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Although Lactobacillus dominance is one of the commonest characteristics of many healthy vaginal
microbiomes, a significant proportion of healthy women lack an appreciable amount of Lactobacillus in
their microbiome. Indeed, the vaginal microbiomes of many BV (bacterial vaginosis) patients lack the
dominance by Lactobacillus. One would wonder what are special with those healthy non-Lactobacillus
dominated vaginal microbiomes (nLDVM)? Here we re-analyzed the vaginal microbiome datasets of
1107 postpartum women in rural Malawi Doyle et al. (2018) using species dominance network (SDN)
analysis. We discovered that: (i) The DN of the nLDVM is predominantly mutualistic, where most com-
petitive (negative) relationships were from bacterial vaginosis-associated bacteria (BVAB), >60% occurred
between BVAB and non-BVAB genera. Gardnerella was inhibited by a mutualistic combination of 23 gen-
era, and Lactobacillus by 15 genera. These may be possible mechanisms by which the microbiome main-
tains high diversity but avoids dominance by Gardnerella or Lactobacillus. Gardnerella and Lactobacillus
were only cooperated with a few genera, but they were positively connected with each other. The sup-
pressed Lactobacillus species positively associated with Gardnerella was Lactobacillus iners, indicating that
L. iners might act as an ‘‘enemy” in the Lactobacillus-poor vaginal microbiome, and inhibition of
Gardnerella and L. iners might be a self-protective mechanism to maintain stability and health of this
microbiome. (ii) We identified skeletons of the DNs and separate pathways consisting of high salience
skeletons. Finegoldia species and Staphylococcus epidermidis were the hubs of the skeleton network. The
roles that they play in the nLDVM deserve more attention of future studies.

� 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Indigenous vaginal microbiomes can strongly influence host
health. Lactobacillus species are the dominant vaginal bacterial spe-
cies in most reproductive-aged women and play a key role in main-
taining the stability of the vaginal environment, e.g., producing
lactic acid to maintain low pH (3.5–4.5). Thus, Lactobacillus-
dominated microbiomes have long been considered a sign of vagi-
nal health. However, this assumption has been challenged in
recent years with the development of sequencing technology and
culture-independent analysis. Ravel et al. [39] divided the human
vaginal microbiome into five major community state types (CSTs)
based on analysis of healthy American women from four ethnic
groups (i.e., white, black, Hispanic, and Asian), with CSTs I, II, III,
and V dominated by Lactobacillus spp., and CST IV, which is more
common in black and Hispanic women, composed of facultative
or strictly anaerobic bacteria, such as Gardnerella, Atopobium,
Mobiluncus, Prevotella, Streptococcus, and Sneathia [39,13]. Based
on analysis of African American and European women, Fettweis
et al. [11] also noted that ethnicity can influence the composition
of the vaginal microbiome. Furthermore, Anahtar et al. [1] noted
that non-Lactobacillus dominated vaginal microbiomes (nLDVM)
are found in 63% of healthy South African women, with 45% dom-
inated by Gardnerella.

In addition to ethnicity, the definition of a normal vaginal
microbiome has also been challenged by other factors, such as
pregnancy. Recent studies have found that the vaginal microbiome
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is more stable during pregnancy and decreases in diversity with an
increase in Lactobacillus spp. [41,8]. In addition, radical changes in
the Lactobacillus-deficient vaginal community have been observed
in postpartumwomen, which can persist up to a year after delivery
[8]. Recently, Doyle et al. [9] sampled and characterized the vaginal
microbiomes of 1107 rural postpartum Malawi women, and found
that 76% microbiome communities were non-Lactobacillus domi-
nated with a dominance of Gardnerella spp., i.e., Gardnerella vagi-
nalis. Furthermore, although Lactobacillus species increased with
time from delivery, Gardnerella spp. remained a major part in the
vaginal microbiome of these postpartum women [9].

Both the structure and composition of the vaginal microbiome
are associated with disease risk, e.g., bacterial vaginosis (BV) and
AIDS, as well as preterm birth [2,6,14,19,20,23,41,45]. As the most
common vaginal dysbiosis, BV is characterized by changes in a
Lactobacillus-dominated microbiome to a mixed multispecies com-
munity, with the increase in species diversity and anaerobic
microorganisms [40,35]. Possible agents of BV include Gardnerella,
Atopobium, Prevotella, Peptostreptococcus,Mobiluncus, Sneathia, Lep-
totrichia, Mycoplasma, and BV-associated bacteria (BVAB1, BVAB2,
and BVAB3) [12,35]. Due to the development of molecular methods
in recent years, the list of BV-associated bacteria (BVAB) continues
to expand. Gosmann et al. [14] identified that healthy South Afri-
can women with highly diverse and anaerobic-dominated vaginal
microbiomes had a higher risk of HIV than women with
Lactobacillus-dominated microbiomes. They also found that Prevo-
tella, Sneathia, and other anaerobes were associated with an
increase in HIV infection. In addition, studies on the vaginal micro-
biome during pregnancy have demonstrated an association
between preterm birth and microbiomes with a high abundance
of Gardnerella [8,6].

To date, however, studies on the vaginal microbiome have not
clearly defined normal or optimal microbial communities, nor pro-
vided a rigorous concept of BV. BV is caused by dysbiosis of the
vaginal microbiome, which more often manifests as dysfunction
rather than just a change in species composition. In the present
study, we re-analyzed a large dataset of vaginal microbiome sam-
ples collected from 1107 postpartum women in rural Malawi, with
most of these microbiomes reported to be non-Lactobacillus domi-
nated [9]. Our analysis aimed to investigate what are special with
those healthy nLDVMs in terms of the critical network structures
responsible for preventing dysbiosis associated with BV. In other
words, how do these non-Lactobacillus, healthy vaginal micro-
biomes maintain their stability or resilience? We utilized the
framework for exploring diversity-stability relationships proposed
by Ma & Ellison [26] to implement the reanalysis of the Doyle et al.
[9] dataset, including (i) basic DN analysis; (ii) core/periphery net-
work (CPN) analysis; and (iii) high salience skeleton network (HSN)
analysis.

2. Materials and methods

2.1. Vaginal microbiome dataset

The 16S rRNA dataset was based on vaginal microbiome sam-
ples collected from 1107 rural Malawi women after delivery [9].
Most samples were collected within the first 20 d of delivery but
ranged from 5 to 583 d post-delivery. The samples were sequenced
with 16S-rRNA amplicon sequencing technology. Sequencing data
were processed using dada2 plugin in qiime2 v2019-08, including
quality trimming, denoising, merging, and chimera detection.
These processes were done using dada2 plugin with default set-
ting. After quality control, the sequences were clustered into oper-
ational taxonomic units (OTUs) using qiime feature-classifier
classify-sklearn plugin. In this study, a total of 1076 samples with
3448
more than 2000 reads were retained for network analysis. More
detailed information on the dataset is provided in Doyle et al. [9].

2.2. Dominance network (DN) analysis

The computational procedures for DN construction and analysis
of the vaginal microbiome of the postpartum women followed
[25,26]. To reduce the noise effect of OTUs with extremely low
abundance or potentially spurious OTU reads, we filtered those
OTUs whose total reads in all 1076 samples were less than 1000,
i.e., approximately one read per sample. This was equivalent to
removing so-called singletons, which is a common practice in eco-
logical analysis. After filtering, 360 OTUs annotated to genus and
species were retained for the following analyses. In addition, we
combined the OTUs that belonged to the same genus into a new
OTU and obtained 60 new OTUs at the genus level. We constructed
two DNs based on 60 genus OTUs and the top 120 species OTUs by
dominance value, respectively. The dominance values of OTUs
were utilized to construct a species correlation network based on
Spearman’s rank correlation coefficients (R) [25,26,27,28,21]. Cor-
relation relationships with a p-value of �0.001 after false discovery
rate (FDR) adjustment were set as the criteria for selecting network
edges (links). Cytoscape software (Version 2.8.3) was used to visu-
alize the networks and the iGraph R-package was utilized for com-
puting network properties [4,44]. We also detected the positive-to-
negative links (P/N) ratio[24]in the DNs.

2.3. Core/periphery network (CPN) analysis

According to Csermely et al. [7], a perfect or ideal CPN consists
of a fully linked core and a periphery that is fully connected to the
core, but with no peripheral nodes connected to each other. For-
mally, let G = (V, E) be an undirected, unweighted graph with n
nodes and m edges, and let A = (aij) be the adjacency matrix of G,
where aij = 1 if node i and node j are linked and 0 otherwise. Let
d be a vector of length n with entries of 1 or 0, if the corresponding
node belongs to the core or periphery, respectively. Additionally,
let P = (pij) be the adjacency matrix of the ideal or perfect CPN of
n nodes andm edges. The detection of the core-periphery structure
is an optimization problem to find vector d, such that the objective
function (q) achieves its maximum based on the following
expression:

q ¼
X
i;j

AijPij ð1Þ

With vector d, it is then easy to classify nodes as either core or
periphery.

2.4. Microbiome diversity of core and periphery OTUs

Microbiome diversity can be quantified using Hill [16] numbers,
as follows:

qD ¼
Xs
i¼1

pq
i

 !1= 1�qð Þ

ð2Þ

where D is diversity, q is the order number of diversity, S is the
number of species, and pi is the dominance value of species i.
The diversity order (q) determines the sensitivity of the Hill num-
ber to the relative frequencies of species dominance values. When
q = 0, as species dominance is not involved in the calculation, 0D is
equal to the number of species, or species richness (S). When q = 1,
species dominance is involved in the calculation and 1D represents
the number of typical or common species in the community,
which is equal to the exponential of Shannon entropy. When
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q = 2, 2D is more sensitive to species with high dominance, which
is equal to the reciprocal of the Simpson index. Generally, qD rep-
resents the diversity of a community with x = qD equally domi-
nated species.
2.5. High-salience skeleton network (HSN) analysis

Grady et al. [15] introduced the concept of link salience with
consideration of both node degree and link weight, which can be
used to classify links into distinct groups. The group containing
links with high salience is called a high-salience skeleton and rep-
resents the essential links of the network.

Three main steps are followed to determine salience (sij) of a
link between nodes ni and nj. First, the shortest path between each
pair of nodes in the network is obtained, which represents the path
with the shortest total effective distance based on effective prox-
imity d. The effective proximity d of the link (i, j) is dij = 1/|qij|,
where qij represents Spearman’s correlation coefficient between
nodes ni and nj. In this step, we can obtain the shortest-path tree
(SPT; T(r)) for each node r. If there are N nodes, T(r) is a symmetric
N� N, if link (i, j) is part of at least one of the shortest paths, the cell
tij = 1, otherwise, tij = 0. We can then linearly superimpose all SPTs,
and obtain the salience (S) of the network:

S ¼ Th i ¼ 1
N

X
r

T rð Þ ð3Þ

The S of the network is still a symmetric N � N, in which cell sij
represents the salience of link (i, j). The value of sij ranges from 0 to
1. The higher the value of sij, the link (i, j) plays the role in the
shortest paths of more nodes.
3. Results

3.1. DN analysis for the nLDVM at the genus level

We used the genus OTUs to build the DN of the nLDVM, which
consisted of 60 genera and 531 links. Of the 60 genera, 22 were
BVAB, which were identified based on existing literature and were
listed in the Table S3 [12,39,13,18,35,42]. The basic network prop-
erties are listed in Table S1. The genus Gardnerella was either the
most abundant OTU (MAO) or the most dominant OTU (MDO) of
the genus-level DN. Corynebacterium and Finegoldia were the hubs
in the DN, that are, the OTUs holding the most number of edges.
Gardnerella and Corynebacterium are BVAB OTUs. Fig. 1 displays
the genus-level DN of the nLDVM. The BVAB and non-BVAB genera
in the DN were divided into two sub-networks in Fig. 1, with the
right sub-network consisting of the 21 BVAB genera and the left
sub-network consisting of the non-BVAB genera.

The genus-level DN contained 448 positive links and 83 nega-
tive links, in which the P/N ratio was 5.398. There were five times
more positive correlation relationships than negative correlation
relationships, indicating that the nLDVM was predominantly
mutualistic. In total, 57.8% (48/83) of negative correlation relation-
ships in this DN were between BVABs and non-BVABs, 34.9%
(29/83) were between BVABs, and 7.2% (6/83) were between
non-BVABs. This suggested that most competitive (inhibition) rela-
tionships in the community were related to BVABs. The average P/
N ratio of non-BVAB was 2 times higher than that of BVAB, and the
P/N ratios of the non-BVABs were significantly greater than those
of the BVABs (Wilcoxon p-value �0.05). The results demonstrate
that the proportion of competition in the relationships held by
BVAB genera is significantly higher than that of non-BVAB genera.
S3 provides details on the P/N ratios of each genus.
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3.2. Core/periphery and nested structures in the genus-level DN

Table S4 lists the main core/periphery/nestedness analysis
results for the genus-level DN. The genus-level DN had a strong
core-periphery structure (parameter q � 0.5). Half of the nodes
were cores (ratio of c/(c + p) = 0.533), i.e., 32 out of 60 genera were
cores and 28 were peripheries. Of 32 cores, half were BVAB genera
and half were non-BVAB genera. Of 28 peripheries, 6 were BVAB
genera and 22 were non-BVAB genera. Table S5 provides details
on the core and periphery genera in the DN. In Fig. 1, the nodes
in golden and blue represent core and periphery OTUs, respec-
tively. The composition of core OTUs in the DN suggests that BVAB
play critical roles in the structural stability of the nLDVM. We also
analyzed the diversity of core and periphery genera using Hill
numbers (Table S6, Fig. 2). Although the numbers of core and
periphery genera were similar in the DN, there were significant dif-
ferences in their Hill number at diversity order q = 0–3 (Wilcoxon
p-value < 0.001) (Table S6). Core diversity was significantly higher
than that of the periphery.

The core-core density (B11) was 0.637, which was nearly four
times higher than that of the core-periphery (B12(21), den-
sity = 0.165) and periphery-periphery (B22, density = 0.177). These
results suggest that the interconnections within the core genera
were stronger than those between the core and periphery genera
or those within the periphery genera. Furthermore, the P/N ratio
of the core genera in the DN was five times lower than that of
the periphery genera. This can be attributed to the fact that most
BVAB were cores that contained many negative links. The nested-
ness index measures the relative level of nesting degree, where the
larger the nestedness index value (ranging from 0 to 1), the higher
the nestedness. The S of the DN was 0.437, indicating no strong
nesting in this DN.

3.3. High salience skeleton (HSS) network analysis for the nLDVM at
the genus level

We performed HSS network analysis to identify the ‘‘highways”
in the fully connected network of genera. Each link has a salience
value ranging from 0 to 1, which can be used to measure the
importance of the link. The higher the salience value, the more
important the link is to the vaginal microbial community. The
HSS results are listed in Table S7. In the fully connected network
of genera, 29.6% (524/1770) of links had salience values (S) > 0,
10% (54) had salience values � 0.25, and only 3% (16) had salience
values � 0.5. Fig. 3 shows the network of these skeletons, with a
salience value � 0.25. The links with salience values � 0.5 can be
considered as HSSs of the vaginal microbiome. There were 16 HSSs
in the network, which were held by 15 non-BVAB OTUs and 8 BVAB
OTUs, as listed in Table 1. We further identified seven separate
pathways from these 16 HSSs, as shown in Table 2, in which four
pathways (#1, #2, #3, and #4) contained three or more nodes
and three pathways (#5, #6, and #7) contained two nodes. All
HSS-pathways were stringed together by the links with salience
values > 0.25.

As the hubs and core of the genus-level DN, Finegoldia also had
the most skeletons. Finegoldia was the members of the #3 HSS-
pathway (as shown in Fig. 3 and Table 2). Staphylococcus held the
most number of HSSs, and these HSSs were part of the #1 pathway.
The #1 pathway consisted of 7 genera, in which Staphylococcuswas
the only core and BVAB in the #1 pathway. Finegoldia is a genus of
Gram-positive bacteria. In the #3 HSS-pathway, Finegoldiawas
positively connected with Bacteroides and Ureaplasma, which are
two BVAB genera. Bacteroides is a genus of obligate anaerobic bac-
teria. Bacteroides and Gardnerella compose one of the morphotypes
to be identified in the Nugent criteria, which has been regarded as
the gold standard for BV diagnosis [33,42]. Ureaplasma is com-



Fig. 1. The DN of non-Lactobacillus dominated vaginal microbiome (nLDVM) built based on genera: edges in cyan are positive correlations; edges in orange are negative
correlations; the thicker the edge, the stronger the correlated relationship; nodes in gold are core genera; nodes in blue are periphery genera; rectangle represents that the
node is both MAO and MDO; and hexagons represent that the nodes are hubs. Hub is the genus that holding the most number of edges. Core represents a set of central,
densely connected nodes in the DN, and periphery represents a set of sparsely connected non-central nodes. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Diversity in Hill numbers (q = 0–3) of core and periphery OTUs in the genus-
level DN: bar in cyan is diversity of core genera; bar in steel blue is diversity of
periphery genera. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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monly found in urinary and genital tract, and some Ureaplasma
spp. such as U. urealyticum and U. parvum are associated with BV
[46,17].

3.4. The DN of the dominant species in the nLDVM

To further explore the relationships between specific species,
we subsequently constructed the species-level DN based on the
top 120 OTUs by dominance value (accounting for 1/3 of the total
species OTUs). The species-level DN is shown in Fig. S1. The MAO,
MDO and hub in the species-level DN were Lactobacillus iners, Pep-
tostreptococcus anaerobius and Finegoldia_9698, respectively. The
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species-level DN was also predominantly mutualistic, in which
the P/N ratio was 15.354 (Table S2). 103 out of 113 negative corre-
lations were related to BVAB OTUs, of which 60% (41/103) found
between the BVAB and non-BVAB OTUs. The basic network proper-
ties are listed in Table S1.

CPN and HSS network analyses were also performed at the spe-
cies level, and results were listed in Table S4 and Table S7, respec-
tively. The species-level DN had a strong core-periphery structure
and a low nested-ness structure, with 45% (53/120) of OTUs
belonging to the core. The core-core density was much higher than
that of the core-periphery and periphery-periphery density
(Fig. S1). These structural attributes were similar to those of the
genus-level DN. In the species-level DN, the P/N ratio of the cores
was infinite, indicating that there was no negative interaction
between core OTUs. We computed the diversity of cores and
peripheries in the DN using Hill numbers (Table S6, Fig. S3). When
diversity order q = 0 & 1, Hill numbers of cores were significantly
less than those of peripheries (Wilcoxon p-value < 0.001), but the
difference was not significant between cores and peripheries when
q = 2 & 3 (Wilcoxon p-value = 0.540 at q = 2, and = 0.416 at q = 3).

There were 94 skeletons (salience values � 0.25) in the species-
level DN, of which 22 were considered as the HSSs (salience val-
ues � 0.5). Fig. S4 displays the network consisting of these skele-
tons. 8 separate pathways were identified from HSSs, and the
details were shown in Table S8. Finegoldia_9698 held the most
skeletons, and Staphylococcus epidermidis held the most HSSs. This
finding confirmed our previous analyses on genus level, that Fine-
goldia had the most skeletons and Staphylococcus had the most
HSSs.
3.5. The roles of Gardnerella and Lactobacillus in the DN

In the genus-level DN, the P/N ratios of the Gardnerella and Lac-
tobacillus were the lowest, 0.133 and 0.130, respectively, and all
other genera were � 0.5. The Gardnerella held the greatest number



Table 1
High-salience skeletons (S � 0.5) in the genus-level DN.

ID Edge with high salience Salience value (S) Correlation (R)

1 Corynebacterium Megasphaera 0.500 �0.199
2 Lactobacillus Anaerococcus 0.517 �0.256
3 Peptoniphilus Mobiluncus 0.517 0.294
4 Staphylococcus Aeribacillus 0.517 0.315
5 Finegoldia Bacteroides 0.550 0.139
6 Staphylococcus Hydrogenophilus 0.550 0.292
7 Corynebacterium Meiothermus 0.567 0.246
8 Megasphaera Shuttleworthia 0.650 0.326
9 Finegoldia Ureaplasma 0.683 0.177
10 Staphylococcus Salmonella 0.683 0.316
11 Pseudomonas Acinetobacter 0.733 0.139
12 Staphylococcus Stenotrophomonas 0.783 0.131
13 Salmonella Brevundimonas 0.933 0.145
14 Pseudomonas Bifidobacterium 0.967 0.115
15 Psychrobacter Haemophilus 0.967 0.127
16 Salmonella Trueperella 0.967 0.125

Fig. 3. Skeletons with salience value S � 0.25 in the genus-level DN: edges in cyan are positive correlation skeletons; edges in orange are negative correlation skeletons;
thicker edges are skeletons with salience value S � 0.5; nodes in blue are non-BVAB periphery genera; nodes in gold are non-BVAB core genera; nodes in magenta are BVAB
periphery genera; nodes in deep red are BVAB core genera; hexagons are hubs, and rectangle represents that the node is both MAO and MDO. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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of negative links. It was negatively correlated with 23 genera, but
was positively correlated with only three, i.e., Lactobacillus, Aero-
coccus, and Atopobium (Fig. 4A). We termed the sub-network con-
sisting of the 23 genera negatively correlated with Gardnerella as
the anti-Gardnerella cooperative alliance, which all exhibited posi-
tive interconnections (Fig. 4B). The structure consisting of Gard-
nerella, Lactobacillus, Aerococcus, and Atopobium was term as the
Gardnerella cooperative alliance, in which Atopobium held positive
3451
link with Aerococcus and negative link with Lactobacillus (Fig. 4C).
11 out of the 26 genera associated with Gardnerella were BVAB,
including Aerococcus, Atopobium, Actinomyces, Anaerococcus,
Corynebacterium, Fusobacterium, Peptostreptococcus, Brevibacterium,
Staphylococcus,Mobiluncus, and Streptococcus, and 7 out of these 11
genera were belonged to the anti-Gardnerella cooperative alliance.

Similar to the situation of the Gardnerella, the Lactobacillus was
negatively correlated with 15 genera, but positively correlated only



Table 2
Seven pathways consisting of high-salience skeletons (S � 0.5) in the genus-level DN.

ID Pathway Genera Num.
of
genera

Avg.
salience
value (S)

Core genera BVAB genera

1 Brevundimonas Trueperella
Salmonella
Staphylococcus
Aeribacillus
Stenotrophomonas
Hydrogenophilus

7 0.739 Staphylococcus Staphylococcus

2 Meiothermus
Corynebacterium
Megasphaera
Shuttleworthia

4 0.572 Corynebacterium Corynebacterium
Megasphaera

3 Bacteroides
Finegoldia
Ureaplasma

3 0.617 Finegoldia Bacteroides
Ureaplasma

4 Bifidobacterium
Pseudomonas
Acinetobacter

3 0.850 – Bifidobacterium

5 Lactobacillus Anaerococcus 2 0.517 Lactobacillus
Anaerococcus

Anaerococcus

6 Peptoniphilus
Mobiluncus

2 0.517 Peptoniphilus
Mobiluncus

Mobiluncus

7 Psychrobacter Haemophilus 2 0.967 – –

Symbols in the second column:

Edges in cyan—positive correlation skeletons
Edges in orange—negative correlation skeletons
Nodes in blue—non-BVAB periphery genera
Nodes in gold—non-BVAB core genera
Nodes in magenta—BVAB periphery genera
Nodes in deep red—BVAB core genera
Hexagons—hubs.
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with Gardnerella and Ureaplasma (Fig. 5A). The 15 genera nega-
tively correlated with Lactobacillus formed the anti-Lactobacillus
cooperative alliance (Fig. 5B), and there were only positively links
between them. We term the network consisting of Lactobacillus,
Gardnerella and Ureaplasma as the Lactobacillus cooperative alli-
3452
ance (Fig. 5C). 13 genera associated with Lactobacillus were BVAB,
of which 11 were members of the anti-Lactobacillus cooperative
alliance.

The DN consisting of the dominant species OTUs contained
three OTUs of Lactobacillu, i.e., L. iners, Lactobacillus vaginalis and



Fig. 4. (A) Sub-network consisting of Gardnerella and directly connected genera in the genus-level DN; (B) Anti-Gardnerella cooperative alliance: network consisting of genera
negatively correlated with Gardnerella; (C) Gardnerella cooperative alliance: network consisting of genera positively correlated with Gardnerella. Edges in cyan are positive
correlations; edges in orange are negative correlations; the thicker the edge, the stronger the correlated relationship; nodes in magenta are BVAB genera; nodes in sky blue
are non-BVAB genera; rectangle represents that the node is both MAO and MDO; and hexagons represent that the nodes are hubs. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Lactobacillus_12185. They positively interrelated with each other,
and held 7 positive and 28 negative links with OTUs of other gen-
era. There were 13 negative links held by L. vaginalis, and 15 held
by L. iners. L. vaginalis and L. iners negatively associated with 18
OTUs, These OTUs were from 13 genera, including Actinomyces,
Anaerococcus, Atopobium, Bulleidia, Clostriduim, Dialister, Fusobac-
terium, Mycoplasma, Parvimonas, Peptoniphilus, Peptostreptococcus,
Prevotella and Sneathia, all of which belonged to the anti-Lactobacil-
lus cooperative alliance found in the genus-level SCN, and 11 of
them were BVAB. Consistent with the anti-Lactobacillus coopera-
tive alliance in the genus-level DN, the correlations between these
18 species were all positive. L. iners had positive interactions with
only three OTUs of other genera, i.e., Gardnerella_1521, Urea-
plasma_13766 and Veillonella_8052. L. vaginalis was positively cor-
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related with only Ureaplasma_13766. These results specifically
identified the Lactobacillus that was inhibited in the non-Lactobacil-
lus dominant vaginal microbiome as L. vaginalis and L. iners, and
their ‘‘staunch” allies were Gardnerella and Ureaplasma. In addition,
Lactobacillus_12185 held three positive links with Streptococcus
infantis, Staphylococcus_12767 and Actinetobacter_7697.

There were 8 OTUs of Gardnerella without annotating species
name in the species-SCN, and the links between them were all pos-
itive. Gardnerella OTUs held negative links with 22 OTUs of 11 gen-
era. These 11 genera all belonged to the anti-Gardnerella
cooperative alliance expect Parvimonas and Prevotella, and 6 of
them were BVAB. The correlations between these 22 OTUs were
all positive. At the species level, it is not only the OTUs of Aerococ-
cus, Atopobium and Lactobacillus that cooperated with Gardnerella,



Fig. 5. (A) Sub-network consisting of Lactobacillus and directly connected genera in the genus-level DN; (B) Anti-Lactobacillus cooperative alliance: network consisting of
genera negatively correlated with Lactobacillus; (C) Lactobacillus cooperative alliance: network consisting of genera positively correlated with Lactobacillus. Edges in cyan are
positive correlations; edges in orange are negative correlations; the thicker the edge, the stronger the correlated relationship; nodes in magenta are BVAB genera; nodes in sky
blue are non-BVAB OTUs; and rectangle represents that the node is both MAO and MDO. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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but also OTUs of other 10 genera, of which 8 were BVAB and 2 were
non-BVAB genera. Specifically, in the species-level DN, 20 OTUs
were positively correlated with Gardnerella, that included Atopo-
bium vaginae and L. iners.

4. Disscusions and conclusion

Traditionally, the Lactobacillus-dominated vaginal microbiome
has been associated with health. However, some asymptomatic,
otherwise healthy women harbor vaginal microbiomes lacking sig-
nificant number of Lactobacillus species. Although the composi-
tions of these nLDVMs have been intensely studied, the
underlying mechanisms of stability remain unclear. Based on the
dataset of nLDVMs obtained from 1107 postpartum women in
rural Malawi [9], we used the framework of DN analysis to address
this mechanistic issue from three aspects, including basic DN
structure, core/periphery structure and high-salience skeletons,
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and the analysis was performed for the genus level microbiome
and the microbiome consisting of the dominant species OTUs
respectively.

Our study discovered possible mechanisms by which the
nLDVM maintain high diversity without absolute predominance
of species. We found that the nLDVM was predominantly mutual-
istic. In both the genus-level and species-level DNs, >90% (93% at
the genus level and 91% at the species level) of the competitive (in-
hibition) relationships were related to the BVABs, of which 60%
occurred between BVABs and non-BVABs. It suggested that there
is niche overlap between BVABs and non-BVABs and within BVABs,
as well as that the resulting competitions could restrict each other
to avoid the emergence of a single dominant player in the micro-
biome. The restriction was mainly embodied in the existence of
anti-Gardnerella alliance and anti-Lactobacillus alliance, and the
fact that only a few genera in the genus-level DN cooperated with
Gardnerella and Lactobacillus. Both Gardnerella and Lactobacillus
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have the potential to become the absolute predominance in the
vaginal microbiome [39,1,14]. The existence of their corresponding
anti-alliances might inhibit the Gardnerella and Lactobacillus to
become the absolute predominance and to maintain the high
diversity in the microbiome.

We further determined that the suppressed Lactobacillus species
were L. iners and L. vaginalis, and allies of Lactobacillus spp. were
Gardnerella and Ureaplasma. The role of L. iners in vaginal health
remains controversial. L. iners is the dominant species of the CST
III microbiome that usually occurs during the transitional stage
between abnormal and normal, such as post-BV treatment
[22,37], but was also frequently found in the microbiome during
BV and other vaginal conditions [37,34]. However, our finding of
the positive interactions between L. iners and BVABs (i.e., Gard-
nerella and Ureaplasma) revealed more about the ‘‘foe” side of this
species. This hypothesis might further be explained by the co-
occurrence of L. iners and Gardnerella spp. that has been found dur-
ing menses and BV [4]. Studies proposed that L. iners AB-1 can
strongly adhere to human fibronection and enhance the adhesion
of Gardnerella spp., which could promote the formation of biofilm
and the adhesion of other BV-associated pathogens [4,31,4]. More-
over, L. iners, very different from other Lactobacillus bacteria, do not
produce D-lactic acid and secrete some pathogenic factors, such as
inerolysin [32,10,38,30,29]. Inerolysin is similar to vaginolysin
encoded by Gardnerella spp., which is a cholesterol-dependent
and pore-forming cytolysin toxin [38,30,29]. All of these might
suggest that L. iners acts as an ‘‘enemy” in the nLDVMs, and inhibi-
tion of Gardnerella and L. iners might be a self-protective mecha-
nism to maintain stability and health of this microbiome.

However, our finding further indicated that, unlike L. iners,
Gardnerella might be not all bad in the nLDVM, as Gardnerella spe-
cies were positively correlated with both BVABs and non-BVABs. A
highly structured polymicrobial biofilm has been found on the
vaginal epithelium during BV, which is presumably initiated and
predominant by Gardnerella spp. [5,3]. We suspected that Gard-
nerella spp. might also play a similar role as an attached scaffold
in the construction of the microbiome not dominated by Lactobacil-
lus species.

The core-periphery structure can reflect the heterogeneity or
asymmetry of OTUs [26,7]. Core represents a densely network
entity, which is, intuitively, a set of densely connected, central
nodes in the network; periphery refers to a set of sparsely con-
nected, non-central nodes in the network [7]. Both genus and dom-
inant species DN had relatively strong core-periphery structure,
indicating the robustness and stability of their structures. This is
mainly due to the fact that the rich connection structure of core
structure is less prone to degradation and ensures cooperation.
We further identified the core/periphery genera and core/periph-
ery dominant species of the nLDVM. In the genus-leve DN, the
diversities at orders q = 0–3 of core genera were significant higher
than that of periphery genera. However, in the species-level DN,
the diversities of core were significant lower than that of periph-
ery. These results suggested that the interactions between domi-
nant species might fluctuate more than those between genera in
the nLDVM.

Finally, based on HSS analysis, we identified the high salience
skeletons of the DNs and the pathways formed by these skeletons.
High salience skeletons can be considered as the ‘‘highways” in the
complex network, and HSS-pathways might reveal the important
exchanges of biomass or essential cooperative/inhibitive interac-
tions in the non-Lactobacillus dominated microbiome. Our analyses
on genus level found that Finegoldia was the hub of the skeletons
and Staphylococcus was the hub of the HSSs. Analyses on species
level were consistent with these results that Finegoldia spp. held
the most number of skeletons and S. epidermidis held the most
number of HSSs. Finegoldia is normal anaerobic bacteria of the gas-
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trointestinal and genitourinary tract [43]. S. epidermidis is the most
common species isolated from the human epithelium, which has a
benign relationship with its host [36]. What roles that Finegoldia
spp. and S. epidermidis play in the nLDVMwill need to be addressed
in future studies.
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