.

interactions formed at P14D and P90D lasted until 2-4 years post-
surgery (Fig. 3e). Notably, while cluster 2, most prominently char-
acterized by P. timonensis in the DMM-based community typing,
became the dominant type in the cohort only at P2/4Y, a nascent
network structure with P. timonensis at its core was already taking
shape at P90OD. Together, these results demonstrated that while the
neovaginal microbiota at P2/4Y to a large extent resembled the
homeostatic pre-surgery dimple microbiota, it also displayed unique
characteristics. This may be pointing to a role for resilience and evo-
lution in the plasticity of the microbial ecosystems with regard to the
conditions of the evolving inhabiting environment.

The origin of species colonizing the neovagina
To infer the origin of species colonizing the neovagina, we carried out
source tracking analyses first with a coarse-grained approach using

FEAST® to estimate potentially contributing sources, then with a fine-
grained approach using StrainPhlAn® for putative strain transmission
identification.

FEAST estimated that the largest percentage of the neovaginal
microbiota was attributed to the pre-surgery dimple microbiota,
steadily increasing from 40.76% at P14D to 79.30% at P2/4Y (Supple-
mentary Fig. 4a), followed by the fecal microbiota accounting for an
average of 22.09%. The peritoneal fluid, in direct contact with the
peritoneum for covering the dissection during neovagina construction
reached a maximum of 2.17% at P90D and decreased to a marginal level
at P2/4Y. In the early-intermediate stages, the tongue coating micro-
biota was also predicted to account for minute percentages. Interest-
ingly, while the percentages potentially attributed to peritoneal fluid,
the oral cavity, and unknown sources decreased, the estimates for the
skin microbiota and environmental controls became noticeable at P2/
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4Y. Overall, the FEAST estimation is highly consistent with the mean
relative abundances accounted for in each sample type by the 10 most
abundant species in the neovagina (Supplementary Fig. 4b).
Strain-level analyses showed that for many species, cross-body
site strains exhibited significantly lower phylogenetic distances within
than between individuals (Supplementary Fig. 5). This was particularly
pronounced for dimple versus neovagina, and stool versus neovagina,
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suggesting potential transmission routes from the dimple and the
stool. We counted the number of patients with strain sharing for the
neovagina and classified the species into four categories (Fig. 4 and
Supplementary Figs. 6,7). 1) Species with only intravaginal (dimple-
neovagina) strain sharing (4/75, 5.3%) including the widely regarded
keystone species for a healthy vaginal microbiota®", L. crispatus,
suggesting a primary origin from the dimple in this observational
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Fig. 3 | Ecosystem developments along the assembly of the microbiota in the
neovagina of MRKH patients. a Heatmap distribution of the relative abundances
of the 15 most abundant species within each of the three DMM clusters. The con-
tribution of each species to each cluster is distinctly represented in three separate
bar graph panels on the right-hand side. An asterisk (*) in each bar graph panel
signifies the top three contributing species within each respective cluster. b DMM
type transition of the vaginal microbiota in MRKH patients from PRE to P2/4Y with
circles and lines scaled according to the number of patients. ¢ PCoA showing the
shifts in the vaginal microbiota from PRE to P2/4Y. Patients are divided into three
panels based on the DMM type at PRE. Red, blue, and green indicate DMM type 1, 2,
and 3, respectively. d Intra-individual Bray-Curtis dissimilarities between the
vaginal microbiota at PRE and P2/4Y among MRKH patients within three DMM

types. Two-sided Wilcoxon rank-sum test were used. Box plot elements include:
Centerline for median, box limits for upper and lower quartiles; whiskers indicate
1.5x interquartile range; and points for outliers. e Co-occurrence network between
bacterial species at each time-point (PRE, P14D, P90D, and P2/4Y) with nodes
representing the species and edges representing significant correlations

(P < 0.05). Blue edges indicate interactions characterizing the pre-surgery state
and re-captured along the assembly in the neovagina. Yellow edges indicate new
interactions formed in the neovagina at P14D and P90D and lasted until 2-4 years
post-surgery. Nodes outlined in yellow, along with the corresponding microbial
species, have been accentuated to delineate the newly identified interactions post-
surgery, as indicated by the yellow edges.

setting. 2) Species exhibiting both intravaginal and extravaginal (stool,
skin and tongue coating) sharing (21/75, 28%). The species of this
category accounted for most strain sharing events, which were pri-
marily observed for the dimple and the fecal microbiota, and occa-
sionally for the skin microbiota as in the case of L. iners and Finegoldia
magna. Of these species, L. iners, U. parvum, P. bivia, S. antinosus
group, and P. disiens had the highest sharing counts and sharing rates
(50-100%) for both the dimple and the stool. This suggests that these
species are well adapted to both the gut and the vaginal environments.
3) Species with only extravaginal sharing (35/75, 46.7%). In this cate-
gory, all strain sharing events, except for one, were with the stool, and
most exhibited low counts, but high rates, especially for the species
typically found in the gut microbiota®. 4) Species without detected
strain sharing with all surveyed sources (15/75, 20%). Comparing
strains at P14D with pre-surgery strains in the dimple and the fecal
microbiota, we observed sharing events more often with the dimple,
and solely with the dimple in the case of L. iners, U. parvum, G. vagi-
nalis, Sneathia amnii, and P. amnii (Fig. 5a). Sharing with the pre-
surgery fecal microbiota was however less and often comprised Pre-
votella species (Fig. 5a). Additionally, bacteria- and host-dependent
long-term strain maintenance was also observed in many cases
(Fig. 5b). Of particular note, the strains of L. crispatus in two of the four
patients with strain sharing detected, persisted up to P2/4Y (Supple-
mentary Fig. 6). Among the six patients with long-term strain pre-
servation for more than one species, LH046, LH024, and LHO21 never
reported vaginal intercourse (Supplementary Data 1). Together, these
results suggested that while the fecal microbiota made a significant
contribution to colonize the neovagina, either as a direct source or a
relay, the dimple microbiota served as the major reservoir. This points
to colonization tropism and niche specificity for vaginal species.

Factors shaping the neovaginal microbiota assembly in MRKH
patients
The vaginal microbiota in MRKH patients exhibited substantial het-
erogeneity (Supplementary Fig. 1f). To investigate factors influencing
the development of the neovaginal microbiota, we first analyzed the
impact of the variable metadata. We found that MRKH type, even
though it did not affect the overall structural variation (PERMANOVA
test, P adjust >0.05), significantly correlated with the relative abun-
dance of several species, including Atopobium minutum, Bifidobacter-
ium dentium, P. timonensis, and Streptococcus agalactiae (Fig. 6a).
Despite the temporal increase in the similarity with the pre-
surgery dimple microbiota on the cohort-level (Fig. 2i, Supplementary
Fig. 1c), within-individual similarities were not consistently observed
across the patients (Fig. 3c, Supplementary Fig. 8). Given that the
dimple and the fecal microbiota both significantly contributed to the
species pool for colonizing the neovagina, we tested the impact of the
respective pre-surgery status of individual species (presence/absence
or relative abundance) in the dimple or the stool on their relative
abundance in the neovagina. Notably, all significant correlations
showed a positive relationship and most were associated with the prior

status in the dimple (10 solely with dimple, 3 solely with stool and 3
with both) (geeglm?®, Padjust <0.1) (Fig. 6b). Thus for L. crispatus, prior
colonization in the dimple not only largely determined acquisition of
this species in the neovagina, especially in the 1st post-surgery year
(Supplementary Fig. 9a), but also significantly affected its post-surgery
relative abundance (Fig. 6b). For other species, such as U. parvum, P.
bivia, and A. vaginae, although strain sharing were detected with both
the dimple and the stool, their relative abundances in the neovagina
were only significantly correlated with their prior status in the dimple
(Figs. 4 and 6b, and Supplementary Fig. 9b, c). Interestingly, such an
association pattern was even observed for some species with only
stool-neovagina strain sharing events, such as Faecalibacterium
prausnitzii (Figs. 4 and 6b). Of the six species exhibiting significant
association with the pre-surgery levels in the stool, including L. iners, P.
corporis, P. copri, Peptoniphilus duerdenii, Anaerococcus vaginalis, and
Anaerococcus prevotii, L. iners was most intriguing (Fig. 6b). It was
highly prevalent and most abundant at both PRE and P2/4Y, and also
showed higher rate of putative transmission from the dimple. None-
theless, its relative abundance in the neovagina was not correlated with
its prior status in the dimple (Fig. 4 and Supplementary Fig. 9d).

Other species, such as P. timonensis, P. disiens, G. vaginlis, C.
ureolyticus, F. magna, and Peptoniphilus harei, although exhibiting
frequent sharing with both the dimple and the stool, showed no sig-
nificant association with their pre-surgery status in either the dimple or
the stool (Figs. 4 and 6b, Supplementary Fig. 9e, f and Supplementary
Data 4). However, multivariate analysis using random forest model to
predict temporal changes in relative abundance based on the bacterial
composition in the preceding time point showed that these species,
followed by L. iners, had the highest prediction accuracy (Fig. 6c),
underscoring the complexity in the interplay between the dimple
microbiota and the neovaginal microbiota. More importantly, the
predictability results resonate with the biased transition towards
cluster 2 at P2/4Y, with the most predictive species, including P.
timonensis, F. magna, and P. harei, aligning with the top 3 contributors
to cluster 2 in the DMM-based community typing (Fig. 3a-d).

Discussion

The surgically created neovagina in MRKH patients through laparo-
scopic peritoneal vaginoplasty is characterized by unique features,
making it particularly interesting for the study of microbial community
assembly. When initially created, the neovagina represents a nearly
blank ecological niche, facilitating the influx of microbes from adjacent
anatomical regions with the microbiota of the dimple and the anus
area constituting the primary species pools. Concurrently, the local
environment undergoes rapid transformation from an initial perito-
neal lining to a squamous epithelium coating becoming discernible as
early as P14D, reaching the apex by P90D, and still showing further
progression until P2/4Y. The glycogen within the proliferating squa-
mous cells serves as a vital nutrient source for the microbiota®,
creating a dynamic nutritional milieu posing a progressive selection
force on the colonization of the arriving microbes. Influenced by the
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The surveyed potential sources of neovagina in strain-level analysis included pre-  according to the number of patients with strain transmission events detected, and
surgery dimple, stool, skin, and tongue coating. Species were classified into four colored based on strain transmission rate, which is defined as the number of

categories according to their potential transmission routes and indicated by dif- patients with transmission (same strain) detected divided by the number of
ferent colors: 1) only intravaginal (pre-surgery dimple-neovagina) strain transmis-  patients with transmission (same strain) and non-transmission (different strain)
sion (in green); 2) both intravaginal and extravaginal (stool/skin/tongue coating- detected between the potential source and the neovagina and shown in fractions

neovagina) transmission (in orange); 3) only extravaginal transmission (in violet);4)  next to the circle.

Nature Communications | (2024)15:7808


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52102-1

Shared strain . Yes(same) . No(variation)

PRE(V)_P14D(V)  PRE(G)_P14D(V)

Ureaplasma parvum -
Lactobacillus iners -
Ureaplasma urealyticum
Prevotella bivia
Prevotella timonensis -
Streptococcus anginosus group -
Peptoniphilus harei -
Porphyromonas asaccharolytica -
Gardnerella vaginalis -
Prevotella disiens -
Escherichia coli -
Anaerococcus tetradius -
Prevotella buccalis -
Peptostreptococcus anaerobius -
Prevotella corporis -
Campylobacter ureolyticus -
Veillonella parvula -
Bacteroides thetaiotaomicron -
Bacteroides fragilis -
Peptoniphilus coxii
Prevotella copri
Gemella asaccharolytica
Enterococcus faecalis
Corynebacterium amycolatum
Bacteroides vulgatus
Klebsiella pneumoniae -
Actinomyces turicensis -
Lawsonella clevelandensis -
Bacteroides dorei -
Klebsiella quasipneumoniae -
Parabacteroides merdae -
Sutterella parvirubra
Sneathia amnii - i
Prevotella amnii - |

Peptococcus niger -

o.
w
o
©
° " m

Fig. 5 | Temporal analysis of strain transmission in the neovagina. a Putative
strain transmission for the newly constructed neovagina detected at P14D from the
pre-surgery dimple (PRE(V)_P14D(V)), and pre-surgery stool (PRE(G)_P14D(V)),
respectively. b Putative long-term maintenance of strains presented at PRE or
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transient nature of the local environment and individualized responses
to peri-surgery medications, the early assemblage at P14D exhibits
stochastic characteristics with deviating microbial structures, where
the bacterial species exhibited rather few interactions, accompanied
with blooming of species intrinsically insensitive or resistant to the
applied cephalosporins. Among these, E. faecalis possibly arose from
random colonization of strains present in the hospital environment. At
P90D and P6/12 M, when the nutritional conditions had significantly
improved, the neovaginal microbiota began to resemble that of a
normal vaginal microbiota, though exhibiting a BV-like structure
similar to that found in H_-M women. While it is difficult to escape from
BV-like states in a normal vagina®?°, we observed that as the squamous
epithelium further developed, the neovaginal microbiota at P2/4Y
evolved into a structure with a composition resembling that of the
homeostatic pre-surgery dimple microbiota. These findings suggest
that the neovaginal microbiota assembly follows a pattern governed by
the initial species pool in the vaginal dimple and by the local epithe-
lium’s contribution of nutritional sources, which together with host
physiological factors promote selective colonization. Similarly, in the
assembly of the infant gut microbiota, infants born by caesarean sec-
tion harbor, compared to vaginally delivered infants, a perturbed gut
microbiota at early days, but acquire a microbiota composition
showing similarities to vaginally delivered infant after about one year™.
In the case of a penile skin-lined neovagina in transgender women, it is
thus not surprising that it was found to be characterized by a micro-
biota similar to that of an uncircumcised penile (coronal sulcus)
microbiota®*’® since such a neovagina has been shown to retain the
morphological and histochemical characteristics of the grafted skin'®.
Nevertheless, we cannot rule out the possibility of priority effects® in
our study, considering that the neovagina at P14D had already cap-
tured many important vaginal species also present in the dimple.

Ecological network analyses have demonstrated general patterns
in the gut microbiota of healthy individuals being absent in disrupted
states such as recurrent Clostridium difficile infection*°. Similarly, the
neovaginal microbiota at P2/4Y showed high consistency among the
patients based on DMM community typing. Prevotella was shown to be
most heritable among vaginal bacteria and acts as a hub for vaginal
microbiota influenced by host genetics and further associated with
obesity*. Interestingly, though cluster 2, characterized prominently by
P. timonensis, prevailed only until P2/4Y, a nascent network structure
with this species at its core was already established at P90D. This may
be pointing to a role for P. timonensis as a keystone taxon in the
assembly of the neovaginal microbiota in MRKH patients setting a
possible foundation for future ecological engineering efforts. In the
current study, colonization with L. crispatus in the neovagina primarily
occurred in women harboring this species in the pre-surgery dimple,
and the relative abundance strongly associated with its prior status in
the pre-surgery dimple. In addition, we also observed anincrease in the
proportion of L. crispatus-dominated vagitype at P2/4Y compared to
PRE. This may reflect a more growth supportive environment within
the deeper neovaginal cavity. Considering potential priority effects®
and the recent findings that the long-term persistence of individual
strains in the vagina does not necessarily correspond to the con-
sistency in species composition*?, topical introduction of L. crispatus
strains in the dimple or the neovagina early post-surgery may be able
to promote the colonization of this species and confer benefits on the
outcome of neovaginal microbiota assembly following vaginoplasty.

Several aspects merit further discussion. Firstly, while external
measures undertaken were largely consistent for standard peri-surgery
management protocols, individual responses can still vary. Our data
are limited for assessing the impact of many of these factors. Secondly,
the Covid pandemic severely hindered sample collection at P6/12 M.
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Still, we managed to obtain samples and data from 70% (27/39) of the
patients in the last recall at P2/4Y. Of these patients, there were some
bias with regard to the pre-surgery dimple microbiota in that non-
Lactobacillus-dominated patients had a higher recall ratio than Lacto-
bacillus-dominated patients (76.2% [16/21] vs. 61.1% [11/18]). Since the
abundance of Lactobacillus at P2/4Y significantly correlated with the

dimple status, we speculate that the true ground average Lactobacillus
level would be even higher. Thirdly, our study is not generalizable to
vaginal microbiota assembly in women with a normal vagina or
transgender women due to differences in physiological conditions in
peri-surgery drug regimens, and in inflammatory responses resulting
from surgery. Fourthly, MRKH patients generally have normal
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Fig. 6 | Factors shaping the neovaginal microbiota in MRKH patients. a Pair-wise
association for individual species significantly correlated with MRKH type. Two-
sided Wilcoxon rank-sum test was performed with P values adjusted with the
Benjamini-Hochberg Procedure (FDR). Box plot elements include: centerline for
median, box limits for upper and lower quartiles; whiskers indicate 1.5x inter-
quartile range; and points for outliers. b Pre-surgery status of individual species
(presence/absence or relative abundance) in the dimple or the stool significantly
correlated with their relative abundance in the neovagina identified by geeglm. An

asterisk (*) indicates P adjust <0.1 (Supplementary Data 4). ¢ Distribution of the
prediction accuracy for predicting the changes in the relative abundance of indi-
vidual species in the neovaginal microbiota, illustrated by the correlation coeffi-
cients between predicted and detected values from random forest models with
10-fold cross validation in x-axis. Due to space constraints, ‘Veillonellaceae bac-
terium DNF00626’ is abbreviated to ‘V. DNF00626’, ‘S. anginosus group’ to

‘S. anginosus’, ‘Prevotella sp. S7 1 8 to ‘P. S7_1.8', and ‘D. micraerophilus to

‘D. micrae'.

development of ovaries and steroid hormone production. However,
their hormonal cycles were difficult to assess because MRKH patients
do not have menses, which may in part explain why we did not find
correlations between the neovaginal microbiota and peri-surgery
hormone levels. Lastly, there might be some bias in our reference data
given that age, geographic location, ethnicity, socioeconomic status,
and disease conditions, can all impact Lactobacillus levels and overall
structure of the vaginal microbiota.

Methods

Participants

The study was approved by the ethics committee at Peking Union
Medical College Hospital in Beijing (PUMCH) (ZS-1657), Luohu Hospi-
tal in Shenzhen (LHQRMYY-KYLL-018), and BGI-Research (BGI-IRB
21061). 39 patients diagnosed with the MRKH syndrome (aged 17-35
years, 24.98 + 4.64 years at the time of surgery) and underwent the
laparoscopic Davydov procedure between June 2018 and Dec 2020
were enrolled at the two hospital centers in China. The surgical pro-
cedure was performed by experienced gynecologists in Luohu Hos-
pital to avoid bias of study site. All participants met the inclusion
criteria: with normal female karyotype (46, XX), and without any other
types of surgical vaginoplasty before enrollment. Of them, 26 (66.7%)
were with type I and 13 (33.3%) were with type Il MRKH syndrome*’.
Ten (25.6%) patients had concomitant skeletal anomalies (Idiopathic
Scoliosis (IS) in 8, Klipple-Feil syndrome in 2), four (10.3%) had con-
comitant renal anomalies (Renal Agenesis (RA) in 2, Ectopic Kidney in 1,
Renal Dysplasia in 1), two had Ventricular Septal Defect (VSD) (1 with IS
and RA), one had conductive hearing loss (with IS, RA and VSD). The
study was explained in detail to all participants and written informed
consent was obtained from all.

Surgical procedures and post-surgery management

The steps of the laparoscopic Davydov procedure have been described
in detail previously. In the laparoscopic Davydov procedure**, a10-cm-
long needle was inserted at the center of the vestibule, followed by an
injection of adrenaline diluted in saline into the rectovesical space. An
additional 100-300 mL isotonic saline solution was injected into the
space when the needle was near the bottom of the pelvic peritoneum.
Under laparoscopy, the peritoneum floor could be seen bulging gra-
dually and eventually the pelvic peritoneum separating from the wall.
Then a tunnel between the rectum and the bladder was created. With
the use of a peritoneum pusher the bulging pelvic peritoneum was
then pushed downward until the latter could be seen from the ves-
tibular incision. The peritoneum was then incised transversely, and the
incision margin of peritoneum sutured to the vaginal opening. A purse-
string stitch of the bladder peritoneum and rectal peritoneum was
performed to close the top of neovagina. After surgery, a soft mold
(9 cm in length and 3 cm in width) made of 1-2 vaseline gauze (each
gauze being 90 cm long and 6 cm wide) was placed in the neovagina.
5-7 days after surgery, the soft mold was removed and regular vaginal
dilation (5-10 min a day for the first 3 months post-surgery) with a
silicone dilator was performed. Three months post-surgery, the patient
was recommended to start trying vaginal intercourse if she had a
sexual partner and gradually reduce the frequency of dilation to 2-3
times a week, 5-10 min per time to prevent contraction of the neova-
gina until the patient had regular sexual activities.

Peri-surgery medications

Oral laxatives (Polyethylene Glycol-Electrolyte Powder) were given for
bowel preparation the day before surgery. 38 patients were intrave-
nously infused with cefoxitin sodium half an hour pre-surgery and
cefoxitin sodium and metronidazole for 3-7 days post-surgery. One
patient with cephalosporin allergy was treated with clindamycin half
an hour pre-surgery and for 4 days post-surgery. Nonsteroidal anti-
inflammatory drugs (NSAIDs) were used to relieve mild-to-severe pain
if necessary. During vaginal expansion, paraffin oil was applied to
dilators to alleviate pain if needed.

Sample collection

Before surgery (PRE) and 14 days after surgery (P14D), the vaginal (pre-
surgery dimple and post-surgery neovagina), stool and tongue sam-
ples were collected from the 39 recruited patients by the hospital
medical staff. During surgery, the peritoneal fluid, abdominal skin and
saline were collected by the medical staff. For the next three time
points (90 days, 6-12 months, 2-4 years), Vaginal samples were col-
lected by the medical staff when patients returned to the hospital for a
clinical examination three-month post-surgery visit (P90D), and vagi-
nal samples were self-collected at 6-12 months post-surgery (P6/12M)
and 2-4 years post-surgery (P2/4Y); Stool and tongue samples were
self-collected in the morning. All samples were immediately placed
into a stabilizing reagent enabling preservation of the microbiota at
room temperature®, and then stored at —80 °C before transfer to the
laboratory on dry ice. All participants completed an online ques-
tionnaire covering the full range of demographic characteristics at
each sample collection.

After obtaining ethical approval and written informed consent,
three women (aged 22, 25, and 27) with normal vaginal development
were enrolled as controls. These women tested positive for human
papillomavirus and required colposcopy at the time of enrollment.
Biopsies were taken from the upper third of their vaginas. Con-
currently, biopsies were taken from the vaginal dimple during surgery
and the upper third of the neovaginas in three MRKH patients at
3 months post-surgery (P90D), 9 months post-surgery (P6/12 M), and 3
years post-surgery (P2/4Y), respectively. The samples were processed
by formalin fixation, paraffin embedding, and sectioning at approxi-
mately 3 um thickness. Subsequently, the upper, middle and lower
sections of each biopsy were stained with hematoxylin-eosin and PAS
stains.

The vaginal microbiota from 472 healthy adult Chinese women
To compare the vaginal microbiota of MRKH patients with the normal
vaginal microbiota, we randomly selected 472 adult Chinese women
(aged 36-65 years, 49 +9.6 years) from the Peacock cohort*® who
displayed no abnormalities in routine gynecological examinations. The
exclusion criteria were: age between 45 and 55 years, positive for any of
the following gynecological conditions including bacterial vaginosis,
vulvovaginal candidiasis, Trichomonas vaginalis, and positive HPV
screening. Written informed consent was obtained from all partici-
pants. The cervicovaginal samples were collected by the medical staff
during the examinations, and were immediately placed into a stabi-
lizing reagent enabling preservation of the microbiota at room
temperature®. They were then stored at —80 °C before transfer to the
laboratory on dry ice.
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DNA extraction, sequencing, and data preprocessing

DNA extraction of samples from MRKH patients and healthy women
was performed as previously described”. Briefly, take 1 mL of the
sample solution together with the sampling swab and centrifuge it at
18,000 x g for 5 minutes at 4 °C. Discard the supernatant. To the pellet,
add 300 pL of glass beads and 600 pL of ATL buffer (Cat. No. / ID:
939011, Qiagen) mixture containing 20 uL of lysozyme. Grind the
mixture at a frequency of 30 r/s for 5 minutes, then incubate it at 70 °C
for 20 min. Next, add 600 L of Phenol-Chloroform-Isoamyl Alcohol
mixture (25:24:1), grind at a frequency of 15 r/s for 30s, and let the
mixture stand for 2 min. Centrifuge at 14,000 x g for 5 minutes at 4 °C,
and collect the supernatant. Finally, proceed with magnetic bead
purification of the supernatant. Library construction and metage-
nomic shotgun sequencing were performed using the BGI-DIPSEQ
platform with 100 bp or 150 bp paired-end reads*®. 138,685,839,710
raw sequencing reads were obtained for MRKH patients and
157,580,154,680 reads for healthy women. Quality control was first
performed with strict standards for filtering and trimming the
sequencing reads and the reads were retained with average Phred
quality score >20 and length >30 using fastp v0.19.4*°. Reads origi-
nating from human were removed using Bowtie2 v2.3.5°° (human
genome GRCh38) with default parameters except for --end-to-end
--very-sensitive’. Finally, 25,073,576,842 metagenomic reads were
obtained from the MRKH patients and 1,738,415,044 reads were
obtained from the healthy women. The average amount of the high-
quality metagenomic clean data is listed in Supplementary Table 1.

Microbial community

Taxonomic assignment of the high-quality shotgun metagenomic
reads after quality control and removal of host reads for all samples,
including both of MRKH patients and healthy women, was performed
using MetaPhlAn3 with default parameters (--read_min_len 70) and
database v30°'. Rare species present in less than three samples were
discarded. Bacterial microbes were retained and renormalized, which
rendered the data of 2 neovaginal samples from P14D unavailable for
subsequent analysis.

Microbiota alpha diversity, Shannon-Wiener index, and the
number of observed species were calculated based on the relative
abundance profile of species using the function ‘diversity’ (R vegan
v2.6-4)*2. The Bray—Curtis dissimilarity was calculated with the relative
abundance profile of species using the function ‘vegdist’ (R vegan v2.
6-4). Permutational Multivariate Analysis of Variance (PERMANOVA)
was used to assess the statistically significant differences between
entire microbial community at P2/4Y and metadata including MRKH
type and variable metadata at P2/4Y, which had enough variables for
statistical analysis based on Bray-Curtis dissimilarity using the func-
tion ‘adonis’ (R vegan v2.6-4). To assess the shared species in vagina
among MRKH patients and healthy woman, a Venn diagram was cre-
ated based on the species whose mean relative abundance was
detected as >0.001 in at least one group using the function ‘venn.-
diagram’ (R VennDiagram v1.7.3).

Statistical tests

Comparisons among multiple groups in terms of diversity indices (the
number of observed species, Shannon-Wiener index, and Bray-Curtis
dissimilarity), and relative abundance of Lactobacillus spp. were per-
formed by using the Kruskal-Wallis test with P values adjusted with the
Benjamini-Hochberg Procedure (False Discovery Rate, FDR). Com-
parisons between two groups in terms of diversity indices (the number
of observed species, Shannon-Wiener index, and Bray-Curtis dissim-
ilarity), species/genus relative abundance and normalized phyloge-
netic distance were performed by using a Wilcoxon rank-sum test
(Mann-Whitney U test). Multiple testing corrections were calculated
using the FDR, and an P adjust value < 0.1 was considered significant.

Vaginal community type

Vagitype: in this study, vagitypes were assigned according to the
species with the highest relative abundance in each vaginal sample.
When the predominant species did not exceed a relative abundance of
30%, the sample was classified as ‘Diverse’. This method of classifica-
tion draws on the precedent set by a prior study*’.

DMM type: The relative abundances of species in all MRKH vaginal
samples (except 6-12 months) were used to determine the vaginal
community type for MRKH patients according to the Dirichlet multi-
nomial mixture model (DMM)**.

SparCC network

To assess the variability of networks among different time points (pre-
surgery, 14 days, 90 days and 2-4 years post-surgery), we established
co-occurrence network by using the SparCC method (Sparse Correla-
tions for Compositional data)* for each time points obtaining empirical
p-values from 1000 times bootstrapping. Significant correlations with
prevalence >10% and FDR < 0.05 were visualized using the R package
igraph. Species included in this analysis passed two rounds of filtering.
First, species were filtered out in the data of all vaginal samples from
MRKH patients based on: 1) prevalence <10%; 2) mean relative abun-
dance <1%o; and 3) in <3 samples with a relative abundance lower than
1%o. Next, in the data of each time-point, a species would be filtered out
if its relative abundance had less than five non-zero values.

Source tracking

Microbial source tracking software FEAST (Version 1.0)*° was used to
predict the potential contributions to the neovaginal microbiota from
bacteria from different body sites, i.e., the pre-surgery dimple, peri-
toneal fluid, stool, tongue, and skin of MRKH patients. The microbiota
of saline was also included. Samples of each type from their respective
initial sampling point were examined for being potential sources. The
species that occurred in more than 10% of the samples for the specific
sample type were selected, except for a 5% occurrence limit for peri-
toneal fluid. Samples were filtered by more than 500 reads and less
than 500,000,000 reads, 3 samples were omitted due to less than
500 reads.

Strain analysis

Strain-level analysis of single-nucleotide variant profiling was per-
formed using StrainPhlAn®. Strains of a certain species were selected
for construction of a database only when at least 80% with >20 markers
detected (-print_clades_only with default parameter) were selected for
construction of a database. The species-specific MetaPhlAn markers
were selected, with the parameters ‘--marker_in_n_samples 10 --sam-
ple_with_n_markers 10 --secondary_sample with_n_markers 10°, and
220 strains were finally selected across all samples. (n = 105 strains in
vaginal samples, n = 174 strains in stool samples, n = 58 strains in
tongue samples, n = 49 strains in skin samples, n = 13 strains in saline
samples). These markers were then processed to produce the multiple
sequence alignment (MSA) and then to build the phylogenetic tree
(Supplementary Data 5). The percentage of used markers amongst
available markers was >80% for the majority of strains (n = 185/
220 strains) (Supplementary Data 5). The average coverage across
strains was 12.7x.

Species-specific phylogenetic distances were generated using
‘strain_transmission.py’ as input for the phylogenetic trees®. Compar-
ison among different trees was performed by normalizing distances in
each tree by its median value, and using a threshold of the normalized
pairwise phylogenetic distance <0.1 for the definition of identity of a
pair of strains?®. The phylogenetic trees were visualized using the
‘ggtree’ (R ggtree v3.6.2)*°. Identical strains were detected between the
pre-surgery dimple and the neovagina at each timepoint after surgery
(14 days, 90 days, 6-12 months, 2-4 years post-surgery); Identity
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calculations were implemented to identify strain-sharing events within
the same individual between the neovagina and gut, the neovagina and
tongue, and the neovagina and skin at any given time point. The strain
transmissibility rate was calculated as the number of strain-sharing
events across the pre-surgery dimple-neovagina, gut-neovagina, ton-
gue-neovagina, and skin-neovagina detected for the species, divided
by the total potential number of strain-sharing events based on the
presence of a strain-level profile by StrainPhlAn.

Generalized estimating equations

To assess the influence of the pre-surgery dimple and the stool
microbiota on the neovagina microbiota, we fitted generalized esti-
mating equations (GEE) using the ‘gee.glm’ function (R geepack
v1.3.9%, Firstly, we selected the species with occurrence rates over 10%
in both observation groups. Next, data normalization was conducted
by using the ‘scale’ function based on a loglO transformation of the
relative abundances. The categorical variable (indicating the presence
or absence of a species in the dimple microbiota) was transformed into
a binary variable with values of O or 1. Models for each species were as
follows, 1) the relative abundance of samples taken at multiple time
points in the neovagina (14 days, 90 days, and 2-4 years post-surgery)
~the presence or absence in the dimple microbiota; 2) the relative
abundance of samples taken at multiple time points in the neovagina
(14 days, 90 days, 2-4 years post-surgery) ~the relative abundance in
the dimple microbiota; 3) the relative abundance of samples taken at
multiple time points in the neovagina (14 days, 90 days, 2-4 years post-
surgery) ~the relative abundance in the gut microbiota pre-surgery.
Multiple testing corrections were calculated using the FDR, and an
P adjust <0.1 was considered significant. The species detected as sig-
nificant at least once among the above models were visualized using
the ‘pheatmap’ function (R pheatmap v1.0.12).

Random forest prediction

To check whether future alterations in the microbial features of the
neovagina could be predicted, a random forest model with 10-fold
cross validation was trained to predict the relative changes in the
abundances of the neovagina microbiota between two time points
(14 days, 90 days, 2-4 years post-surgery) based on the previous time
point abundance profile. The best sets of input features were deter-
mined by the 10-fold cross validation. Species with prevalence >10%,
0.1% mean abundance and at least 3 samples with abundance >0.1% in
MRKH samples by which 54 species remained. The abundances of the
bacterial species were log-transformed and scaled in this model. The
accuracy of prediction for a given species was determined by Spear-
man’s correlation coefficients of true value and predict value®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The metagenomic data are publicly available in the CNGB Nucleotide
Sequence Archive (CNSA: https://db.cngb.org/cnsa) under accession
number CNP00O04711 (456 samples from the MRKH patients) and
CNP0006125 (472 healthy adult Chinese women).

Code availability
Analysis code is available via github (https://github.com/haolilan/
Neovaginal-microbiota-assembly).
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