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SUMMARY
The vagina contains at least a billion microbial cells, which are dominated by
Lactobacilli. Here we perform metagenomic shotgun sequencing on cervical
samples from 1148 women. Factors such as pregnancy, delivery histories and
breast-feeding were all more important than menstrual cycle in shaping the
microbiome. Bifidobacterium breve was seen with older age at sexual debut;
Lactobacillus crispatus negatively correlated with pregnancy history; potential
markers for lack of menstrual regularity, heavy flow, dysmenorrhea,
contraceptives were also identified. Other features such as mood fluctuations
and facial speckles could potentially be deduced from the vagino-cervical
microbiome. Gut and oral microbiome, plasma vitamins, metals, amino acids
and hormones showed associations with the vagino-cervical microbiome. Our
results offer an unprecedented glimpse into the microbiota of the female
reproductive tract and call for international collaborations to better understand
its long-term health impact.
Highlights:
1

Shotgun sequencing of 1148 vagino-cervical samples reveal subtypes;

2

Other omics such as moods and skin features could be predicted by the vagino-cervical

3

bacteria;

4

Factors such as delivery mode and breast-feeding associate with the vagino-cervical

5

microbiome;

6

With dwindled Lactobacilli, postmenopausal samples are relatively enriched for viruses.

7
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INTRODUCTION
8

The human body is a supra-organism containing tens of trillions of microbial cells

9

(Sender et al., 2016). Studies in human cohorts and animal models have revealed an

10

integral role played by the gut microbiota in metabolic and immunological functions

11

(Sommer and Bäckhed, 2013). Disease markers as well as prebiotic or probiotic

12

interventions are being actively developed (O’Toole et al., 2017; Wang and Jia, 2016).

13

Studies on other mucosal sites such as the vagina and the mouth lag behind (Lloyd-

14

Price et al., 2017; The Human Microbiome Project Consortium., 2012; Zhang et al.,

15

2015b); the potential for the microbiota in these body sites has not been fully realized.

16

The presence of microorganisms beyond the cervix (i.e. the upper reproductive tract) is

17

increasingly recognized even in non-infectious conditions (Aagaard et al., 2014; Chen et

18

al., 2017; Li et al., 2018), with much debated implications for women’s and infants’

19

health.

20
21

Lactobacilli have long been regarded as the keystone species of the vaginal microbiota.

22

Lactic acid produced by these microorganisms helps maintain a low vaginal pH of 3.5-

23

4.5, and wards off pathogenic micro-organisms (Ma et al., 2012). Prevention of the

24

human immunodeficiency virus (HIV) and other sexually transmitted infections (STIs),

25

preterm birth and bacterial vaginosis (BV) has been a major effort. Germ-free mice

26

treated with L. crispatus had fewer activated CD4+ T cells in the genital tract compared

27

to those treated with Prevotella bivia, explaining the difference in HIV acquisition in

28

human cohorts (Gosmann et al., 2017). How vaginal Lactobacilli interplay with Candida

29

albicans and other related fungi is also an important question for preventing or treating

3

bioRxiv preprint doi: https://doi.org/10.1101/533588; this version posted September 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

30

vulvovaginal candidiasis (Bradford and Ravel, 2017). The over 90% of human

31

sequences in female reproductive tract samples, in contrast to 1% in feces (Li et al.,

32

2018; Methé et al., 2012; Wang and Jia, 2016), has made metagenomic shotgun

33

sequencing more expensive. Most studies of the vaginal microbiota used 16S rRNA

34

gene amplicon sequencing, which lacked a view of the overall microorganism

35

communities including bacteria, archaea, viruses and fungi (Byrd et al., 2018), as well

36

as the functional capacity encoded. Besides infection, studies on current sexual activity

37

and the menstrual cycle occurred naturally to the vaginal microbiota field (Gajer et al.,

38

2012; Ravel et al., 2010). However, lasting impacts from other potentially important

39

factors such as sexual debut, pregnancy and breast-feeding have not been looked at in

40

a reasonably large cohort.

41
42

As a sizable reservoir of microbes instead of a transient entity, the female reproductive

43

tract microbiota might also reflect conditions in other body sites. It is however not clear

44

whether other omics in circulation or in the intestine cross-talks with the vagino-cervical

45

microbiome. Intersecting with hormones, metabolic and immune functions, we find it

46

intriguing to explore the potential link of the vagino-cervical microbiome to the brain and

47

the face.

48
49

Here, we report the full spectrum of the vagino-cervical microbiome from 1148 healthy

50

women using metagenomic shotgun sequencing. As part of the 4D-SZ (trans-omic, with

51

more time points in future studies, based in China) cohort, we also comprehensively

52

measured parameters such as fecal/oral microbiome, plasma metabolites, medical test

4
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53

data, immune indices, physical fitness test, facial skin imaging, as well as female life

54

history questionnaire, lifestyle questionnaire, and psychological questionnaire (Figure 1).

55

Our work pinpoints other metadata or omics that can predict or be predicted from the

56

microbiota in the female reproductive tract, which would illuminate future designs of

57

population cohorts, mechanistic investigations, as well as means of intervention.

58
RESULTS
59
60

Dominant bacterial and non-bacterial members of the vagino-cervical
metagenome

61

To explore the vagino-cervical microbiome, 516 healthy Chinese women aged 21-52

62

(median 29, 95% CI: 23–39) were recruited during a physical examination as the initial

63

study cohort (Figure 1; Table S1A). Metagenomic shotgun sequencing was performed

64

on the cervical samples, and high-quality non-human reads were used for taxonomic

65

profiling of the vagino-cervical microbiome (Figure 2A; Table S1B).

66
67

In agreement with 16S rRNA gene amplicon sequencing data from the US (Ravel et al.,

68

2010), the vagino-cervical microbiota of this Asian cohort was mostly Lactobacilli-

69

dominated, while 19.19% of women harbored over 50% Gardnerella vaginalis (Figure

70

2A, Figure S1A). Although A. vaginae and G. vaginalis were commonly believed to co-

71

occur in bacterial vaginosis (BV) (Fredricks et al., 2005; Serrano et al., 2019), 4 of the

72

10 volunteers with >50% in their cervical samples appeared to have no G. vaginalis

73

(Figure 2A). The groups showed different characteristics in other omics (Figure 2B-O,

74

Generalized linear model (GLM), p <0.05). 22.67% of the cohort was dominated by

75

Lactobacillus iners (Figure 2A, Figure S1A), which was far less protective against
5
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76

bacterial and viral infections compared to Lactobacillus crispatus (Gosmann et al., 2017;

77

Petricevic et al., 2014). The type characterized by L. crispatus was overrepresented in

78

the women who had fewer pregnancies (Figure 2C, 2D). The plasma concentrations of

79

17α-hydroxyprogesterone and aldosterone were higher in individuals of the L. crispatus-

80

type than in G. vaginalis type individuals (Figure 2H-2J, p <0.05). Rare subtypes (> 50%

81

relative abundance in less than 5% of the individuals) such as Bifidobacterium breve

82

(3.29%), Lactobacillus jensenii (2.91%), Lactobacillus gasseri (2.91%), Atopobium

83

vaginae (2.31%), Lactobacillus johnsonii (1.55%), Streptococcus anginosis (1.36%),

84

and Clamydia trachomatis (1.16%) were also detected in this cohort (Figure 2A, Figure

85

S1A). Individuals dominated by B. breve had older age at vaginal sexual debut

86

compared to those dominated by L. cripspatus or L. iners (Figure 2B, p = 0.00026 and p

87

= 0.0019, respectively). Streptococcus agalactiae (Group B Streptococcus), a bacterium

88

responsible for neonatal sepsis and recently reported in placenta (de Goffau et al.,

89

2019), could be detected in 5.62 % of the individuals (Figure 2A, Table S1C). Other

90

microorganisms including Prevotella bivia, Escherichia coli, Ureaplasma parvum,

91

human papillomavirus (HPV), herpesviruses, Influenza A virus and Haemophilus

92

influenzae were abundant in some individuals (Figure 2A, Table S1C). According to the

93

metagenomic data, the mean proportion of non-bacterial sequences was 3.45% (Figure

94

2A). The vaginal types (> 50% relative abundance for the single bacterium) of G.

95

vaginalis, L. crispatus, and B. breve showed lower proportions of human sequences

96

than other types (e.g. p = 3.9e-6 between L. crispatus and L. iners types, p = 1.7e-8

97

between G. vaginalis and L. iners types, p = 0.0036 between B. breve and L. gasseri,

6
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98

Wilcoxon ranked sum test, Figure S1B), suggesting that in future studies lower amounts

99

of sequencing could be used for these compared to other types.

100
101

Factors shaping the vagino-cervical microbiome and beyond

102

We computed the prediction value (5-fold cross-validated random forest model) of each

103

factor in the female life history questionnaire on the microbiome data independently,

104

and found the most important factors to be pregnancy history, marriage, number of

105

pregnancies, number of vaginal deliveries, age at vaginal sexual debut, followed by age

106

of marriage, current breast-feeding, and number of caesarean sections (Figure 3, 999

107

permutations and Benjamini-Hochberg tests, q < 0.05). Number of pregnancies

108

correlated with pregnancy history (Spearman’s correlation coefficient (cc) = 0.916) and

109

with number of abortions (Spearman’s cc = 0.699); Age at first pregnancy correlated

110

age at most recent pregnancy (Spearman’s cc = 0.636).

111
112

These important factors were validated in an independent cohort of 632 individuals that

113

differed in age distribution as well as sequencing mode (Figure 1, Figure S2, Table S1E,

114

paired-end 100bp for vagino-cervical samples). Questionnaire entries such as

115

pregnancy history, marital status, current breast-feeding, and mode of the most recent

116

delivery were again found as the most important factors to influence the vagino-cervical

117

microbiome (Figure S2). The strong signal with duration of current breast-feeding

118

reflected difference in questionnaire design that was only available in one but not the

119

other cohort (Figure 4, Table S1A, Table S1E), while the impact from menstrual cycle

7
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120

was partly augmented with the presence of postmenopausal women in the second

121

cohort (Figure 3, Figure S2).

122
123

45 of the volunteers in the second cohort were postmenopausal (median age 54, 95%

124

CI: 52-55), an age group untouched by HMP. Metagenomic shotgun data revealed

125

diminished Lactobacilli in their vagino-cervical microbiome, while the mean proportion of

126

viral sequences reached 37% (Figure S3). HPV was not the most abundant or prevalent

127

virus in these postmenopausal individuals; a diverse range of viruses named after plant

128

or animal hosts could be detected. In contrast, there was no sign of fungal boom. The

129

non-Lactobacilli bacterial species were also known as vaginal or oral species, with

130

overgrowth of Escherichia in only 2% of the individuals (Figure S3C).The taxonomic

131

profile remained robust when we arbitrarily trimmed the paired-end 100bp data to

132

single-end 50bp or single-end 100bp (Spearman’s correlation coefficient = 0.998

133

between Pseudo-SE50 and Pseudo-SE100, 0.993 between Pseudo-SE50 and PE100,

134

Figure S4).

135
136

As a whole, the vagino-cervical microbial composition showed the greatest explained

137

variances for these questionnaire data collected for the female reproductive tract

138

samples, followed by other data collected on the same day, such as fecal microbiome

139

composition, psychological questionnaire, plasma metabolites, immune indices, facial

140

skin imaging and medical test data (Figure 5A). L. crispatus in the fecal microbiome was

141

most predictive of the vagino-cervical microbiome, and plasma phosphoserine, L-

142

homocitrulline, testosterone were ranked at the top among metabolites (largest

8
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143

Spearman’s cc between RVCV prediction and observed data, and p < 0.01 with 999

144

permutations, Figure 5B), while weaker signals were observed for self-assessed mental

145

status, and pores on the cheeks (p < 0.05 but q > 0.1, Figure 5B).

146
147
148

Specific influences from pregnancy histories, contraception and menstrual
symptoms

149

Marital status was one of the most significant factors to influence the vagino-cervical

150

microbiome (Figure 3, Figure S2). It showed negative correlations with relative

151

abundances of L. crispatus (Spearman’s correlation, q value=1.71E-08), Acinetobacter

152

species

153

value=0.000086), and Ureaplasma parvum (q value=0.012) and positive correlation with

154

Bifidobacterium breve (q value=0.0818) (Figure 6A, Table S3 ). Compared to unmarried

155

women, married women had higher concentrations of plasma 25-hydroxy vitamin D, and

156

their plasma testosterone (responsible for sexual drive), dehydroepiandrosterone

157

(DHEA), and creatinine had declined (Figure 6A). The age at vaginal sexual debut

158

showed positive correlations with Gardnerella vaginalis and Scardovia species, and

159

negative associations with L. crispatus and L. iners (Figure 6B, Table S3).

(q

value=5.02E-07),

L.

jensenii

(q

value=0.0001),

L.

vaginalis

(q

160
161

Similarly, the women who went through pregnancy showed relatively less Lactobacillus

162

compared to nullipara, including L. crispatus, L. vaginalis, and L. jensenii, but were

163

enriched for Actinobacteria, Bifidobacteriaceae, Anelloviridae and Torque teno virus (the

164

most abundant anellovirus in the human virome) in the vagino-cervical microbiome

165

(Figure 6C, Table S3, Figure S5). We observed increased concentrations of plasma

166

vitamin D, blood glucose and direct bilirubin in women with previous pregnancy, but
9
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167

lower concentrations of plasma testosterone, androstenedione, dehydroepiandrosterone

168

and methionine (Figure 6C). Vaginal deliveries were associated with decreased L.

169

crispatus, L. jensenii, Bartonella species, Prevotella timonensis, and increased

170

Lactobacillus sp. 7_1_47FAA (Figure 6D, Table S3). We observed a lower relative

171

abundance of Ureaplasma parvum in individuals who delivered by cesarean section

172

(Figure 6E, Table S3), a bacterium commonly isolated from pregnant women (Anderson

173

et al., 2013) and recently reported in the lower respiratory tract of preterm infants

174

(Pattaroni et al., 2018) and in preterm placenta (de Goffau et al., 2019). Compared with

175

vaginal deliveries, the plasma concentrations of testosterone, androstenedione,

176

methionine, threonine and tryptophan were significantly lower in women who

177

experienced caesarean section (Figure 6D, 6E). In addition, these women more often

178

suffered from an abnormal leucorrhoea (Figure 6E).

179
180

63 volunteers in our initial cohort and 74 in the second cohort happened to be actively

181

breast-feeding. L. crispatus type which abundance >50% was found to be less (5.8%) in

182

these actively breast-feeding individuals, in contrast to G. vaginalis type which was

183

found in 25.5% of these individuals (Figure 6F, Figure 4). Alkaline phosphatase, plasma

184

vitamin D and lead (Pb) were found to be more abundant in the breast-feeding

185

individuals, consistent with slight reduction of progesterone and creatinine levels in

186

lactating women (Figure 6F). Gravida and para, especially deliveries by caesarean

187

section, appeared associated with lower facial skin score ranking in population such as

188

UV spots and porphyrins, but these problems were less pronounced in caesarean

189

section mothers with breast-feeding (Figure 6C-6F).

10
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190
191

We found multiple significant associations between the contraceptive methods of

192

participants and their vagino-cervical microbiome. Condom usage showed negative

193

correlations with L. iners and Comamonas species, and positive associations with L.

194

gasseri (Table S2, Figure 7, Table S3). Oral contraceptives, although still rare in our

195

cohort, were associated with increased Ureaplasma parvum and Comamonas species

196

(Table S2, Figure 6G, Table S3, and Figure 7). Comamonas has been implicated in

197

fecundity in C. elegans and identified as a marker for infertility due to endometriosis

198

(Chen et al., 2017; MacNeil et al., 2013). Comamonas testosteroni TA441 is known to

199

degrade testosterone (Horinouchi et al., 2003). Moreover, oral contraceptives exhibited

200

a positive correlation with plasma homocitrulline, and as yet not significant declines in

201

mental

202

Faecalibacterium prausnizi and Roseburia intestinalis (Figure 6G), which could

203

potentially contribute to the known side effect of oral contraceptives in cardiovascular

204

risk. Thus, although lack of contraception could lead to infection, none of the

205

contraceptive methods appeared healthy for the microbiome in the long run.

health

and

butyrate-producing

fecal

microbiota

species

such

as

206
207

Menstrual phases are known to influence the microbiota in the female reproductive tract

208

(Chen et al., 2017; Gajer et al., 2012). We confirmed in our cohort the shift in L.

209

crispatus and L. iners during menstrual cycle, coinciding with dynamics in progesterone

210

as well as threonine and arginine (Figure 6H, Figure S6). White blood cell counts (WBC)

211

also recovered after menses, consistent with greatest susceptibility to infection at the

212

onset of menses. L. vaginalis, L. johnsonii and Weissella species showed negative

11

bioRxiv preprint doi: https://doi.org/10.1101/533588; this version posted September 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

213

correlations with self-reported regular periods (Figure 7). Propionibacterium acnes and

214

Dialister micraerophilus were positively associated with a heavier flow (Figure 7, Table

215

S3). Many women experience dysmenorrhea during menses (No: n=84, Slight: n=360,

216

Serious: n=68, Table S1A). Individuals with dysmenorrhea were enriched for

217

Pseudomonadales, Acinetobacter and Moraxellaceae, while lower in plasma level of

218

histidine (Figure 6I), consistent with these bacteria encoding histidine decarboxylases to

219

convert histidine into histamine (Cundell et al., 1991).

220
221

Association between omics

222

Integrated association network using a wisdom of crowds approach (Marbach et al.,

223

2012) also revealed interesting patterns (Spearman’s correlation, random forest and

224

linear regression, with arcsin sqrt-transform for the microbiome profiles, Figure 7, Table

225

S3). The relative abundance of G. vaginalis negatively associated with sleep and

226

appetite, and mental state, while positively associated with plasma levels of mercury

227

(Hg) and vitamin E (Figure 7, Table S3). L. iners negatively correlated with times of

228

spontaneous abortion, days since last menstrual bleeding, condom usage and the

229

plasma concentration of vitamin D and vitamin A, and positively correlated with plasma

230

concentrations of hemoglobin, and alanine. In addition, vaccination history, such as

231

those against HPV may be associated with higher relative abundance of L. iners (Figure

232

7, Table S3).

233
234

While lacking significant association with the vagino-cervical microbial composition, the

235

immune repertoire data, especially TRBV7.3 and TRBV7.4, showed multiple

12

bioRxiv preprint doi: https://doi.org/10.1101/533588; this version posted September 4, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

236

associations with functional pathways in the vagino-cervical microbiome, such as purine

237

and pyrimidine metabolism, synthesis of branched-chain amino acids, histidine and

238

arginine (Figure S7). Red blood cell counts, plasma vitamin A and plasma hydroxyl

239

vitamin D levels negatively associated with CDP-diacylglycerol biosynthesis pathways,

240

consistent with presence of diacylglycerol kinase in Lactobacilli with anti-inflammatory

241

functions (Andrada et al., 2017; Ganesh et al., 2017). Fecal Coprococcus comes, a

242

bacterium previously reported to associate with cytokine response to Candida albicans

243

(Schirmer et al., 2016), was seen here to associate with isoleucine pathways in the

244

vagino-cervical microbiome (Figure S7).

245
246

The second cohort had saliva metagenomics data (Figure 1), which allowed us to

247

explore the oral microbiome, a site that was reported to show similarity to the placenta

248

microbiome (Aagaard et al., 2014). Associations with the vagino-cervical microbiome

249

could be observed (Table S4). Oral human herpesvirus was positively correlated with

250

Bifidobacteriaceae and G. vaginalis in vagina. Scardovia wiggsiae, a bacterium

251

previously reported to associate with early childhood caries, showed positive correlation

252

with vaginal Staphylococcus species. Oral Treponema lecithinolyticum showed positive

253

correlation with Dialister micraerophilus.

254
255

We next analyzed the integrated association network between omics in the second

256

cohort (Figure S8), and patterns consistent with the initial cohort could be identified

257

(Table S4B). Pregnancy history, current breast-feeding showed negative correlations

258

with relative abundances of L. crispatus, L. jensenii, L. vaginalis, L. iners and U. parvum.

13
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259

We also reconfirmed a lower relative abundance of U. parvum and a higher abundance

260

of P. timonensis in individuals who delivered by cesarean section, while individuals with

261

past vaginal deliveries showed a lower relative abundance of P. disiens, P. timonensis,

262

P. buccalis and Finegoldia magna (Table S4B, q<0.1). Higher concentrations of

263

dehydroepiandrosterone, testosterone were observed in women with higher abundance

264

of L. crispatus. Finegoldia magna negatively correlated with Vitamin B1. Peptoniphilus

265

harei negatively correlated with testosterone. P. bivia negatively correlated with

266

progesterone. We observed higher concentrations of threonine, arginine, and serine, in

267

women with higher abundance of U. parvum, A. vaginae and G. vaginalis positively

268

correlated with the red blood cell (RBC). Finegoldia magna and Peptoniphilus harei

269

positively correlated with the urine specific gravity, used in the evaluation of kidney

270

function. L. crispatus show the strongest positive correlation with gut microbe. The BV

271

species P. bivia negatively associated with fecal Butyricimonas species and Clostridia

272

species, while positively associated with fecal P. bivia, suggesting a fecal reservoir for

273

recurrent vaginal infections. P. disiens, P. buccalis and P. timonensis negatively

274

associated with physical fitness test score (Figure S8). The wrinkles and red area in

275

forehead were relieved in individuals who enriched for L. iners. Together, these results

276

confirmed the long-range links between the vagino-cervical microbiome and other body

277

sites.

278
279
280
DISCUSSION
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281

As the largest metagenomic study for the vagino-cervical microbiome, our data revealed

282

lesser known subtypes for the vaginal microbiota, and put into context viral and fungal

283

sequences present in healthy women. Our multi-omic data could help target efforts

284

aimed at promoting a healthy reproductive tract microbiota and offering better advices

285

for mothers from pregnancy to recovery, as well as preventing infections from viruses

286

such as HIV and HPV. For example, whether vitamin D supplementation should be

287

considered in African countries to reduce vaginal L. iners or rise L. crispatus, as was

288

tried recently in a pregnant cohort (Jefferson et al., 2019). Gut probiotics such as L.

289

casei, B. longum have been reported to increase vitamin D in ovariectomy-induced mice

290

model of osteoporosis (Montazeri-Najafabady et al., 2018), and our results suggest that

291

there might be counterparts in the female reproductive tract after getting married and

292

pregnant.

293
294

Recent publications from iHMP (integrative Human Microbiome Project) provided

295

longitudinal data during pregnancy and showed relatively more L. iners compared to

296

non-pregnant individuals even in women of African American history (DiGiulio et al.,

297

2015; Fettweis et al., 2019; Petricevic et al., 2014; Serrano et al., 2019). In our data, the

298

L. iners versus L. crispatus shift was apparent in women with past pregnancy, and L.

299

iners interestingly showed a negative association with number of spontaneous abortions

300

(Figure 7). L. iners and other Lactobacilli have been detected in the placenta (Aagaard

301

et al., 2014; de Goffau et al., 2019; Lannon et al., 2019; Macklaim et al., 2011; Seferovic

302

et al., 2019), amniotic fluid, nasal and pharyngeal sites (Boeck et al.; Wang et al.,

303

2018a). Aldosterone, a major mineralocorticoid for which we observe association with
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304

potentially beneficial bacteria in the gut microbiome in an accompanying study (Jie et al.,

305

2019), positively associated with L. crispatus in the vagino-cervical microbiome, while a

306

precursor for aldosterone, corticosterone, positively associated with L. iners (Figure 7).

307

How vitamin D and hormone metabolism might impact the vagino-cervical microbiome

308

would require further studies. How the uterus and the microbiome recover during

309

breastfeeding is also of interest for both the mother and future children (Anton et al.,

310

2018; DiGiulio et al., 2015). S. anginosus, has been shown to be more abundant in the

311

gut microbiome of individuals with atherosclerotic cardiovascular diseases (Jie et al.,

312

2017), and here we see young women who harbored > 50% S. anginosus in cervical

313

samples showing higher plasma creatinine and lower 17α -hydroxyprogesterone, which

314

might relate to preterm birth (de Goffau et al., 2019). The vagino-cervical microbiome of

315

postmenopausal women revealed a myriad of viral and bacterial species. While fungal

316

growth might be unfavorable both due to high pH and lack of glycans. While the focus in

317

the field has always been infection, our data highlight major aspects that are worth

318

further investigations for women in the modern world.

319
320

While samples from multiple body sites (peritoneal fluid from the pouch of Douglas,

321

fallopian tubes, endometrium, cervical mucus and two vaginal sites) were taken from

322

volunteers with benign conditions such as hysteromyoma, adenomyosis and

323

endometriosis (Chen et al., 2017; Li et al., 2018), we were only able to sample the

324

vagino-cervical microbiome in this healthy cohort. Interestingly, our cohort generally

325

lacked bacteria known for BV (e.g. (Fettweis et al., 2019; Serrano et al., 2019).) and

326

also contained less Prevotella compared to some of the surgically sampled individuals.
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327

In the postmenopausal samples, some of the bacteria previously reported in the upper

328

reproductive tract (Chen et al., 2017; Lee et al., 2019; Li et al., 2018) and involved in

329

degradation of hormones (Wang et al., 2018b), e.g. Pseudomonas spp. could be seen

330

in

331

vaginae and Porphyromonas in endometrial cancer would require more evidence

332

(Walther-António et al., 2016)..

the

vagino-cervical

microbiome,

while

disease

relevance

such

as

A.

333
334

By reaching to the cervix with a cytobrush, reflecting both the upper and the lower

335

reproductive tract (Chen et al., 2017; Li et al., 2018), we show here that the association

336

with the fecal microbiome was scarce overall, and the notion of reservoirs in the

337

intestine or other sites for vaginocervical bacteria (Marrazzo et al., 2012) would need

338

further investigation, especially in light of individual differences in the number of CD4+ T

339

cells in mucosal sites (Gosmann et al., 2017). There were other interesting associations

340

between different species that potentially involve immune modulation (Fig. 7). The

341

plasma metabolites and T cell receptor types associated with the vagino-cervical

342

microbiome are distinct from those associated with the fecal microbiome (Jie et al.,

343

2019). Vaginal Prevotella could induce more CD4+ T cells (Gosmann et al., 2017), but

344

the Prevotella species are not the dominant gut species of Prevotella copri which may

345

compete with Bacteroides spp. (Jie et al., 2017). The vagino-cervical microbiome also

346

better predicted facial skin features compared to the fecal microbiome (Jie et al., 2019),

347

perhaps due to a clearer pattern of hormone and immune signatures. The associations

348

with physical fitness tests and self-reported physical activities were however less

349

prominent in the vagino-cervical compared to the fecal microbiome (Jie et al., 2019), as
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350

the changes due to pregnancy, delivery and breastfeeding may not be easily modifiable

351

with physical activity. As a densely populated microbiota other than the distal gut, the

352

vagino-cervical microbiota has the potential to reflect or even influence physiology

353

elsewhere in the human body.

354
355
356

STARMETHODS
Detailed methods are provided in the online version of this paper and include the

357

following:

358

KEY RESOURCE TABLE

359
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360
361
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FIGURE LEGENDS
Figure 1. Schematic overview of the study.
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587

The study consists two cohorts with varying characteristics. 516 volunteers recruited in

588

2017 are regarded as the initial study cohort. A second cohort containing 632 volunteers

589

were recruited in 2018. Vagino-cervical microbiome, fecal microbiome, metabolites,

590

medical test data, physical fitness test data, facial skin feature and three kinds of

591

questionnaires are collected in both cohorts. Saliva microbiome is only available in the

592

second cohort and the woman life questionnaires differ by a few terms.

593
594

Figure 2. Vagino-cervical microbiome of the initial study cohort.

595

(A) The microbial composition in each sample at the species level according to

596

MetaPhlAn2 is shown. The samples were hierarchically clustered (R base hcluster

597

function with centroid linkage based on Euclidean distance. Black and blue taxa labels

598

used in legend denote bacteria and viruses, respectively.

599

(B-O) Specific omics factors that shows significant difference among 14 key vaginal

600

microbiota types estimated by GLM likelihood ratio test (p<0.05, 554 comparisons). T

601

test use for post hoc compare. RA stands for relative abundance. The genus in sub-

602

figure (M), (N), (O), (P) belongs to fecal microbiome. Boxes denote the interquartile

603

range (IQR) between the first and third quartiles (25th and 75th percentiles,

604

respectively), and the line inside the boxes denote the median. The whiskers denote the

605

lowest and highest values within 1.5 times the IQR from the first and third quartiles,

606

respectively.

607
608

Figure 3. Factors from female life history questionnaire influencing the vagino-

609

cervical microbiome in the initial study cohort.
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610

Female life history questionnaire entries on the vagino-cervical microbiome, ordered

611

according to their 5-fold cross-validated random forest (RFCV) importance on the

612

microbiome composition. X-axis (length of the bar) is the model performance measured

613

as the spearman’s correlation between the prediction and measurement. First column

614

stars after y-axis label are 999 times permutation p-value, second column stars are BH

615

adjust p-value (32 comparisons), an “+” denotes Q-value <0.1, an asterisk denotes Q-

616

value <0.05, two asterisks denote Q-value <0.01, three asterisks denote Q-value <0.001.

617
618

Figure 4. Vagino-cervical microbiome of 137 current breastfeeding women from

619

two cohorts.

620

The microbial composition in each sample at the species level (A) and kingdom level (B)

621

according to MetaPhlAn2 is shown. The dendrogram in (A) was a result of a centroid

622

linage hierarchical clustering based on Euclidean distances between the microbial

623

composition proportion. The bottom portion of the (A) illustrates months of breastfeeding

624

by the time of sampling for each subject and the source of each sample, and the max

625

marked by red which is 40 months in the bar. Due to months of breastfeeding is only

626

available in the second cohort, the grey bars mean lack of this data. The red, black and

627

blue labels used in legend denote kingdom, bacteria, and viruses, respectively.

628
629

Figure 5. Global view of factors influencing the vagino-cervical microbiome in the

630

initial study cohort.

631

(A) Predicting the vagino-cervical microbiome from each omics and vice versa using

632

stepwise redundancy analysis. Numbers on the straight arrows indicate adjusted R-
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633

squared from vagino-cervical microbiome to omics data; numbers on the curved arrows

634

indicate adjusted R-squared from omics data to vagino-cervical microbiome. (B) Top 8

635

factors in each type of omics that are predicted by the vagino-cervical microbiome. The

636

length of the bars represents RFCV Rcorrelation coefficient between the actual

637

measurements and the values predicted by 5-fold cross-validated random forest models.

638

First column stars after y-axis label are 999 times permutation p-value, second column

639

stars are BH adjust p-value within each omics (4308 comparisons), an “+” denotes Q-

640

value <0.1, an asterisk denotes Q-value <0.05, two asterisks denote Q-value <0.01,

641

three asterisks denote Q-value <0.001.

642
643

Figure 6.

Specific influences from reproductive factors on omics data in the

644

initial study cohort.

645

The factors shown ((A) Marriage; (B) Age at vaginal sexual debut; (C) Pregnancy

646

history; (D) Number of vaginal deliveries; (E) Number of cesarean deliveries; (F) Current

647

breast-feeding; (G) Oral contraceptives; (H) Days since last menstrual bleeding; (I)

648

Dysmenorrhea). The bars are colored according to the type of omics, as in Figure 3The

649

metabolites such as amino acids, hormones and vitamins are measured in plasma, and

650

trace elements are measured in whole blood. The blood biochemistry such as alkaline

651

phosphatase, fasting blood sugar, direct bilirubin, creatinine, total bilirubin, high-density

652

lipoprotein is measured in serum. The length of the bars represents Spearman’s

653

correlation coefficient between the factor and the omics data. A plus sign denotes BH-

654

adjusted P-value <0.1 within each omics (average rank selects 13425 edges from

655

66301 associations, 523 edges for vagino-cervical microbiome, 11775 for fecal
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656

microbiome, 321 for metabolites, 280 for medical test, 70 for physical fitness test, 137

657

for facial skin feature, 319 for lifestyle questionnaire), an asterisk denotes Q-value <0.05,

658

two asterisks denote Q-value <0.01, three asterisks denote Q-value <0.001, four

659

asterisks denote Q-value <0.0001, and five asterisks denote Q-value <0.00001.

660
661

Figure 7. Wisdom of the crowds for the association network between vagino-

662

cervical microbial species and other omics data in the initial study cohort.

663

Results from generalized linear model with penalty (cv. glmnet), random forest (RFCV)

664

and Spearman’s correlation are integrated and then visualized in CytoScape. Red lines,

665

negative associations; cyan lines, positive associations (23385 are vagino-cervical

666

microbiome and other omics, among them, 878 for metabolites, 785 for medical test,

667

216 for physical fitness test, 392 for facial skin feature, 162 for psychological

668

questionnaire, 1096 for lifestyle questionnaire, 19856 for fecal microbiome, adding

669

66301 edges from female life history questionnaire and other omics, total 89828

670

associations ).

671
672
673
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674

STAR METHODS

675

KEY RESOURCES TABLE
REAGENT or RESOURCE
Biological Samples
Cervical samples
Fecal samples
Saliva samples
Blood samples
Critical Commercial Assays
FTA card
MGIEasy sample collection kit
MGIEasy DNA Library Prep Kit
Deposited Data
Raw sequencing data
Software and Algorithms
Metaphlan2
R
randomForest R package
packfor R package
CytoScape
glmnet R package
ggplot2 R package
HUMANn2
pheatmap R package

SOURCE

IDENTIFIER

This paper
This paper
This paper
This paper

N/A
N/A
N/A
N/A

BGI
MGI
MGI

N/A
http://www.mgitech.cn/article/deta
http://www.mgitech.cn/article/deta

This paper

CNGB database accession CNP0

Nicola Segata et al., 2012
R Development Core Team
A. Liaw and M. Wiener et al., 2002
N/A
Paul Shannon et al., 2003
Robert Tibshirani et al., 2010
H. Wickham et al., 2016
Huttenhower C et al., 2018
N/A

https://bitbucket.org/biobakery/me
https://www.r-project.org/
https://CRAN.R-project.org/packa
https://rdrr.io/rforge/packfor/
https://cytoscape.org/
https://CRAN.R-project.org/packa
https://CRAN.R-project.org/pack
https://bitbucket.org/biobakery/hu
https://CRAN.R-project.org/pack

676
677
678

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to, and

679

will fulfilled by, the Lead Contact, Huijue Jia (jiahuijue@genomics.cn).

680
681

EXPERIMENTAL MODEL AND SUBJECT DETAILS

682

Initial Study Cohort

683

As the first time point for the vagino-cervical microbiome of the 4D-SZ cohort, 516

684

volunteers joined between May 2017 and July 2017 during an annual physical

685

examination. Baseline characteristics of the cohort are shown in Table S1A.
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686

The study was approved by the Institutional Review Boards (IRB) at BGI-Shenzhen,

687

and all participants provided written informed consent at enrolment.

688

The Second Cohort

689

An independent cohort of 632 were also recruited between May 2018 and July 2018.

690

2018 data for 4D-SZ volunteers who were already included in the initial cohort would be

691

published in a future study. The process of omics data collection was consistent with the

692

initial cohort. In addition, saliva samples were collected only in this cohort. Baseline

693

characteristics of the cohort are shown in Table S1E.

694

The study was approved by the Institutional Review Boards (IRB) at BGI-Shenzhen,

695

and all participants provided written informed consent before any material was taken.

696

METHODS DETAILS

697

Demographic Data Collection

698

During physical examination, the volunteers received three kinds of online questionnaire.

699

The female life history questionnaire contained pregnancy and delivery history,

700

menstrual phases, sexual activity, contraceptive methods. The lifestyle questionnaire

701

contained age, disease history, eating and exercise habits. The psychological

702

questionnaire contained the evaluation of irritability, dizziness, frustration, fear, appetite,

703

self-confidence, resilience (Table S1A, S1E).

704
705

Samples Collection

706

Cervical samples were collected and smeared in the Flinders Technology Associates

707

(FTA) cards by the doctor during gynecological examination. Fecal samples and saliva

708

samples were self-collected by volunteers. Cervical samples, fecal samples and saliva
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709

samples were stored for metagenomic shotgun sequencing. The overnight fasting blood

710

samples were drawn from a cubital vein of volunteers by the doctors.

711
712

DNA extraction and metagenomic shotgun sequencing

713

DNA extraction of cervical samples and fecal samples was performed as described

714

(Chen et al., 2017; Li et al., 2014). Metagenomic sequencing was done on the BGISEQ-

715

500 platform, which is highly comparable to Illumina HiSeq platforms in metagenomic

716

and other sequencing applications (Fang et al., 2018; Han et al., 2018; Li et al., 2018;

717

Pan et al., 2018). 50bp of singled-end reads for cervical samples collected in the initial

718

study cohort, and on average 208.76 million raw reads were sequenced for each

719

sample (Table S1B); 100bp of singled-end reads for fecal samples collected in the initial

720

study cohort, and on average 85.63 million raw reads were sequenced for each sample

721

(Table S1B); 100bp of paired-end reads for cervical samples, fecal samples and saliva

722

sample collected in the second cohort, and on average 158.91 million raw reads, 75.84

723

million raw reads were sequenced for each cervical sample and saliva sample,

724

respectively (Table S1B). Quality control and alignment to GRCh38 was performed as

725

previously described (Fang et al., 2018; Li et al., 2018).

726
727

UHPLC-MS quantification of amino acids

728

40 µl plasma was deproteinized with 20 µl 10% (w/v) sulfosalicylic acid (Sigma)

729

containing internal standards, then 120 µl aqueous solution was added. After

730

centrifuged, the supernatant was used for analysis. The analysis was performed by ultra

731

high pressure liquid chromatography (UHPLC) coupled to an AB Sciex Qtrap 5500
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732

mass spectrometry (AB Sciex, US) with the electrospray ionization (ESI) source in

733

positive ion mode. A Waters ACQUITY UPLC HSS T3 column (1.8 µm, 2.1 × 100 mm)

734

was used for amino compound separation with a flow rate at 0.5 ml/min and column

735

temperature of 55 °C. The mobile phases were (A) water containing 0.05% and 0.1%

736

formic acid (v/v), (B) acetonitrile containing 0.05% and 0.1% formic acid (v/v). The

737

gradient elution was 2% B kept for 0.5 min, then changed linearly to 10% B during 1

738

min, continued up to 35% B in 2 min, increased to 95% B in 0.1 min and maintained for

739

1.4 min. Multiple Reaction Monitoring (MRM) was used to monitor all amino

740

compounds. The mass parameters were as follows, Curtain gas flow 35 L/min, Collision

741

Gas (CAD) was medium, Ion Source Gas 1 (GS 1) flow 60 l/min, Ion Source Gas 2 (GS

742

2) flow 60 l/min, IonSpray Voltage (IS) 5500V, temperature 600 °C. All amino compound

743

standards were purchased from sigma and Toronto research chemical (TRC).

744
745

UHPLC-MS quantification of Hormones

746

250 µl plasma was diluted with 205 µl aqueous solution, For SPE experiments, HLB

747

(Waters, USA) was activated with 1.0 ml of dichloromethane, acetonitrile, methanol,

748

respectively and was equilibrated with 1.0 ml of water. The pretreated plasma sample

749

was loaded onto the cartridge and was extracted using gravity. Clean up was

750

accomplished by washing the cartridges with 1.0 ml of 25% methanol in water. After

751

drying under vacuum, samples on the cartridges were eluted with 1.0 ml of

752

dichloromethane. The eluted extract was dried under nitrogen and the residual was

753

dissolved with 25% methanol in water and was transferred to an autosampler vial prior

754

to LC–MS/MS analysis. The analysis was performed by UHPLC coupled to an AB Sciex
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755

Qtrap 5500 mass spectrometry (AB Sciex, US) with the atmospheric pressure chemical

756

ionization (APCI) source in positive ion mode. A Phenomone Kinetex C18 column (2.6

757

µm, 2.1 × 50 mm) was used for steroid hormone separation with a flow rate at 0.8

758

ml/min and column temperature of 55 °C. The mobile phases were (A) water containing

759

1mM Ammonium acetate, (B) Methanol containing 1mM Ammonium acetate. The

760

gradient elution was 25% B kept for 0.9min, then changed linearly to 40% B during

761

0.9min, continued up to 70% B in 2 min, increased to 95% B in 0.1 min and maintained

762

for 1.6 min. Multiple Reaction Monitoring (MRM) was used to monitor all steroid

763

hormone compounds. The mass parameters were as follows, Curtain gas flow 35 l/min,

764

Collision Gas (CAD) was medium, Ion Source Gas 1 (GS 1) flow 60 l/min, Ion Source

765

Gas 2 (GS 2) flow 60 l/min, Nebulizer Current (NC) 5, temperature 500 °C. All steroid

766

hormone profiling compound standards were purchased from sigma, Toronto research

767

chemical (TRC), Cerilliant and DR. Ehrenstorfer.

768
769

ICP-MS quantification of trace elements

770

200 µl of whole blood were transferred into a 15 mL polyethylene tube and diluted 1:25

771

with a diluent solution consisting of 0.1% (v/v) Triton X-100, 0.1% (v/v) HNO3,2mg/L AU,

772

and internal standards (20 µg/L). The mixture was sonicated for 10min before ICP-MS

773

analysis. Multi-element determination was performed on an Agilent 7700x ICP-MS

774

(Agilent Technologies, Tokyo, Japan) equipped with an octupole reaction system (ORS)

775

collision/reaction cell technology to minimize spectral interferences. The continuous

776

sample introduction system consisted of an autosampler, a quartz torch with a 2.5-

777

mmdiameter injector with a Shield Torch system, a Scott double-pass spray chamber
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778

and nickel cones (Agilent Technologies, Tokyo, Japan). A glass concentric MicroMist

779

nebuliser (Agilent Technologies, Tokyo, Japan) was used for the analysis of diluted

780

samples.

781
782

UPLC-MS quantification of water-soluble vitamins

783

200 µl plasma were deproteinized with 600 µl methanol (Merck), water, acetic acid

784

(9:1:0.1) containing internal standards, thiamine-(4-methyl-13C-thiazol-5-yl-13C3)

785

hydrochloride (Sigma-Aldrich), levomefolic acid-13C, d3, riboflavin-13C,15N2, 4-

786

pyridoxic acid-d3 and pantothenic acid-13C3,15N hemi calcium salt (Toronto Research

787

Chemicals). 500 µl supernatant were dried by nitrogen flow. 60 µl water were added to

788

the residues, vortexed, the mixture was centrifuged and the supernatant was for

789

analysis. The analysis was performed by UPLC coupled to a Waters Xevo TQ-S Triple

790

Quad mass spectrometry (Waters, USA) with the electrospray ionization (ESI) source in

791

positive ion mode. A Waters ACQUITY UPLC HSS T3 column (1.7 µm, 2.1 × 50 mm)

792

was used for water-soluble vitamins separation with a flow rate at 0.45 ml/min and

793

column temperature of 45 °C. The mobile phases were (A) 0.1 % formic acid in water,

794

(B) 0.1% formic acid in methanol. The following elution gradient was used: 0–1

795

min,99.0%–99.0% A; 1–1.5 min, 99.0% A–97.0% A; 1.5–2 min, 97.0% A–70.0% A,2–

796

3.5 min, 70% A–30% A; 3.5–4.0 min, 30%A–10.0%A; 4.0–4.8 min, 10%A–10.0%A; 4.9–

797

6.0 min, 99.0%A–99.0%A. Multiple Reaction Monitoring (MRM) was used to monitor all

798

water-soluble vitamins. The mass parameters were as follows, the capillary voltages of

799

3000V and source temperature of 150°C were adopted. The desolvation temperature

800

was 500°C. The collision gas flow was set at 0.10 ml/min. The cone gas and
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801

desolvation gas flow were 150 l/h and 1000 l/h, respectively. All water-soluble vitamins

802

standards were purchased from Sigma-Aldrich (USA).

803
804

UPLC-MS quantification of fat-soluble vitamins

805

250 µl plasma were deproteinized with 1000 µl methanol and acetonitrile, (v/v,1:1)

806

(Fisher Chemical) containing internal standards, all-trans-Retinol-d5, 25-

807

HydroxyVitamin-D2-d6, 25-HydroxyVitamin-D3-d6, vitamin K1-d7, α-Tocopherol-d6

808

(Toronto Research Chemicals). 900 µl supernatant were dried by nitrogen flow. 80 µl

809

80% acetonitrile were added to the residues, vortexed, the mixture was centrifuged, and

810

the supernatant was used for analysis. The analysis was performed by UPLC coupled

811

to an AB Sciex Qtrap 4500 mass spectrometry (AB Sciex, USA) with the atmospheric

812

pressure chemical ionization (APCI) source in positive ion mode. A Waters ACQUITY

813

UPLC BEH C18 column (1.7 µm, 2.1 × 50 mm) was used for fat-soluble vitamins

814

separation with a flow rate at 0.50 ml/min and column temperature of 45 °C. The mobile

815

phases were (A) 0.1 % formic acid in water, (B) 0.1% formic acid in acetonitrile. The

816

following elution gradient was used: 0–0.5 min,60.0%–60.0% A; 0.5–1.5 min, 60.0% A–

817

20.0% A; 1.5–2.5 min, 20.0% A–0% A,2.5–4.5 min, 0% A–0% A; 4.5–4.6 min, 0%A–

818

60.0%A; 4.6–5.0 min, 60.0%A–60.0%A. Multiple Reaction Monitoring (MRM) was used

819

to monitor all fat-soluble vitamins. The mass parameters were as follows, Curtain gas

820

flow 30 l/min, Collision Gas (CAD) was medium, Ion Source Gas 1 (GS 1) flow 40 l/min,

821

Ion Source Gas 2 (GS 2) flow 50 l/min, Nebulizer Current (NC) 5, temperature 400 °C.

822

All fat-soluble vitamins standards were purchased from Sigma-Aldrich (USA), Toronto

823

research chemical (TRC).
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824
825

Sequencing of the TCRβ CDR3 immune repertoire

826

10 ml whole blood was centrifuged at 3,000 r/min for 10 min, then 165 µl buffy coat

827

were obtained to extract DNA using MagPure Buffy Coat DNA Midi KF Kit (Magen,

828

China). The DNA was sequenced on the BGISEQ- 500 platform using 200 bp singled-

829

end reads. The data processing was performed using Immune IMonitor (Zhang et al.,

830

2015a).

831
832

Medical Parameters

833

All the volunteers were recruited during the physical examination. The medical test

834

including blood tests, urinalysis, routine examination of cervical secretion. All the

835

medical parameters were measured by the physical examination center and shown in

836

Table S1A and Table S1E.

837
838

Facial skin features

839

The volunteers were required to clean their face without makeup after they got up in the

840

morning. The volunteer's frontal face was photographed by VISIA-CRTM imaging

841

system (Canfield Scientific, Fairfield, NJ, USA) equipped with chin supports and

842

forehead clamps that fix the face during the photographing process and maintain a fixed

843

distance between the volunteers and the camera at all times. Eight indices were

844

obtained including spots, pores, wrinkles, texture, UV spots, porphyrins, brown spots

845

and red area from the cheek and forehead, respectively (Table S1A, S1E). The
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846

percentile of index was calculated based on the index value ranked in the age-matched

847

database (Table S1A, S1E). The higher the percentile of index, the better the facial skin

848

appears.

849
850

Physical fitness test

851

8 kinds of tests were performed to evaluate volunteers’ physical fitness condition (Table

852

S1A, S1E). Vital capacity was measured by HK6800-FH (Hengkangjiaye, China).

853

Single-legged stance with eyes closed was measured by HK6800-ZL. Choice reaction

854

time was measured by HK6800-FY. Grip strength was measured by HK6800-WL. Sit

855

and reach was measured by HK6800-TQ. Sit-ups was measured by HK6800-YW. Step

856

index was measured by HK6800-TJ. Vertical jump was measured by HK6800-ZT. We

857

got a measure value from each test. Then each measure value score was assigned

858

grades A through E based on its corresponding age-matched database.

859
860

QUANTIFICATION AND STATISTICAL ANALYSIS

861

Quality control, Taxonomic annotation and abundance calculation

862

The sequencing reads of fecal samples and saliva samples were quality-controlled and

863

then aligned to hg19 to remove human reads as described previously(Fang et al.,

864

2018). Stringent condition for removal of host sequences was used for cervical

865

samples(Li et al., 2018), through alignment to the GRCh38 reference.

866

Taxonomic assignment of the high-quality cervical metagenomic data and saliva

867

metagenomic data were performed using MetaPhlAn2(Segata et al., 2012).
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868

Taxonomic assignment of the high-quality fecal metagenomic data was performed using

869

the reference gene catalog comprising 9,879,896 genes(Li et al., 2014). Taxonomy of

870

the fecal MLGs/MGSs were then determined from their constituent genes, as previously

871

described(Moll1 et al., 2019; Nielsen et al., 2014; Qin et al., 2012; Wang and Jia, 2016).

872
873

Random-forest on the influence of female life history factors

874

The factors in female life history questionnaire were fitted against the relative

875

abundances of metaphlan2 profile (found in at least 10% of the samples) in the cervical

876

samples using default parameters in the RFCV regression function from randomForest

877

package in R. Female life history factors are dummy variables such as pregnancy

878

history (yes, no) or frequency variables such as number of caesarean section (0, 1, 2),

879

except age is continue variables, see table S1A. In addition to comparing the predict

880

power across factors, we use regression model instead of classification model here.

881

Spearman’s correlation between measured value and 5-fold cross-validation predicted

882

value was calculated as model performance metric, then rank the key predictable

883

factors. P-value was done using 999 permutation test.

884
885

The global effect size between vagino-cervical microbiome and omics data.

886

To evaluate the combined effect size of vagino-cervical microbiome on omics data, we

887

used forward stepwise redundancy analysis of omics data lists on the relative

888

abundances of metaphlan2 profile in forward.sel function in the packfor package in R.

889

This analysis provided a global versus global association between any two omics
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890

datasets that maximize the associations by use the most predict power non-redundant

891

predictors.

892
893

The factors in each type of omics predicted by vagino-cervical microbiome

894

The factors in each type of omics were fitted against the relative abundances of

895

metaphlan2 profile (found in at least 10% of the samples) in the cervical samples using

896

default parameters in the RFCV regression function from randomForest package in R.

897

Omics data are mix of dummy variables and continue variables, see table S1A. In

898

addition to comparing the predict power across factors, we use regression model

899

instead of classification model here. Spearman’s correlation between measured value

900

and 5-fold cross-validation predicted value was calculated as model performance

901

metric, then rank the top 8 predictable factors in each type. P-value was done using 999

902

permutation test,

903
904

Transformation of metagenomics profile for composition data analysis

905

Vaginal cervical relative abundance profile was composition data, so we adopt arcsin

906

sqrt-transformation to make it resemble continuous for the downstream analysis

907

(implemented in MaAsLin software, Morgan et al 2012).

908
909
910

Wisdom of crowds for robust network construction between vagino-cervical
microbial species and other omics data

911

A new multi-omics analyses method (Marbach et al., 2012) was used to integrated

912

coefficient of linear regression, variance importance from randomForest and
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913

Spearman’s correlation to construct omics flux networks and then visualized in

914

CytoScape. The details are as indicated:

915

Step 1: Data processing. All categorical variables in other omics data were converted

916

into continuous variables, and nominal variables were converted into dummy variables.

917

Missing values were filled with median, the samples which contained more than 70%

918

missing variables were removed. The microbial species less than10% in all the samples

919

were also removed. Removed near zero variable variables. For linear models, variables

920

were normalized. Outliers were defined as outside of the 95% quartiles and removed.

921

Step 2: Method implementation. Random forest variable importance was used to

922

identify the most important predictor variables(Louppe et al., 2013). RFCV regression

923

function from randomForest package in R with default parameter was used to get the 5-

924

fold average variable importance. We calculated the Spearman’s correlation with the

925

cor.test function in base R software. For linear regression, we considered penalty

926

regression to overcome the sparse and co-linear problem, cv.glmnet function from

927

glmnet package in R was first used to figure out the best lambda parameter,

928

bootstrapping glmnet with 0.632 re-sampling was performed 100 times, then we

929

obtained the best lambda.

930

Step 3: Construction of robust networks. We kept first 5 average ranks for each target

931

variable and retained edges with Spearman’s correlation Q-value <0.1. Then ggplot

932

package in R was used to make barplot for some representative female life history

933

factors (Figure 6). CytoScape was also used to visualize the omics network (Figure 7).

934

The second cohort was analyzed using the same statistical method. Combining P-value

935

is computed using Edgington method from metap package in R. Benjamini and
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936

Hochberg methods were used to adjust the multiple test P-value. The correlation is

937

identified based on BH-adjusted P-value <0.1 when the similar microbial distribution

938

pattern shown in the initial study cohort and the second cohort.

939

Association between microbiome pathways and other omics

940

Pathway profile was calculated from the vagino-cervical metagenomic data using

941

humann2. Spearman’s correlation was calculated between the relative abundance of

942

each pathway and other numerical data collected. R package heatmap were used for

943

visualization. Q-value <0.1 was considered as significant.

944
945
946

DATA AND SOFTWARE AVAILABILITY
Metagenomic sequencing data for all samples have been deposited to the (CNGB)

947

database under the accession code CNP0000287.

948

41
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including:
the initial study cohort: 516 individuals
the second cohort: 632 individuals

13 hormones (plasma)

Metabolites

9 vitamins (plasma)
9 trace elements (whole blood)

Immune indices

Saliva microbiome

622 immune indices (buffy coat)

(only in the second cohort)

Blood biochemistry: alkaline phosphatase,
fasting blood sugar, bilirubin, globulin, HDL,
LDL, creatinine (serum)

1

Medical test

BMI, chest circumference, uric acid, leucorrhea cleanliness

Fecal microbiome

Vagino-cervical microbiome

Physical fitness test

vital capacity
grip strength
sit and reach
sit-ups
step index
vertical jump
choice reaction time
single-legged stance with eyes closed

3 kinds of questionnaires
Shotgun metagenomics

Female life history questionnaire
Lifestyle questionnaire
Psychological questionnaire

Facial skin feature
spots
pores
wrinkles
texture
UV spots
porphyrins
brown spots
red area

A 80
60
40
20
0
100%

Relative abundance

80%
60%
40%
20%
0%
Lactobacillus crispatus

Gardnerella vaginalis

Lactobacillus sp. 7_1_47FAA

Atopobium vaginae

Lactobacillus jensenii

Bifidobacterium breve

Lactobacillus gasseri

Lactobacillus johnsonii

Streptococcus anginosus

Streptococcus agalactiae

Chlamydia trachomatis

Prevotella bivia

Torque teno virus

Alloscardovia omnicolens

Prevotella amnii

Bifidobacterium dentium

Escherichia coli

Bifidobacterium bifidum

Lactobacillus delbrueckii

Bifidobacterium longum

Prevotella timonensis

Alphapapillomavirus 10

Influenza A virus

Lactobacillus amylovorus

Streptococcus pasteurianus

Megasphaera genomosp type 1

Haemophilus influenzae

Others

0.66

0.098

0.49

1

0.67

6

0.28
0.83
0.8
0.75

H

0.32

17α-hydroxyprogesterone
0.88

0.97

0.56

0.2
0.0

0.56

6

0.93
0.75
0.93
0.043

0.68
0.87

4
2

0.73

0.81

M

Percentile of cheek spots
0.00053

0.41

100

0.3
0.66
0.91
0.74

%

0.031

0.07

%

0.35
0.57
0.56
0.7

0.6

0.71
0.83
0.71
0.02

0.46

0.71

0.4
0.2

N

0.88

0.99

0.13

100

0.62
0.89
0.99
0.92

0.83
0.76
0.79
0.53
0.26

0.75

0.2

0.98

0.1

0.49

2

K

Haemophilus
0.0049

−2

0.56
0.2
0.086
0.99

0.24
0.00024
0.013

−3
−4
−5
−6

Percentile of cheek pores
0.33

0.75

100
50

0

0

0

0

Lactobacillus iners (117)

0.42
0.24

4

0.97

0.4

0.24

0.86

6

0.011

0.6

O

0.034

8

0

Testosterone

50

Atopobium vaginae (11)

0.44

100

50

Lactobacillus gasseri (15)

0.19

0.74

200

J

Creatine
0.45

300

50

Lactobacillus crispatus (127)

0.34
0.42
0.77
0.59

F

0.46

0.0

Percentile of cheek UV spots

0.47

400

0.94

0.0

0

Percentile of forehead red area

100

I

0.76

0.4

L

0.32

Aldosterone

Content (ng/mL)

0.35

0.6

0.0028
0.31
0.048
2.9e−05

2

0

Content (ng/mL)

value

0.2

4

Homocysteine

Proline
0.85

0.076

10
0

Content (μmol/L)

0.82

0.85
0.84
0.13

E

0.74

20

G

Number of pregnancy

Content (μmol/L)

0.93

D

Ln (RA)

Marriage
0.28

Content (μmol/L)

30

0.2
0.0019
0.00026
0.00028

C

%

Age (years)

0.5

Content (ng/mL)

Age at vaginal sexual debut

0.43
0.66
0.53
0.95

0.41
0.92

%

B

Lactobacillus iners

Gardnerella vaginalis (99)

Bifidobacterium breve (17)

Lactobacillus sp. 7_1_47FAA (23)

Lactobacillus jensenii (15)

Lactobacillus johnsonii (8)

Streptococcus anginosus (7)

Chlamydia trachomatis (6)

Diverse (39)

Pregnancy history (***/***)
Marriage (***/***)
Number of pregnancy (***/***)
Number of vaginal deliveries (***/***)
Frequency of oral contraceptive (*/-)
Age at vaginal sexual debut (***/***)
Age at marriage (**/*)
Current breast-feeding (*/*)
Age at last pregnancy (*/-)
Number of caesarean section (*/+)
Age at first pregnancy (-/-)
Frequency of sexual activity (-/-)
Antibiotics within 1 month (-/-)
Oral contraceptives (-/-)
Probiotics within 1 month (*/-)
Dysmenorrhea (-/-)
Number of spontaneous abortion (-/-)
Condom (-/-)
Self-reported bacterial vaginosis (-/-)
Days since last menstrual bleeding (-/-)
Menstrual regularity (-/-)
Herbal medicine within 1 month (-/-)
Menstrual blood volume (-/-)
Self-reported cervicitis (-/-)
Vaginal douching within 1 month (-/-)
Sexual intercourse within 24 hours (-/-)
Age at menarche (-/-)
Menstrual period (-/-)
HPV vaccine (-/-)
Menstrual cycle (-/-)
Number of abortion (-/-)
Self-reported vulvovaginal candidiasis (-/-)

0.0

0.1

0.2

RFCV R

0.3

A

80
60
40

0

100%

Relative Abundance

20

80%
60%
40%
20%

Cohort

B

the initial study cohort
the second cohort
100%

Months of Breastfeeding
NA

40

30
24
18
12
6
2

Relative Abundance

0

0

Volunteers

k__Bacteria

k__Viruses

k__Eukaryota

k__Archaea

Gardnerella vaginalis

Lactobacillus iners

Lactobacillus crispatus

Cyclovirus NGchicken15 NGA 2009

Atopobium vaginae

Lactobacillus sp 7 1 47FAA

Bifidobacterium breve

Streptococcus agalactiae

Pepper vein yellows virus

Lactobacillus gasseri

Lactobacillus jensenii

Prevotella bivia

Streptococcus anginosus

Escherichia coli

Lactobacillus johnsonii

Lactobacillus delbrueckii

Bifidobacterium bifidum

Prevotella timonensis

Streptococcus pasteurianus

Chlamydia trachomatis

Influenza A virus

Staphylococcus aureus

Bifidobacterium dentium

Begomovirus associated DNA III

Enterobacteria phage lambda

Malvastrum leaf curl Philippines betasatellite

Ureaplasma urealyticum

Torque teno virus 28

Anaerococcus lactolyticus

Ralstonia unclassified

Bifidobacterium longum

Alphapapillomavirus 14

Porphyromonas bennonis

Tomato yellow leaf curl China betasatellite

Prevotella disiens

Torque teno virus

Ureaplasma unclassified

Pseudomonas stutzeri

Prevotella amnii

Pseudomonas unclassified

Mycoplasma hominis

Rothia mucilaginosa

others

A

B

0.3

0.2

0.1

0.0

Age (***/***)
Milk frequency (−/−)
Origin (−/−)
Marital status (−/−)
Exercise frequency (−/−)
Source of stress from family (−/−)
Sub-health performance (fatigue) (*/−)
Female life
Cheek spots (*/−)
Metabolites
history questionnaire
Cheek pores score (*/−)
Forehead brown spots score (**/−)
0.011
Forehead red area score (*/−)
0.023
Cheek porphyrins (−/−)
0.005
0.130 0.022 Physical
Psychological
Cheek UV spots score (−/−)
fitness
test
questionnaire
Forehead pores (*/−)
0.009
Percentile of forehead red area (*/−)
0.046
0.014
Negative emotion (depression) assessment score (*/−)
0.001
Percentile of mental summary in population (**/*)
Vagino-cervical
Fecal
Sleep diet assessment score (−/−)
0.002
0.003
microbiome
Medical test
microbiome
Negative emotion (terror) assessment score (*/−)
Mental emotion total score (−/−)
0.004
Toughness assessment score (−/−)
0.049
0.009
Percentile of mental elasticity score in population (*/−)
0.008
0.030 0.003
Psychological elasticity total score (−/−)
0.020
Vertical jump (*/−)
Lifestyle
Facial skin
Sit−ups
score (*/−)
questionnaire
feature
National physique comprehensive score (−/−)
Phosphoserine (μmol/L) (***/***)
L-homocitrulline (μmol/L) (**/+)
Immune indices
Testosterone (ng/mL) (**/+)
Carnosine (μmol/L) (**/−)
3-methylhistidine (μmol/L) (*/−)
Dehydroepiandrosterone (ng/mL) (**/+)
Sarcosine (μmol/L) (*/−)
α-Aminobutyric acid (μmol/L) (−/−)
TRBV2_TRBJ1−3 (**/−)
TRBV7−7_TRBJ1−2 (***/***)
TRBV13_TRBJ2−3 (**/−)
TRBV18_TRBJ1−5 (**/−)
TRBV6−1_TRBJ2−6 (**/−)
TRBV10−1_TRBJ2−2 (**/−)
TRBV4−1_TRBJ1−4 (**/−)
TRBV7−6_TRBJ1−3 (**/−)
Albumin (g/L) (**/−)
Low density lipoprotein (mmol/L) (**/−)
Weight (kg) (*/−)
BMI (*/−)
Waistline (cm) (−/−)
Creatinine (μmol/L) (−/−)
Red blood cell count (T/L) (−/−)
Total body moisture (L) (−/−)
Lactobacillus−crispatus−MV−1A−US_mlg96777 (***/***)
Unclassified_mlg249318 (**/−)
Blautia−hydrogenotrophica−DSM−10507_mlg117067 (**/−)
Intestinimonas_butyriciproducens_strain_AF211−mgs0172 (*/−）
Unclassified_mlg868 (**/−)
mgs0892 (**/−)
Unclassified_mlg84523 (−/−)
Pregnancy history (***/***)
Marriage (***/***)
Number of pregnancy (***/***)
Number of vaginal deliveries (***/***)
Frequency of oral contraceptive (*/−)
Age at vaginal sexual debut (***/***)
Age at marriage (**/*)
Current breast-feeding (*/*)
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Age
Source of stress from family
Exercise regularity
***
Marital status *****
Cheek porphyrins
Percentile of cheek spots
Forehead porphyrins
Cheek porphyrins score
Percentile of cheek brown spots
Reaction time (s)
Sit-ups
***
25-Hydroxy vitamin D3 (ng/mL)
Dhydroepiandrosterone (ng/mL)
*
Methionine (μmol/L)
**
Androstenedione (ng/mL)
***
Testosterone (ng/mL)
*****
Alkaline phosphatase (U/L)
Fasting blood sugar (mmol/L)
Direct bilirubin (μmol/L)
Waist–hip ratio
Creatinine (μmol/L)
*
Lachnospiraceae−mgs0164
Adlercreutzia_equolifaciens−mgs1330
Streptococcus_salivarius−mgs0906
Blautia−mgs1291
Blautia−mgs0130
c__Bacilli
*****
p__Firmicutes
*****
o__Lactobacillales
*****
f__Lactobacillaceae
*****
s__Lactobacillus_crispatus
*****
s__Lactobacillus_crispatus_t__Lactobacillus_crispatus_unclassified
*****
g__Lactobacillus
*****
s__Bartonella_unclassified
*****
g__Bartonella
*****
f__Bartonellaceae
*****
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Age
Source of stress from family
Marital status
Source of stress from emotion
Cheek porphyrins
Cheek spots
Forehead porphyrins
Cheek UV spots
Forehead UV spots
Psychiatric assessment score
Choice reaction time score
Grip strength (kg)
Single-legged stance with eyes closed score
Sit and reach (cm)
25-hydroxy vitamin D (ng/mL)
25-hydroxy vitamin D3 (ng/mL)
Dehydroepiandrosterone (ng/mL)
Testosterone (ng/mL)
Waist−hip ratio
Waistline (cm)
Chest circumference (cm)
BMI
Creatinine (μmol/L)
Prevotella copri−mgs1172
Veillonella tobetsuensis−mgs1162
Weissella confusa−mgs0469
Holdemania massiliensis−mgs0292
Oscillibacter sp. KLE 1745−mgs0204
f__Lactobacillaceae
g__Lactobacillus
f__Bartonellaceae
s__Comamonas_testosteroni_t__Comamonas_testosteroni_unclassified
s__Comamonas_testosteroni
s__Acinetobacter_unclassified
g__Acinetobacter
f__Moraxellaceae
s__Lactobacillus_crispatus_t__Lactobacillus_crispatus_unclassified
s__Lactobacillus_crispatus

D

*****

*****

***
***

**
**

***
**
**
*

*

***
***
*****
*****
*****
*****
*****
*****
*****
*****

−1

−0.5

0.0

0.5

E

Number of vaginal deliveries

*
*
+
*

***
*

**
**
**
**
***
***
***
***
0.0

0.2

-0.2

Fecal microbiome

*
**
**
**
+

*
+
*
**
**
**
*
+

*****
*****
*****
*****
*****
*****
*****
*****
*****
*****

−0.25

0.00

0.25

H

*
+
+
+

0.0

**
*
*

−0.4

0.2

Medical test

Metabolites

Physical fitness test

−0.6 −0.3

*****

***
**

**

*
**
*
*

0.0

0.3

Current breast-feeding

Source of stress from family
Favor salty food
Working strength
Percentile of forehead porphyrins
Forehead texture
Forehead pores
Forehead texture score
Forehead pores score
Single-legged stance with eyes closed (s)
Single-legged stance with eyes closed score
Sit−ups score
Lead (Pb) (μg/L)
25-hydroxy vitamin D (ng/mL)
25-Hydroxy vitamin D3 (ng/mL)
Menstrual cycle (d)
Progesterone (ng/mL)
Alkaline phosphatase (U/L)
Hematocrit (L/L)
High-density lipoprotein (mmol/L)
Chest circumference (cm)
Creatinine (μmol/L)
Clostridia−mgs0062
Oscillibacter_sp._ER4−mgs1340
Oscillibacter_sp._ER4−mgs1040
Clostridia−mgs0123
Christensenellales−mgs0056
p__Actinobacteria
c__Actinobacteria
s__Lactobacillus_iners_t__Lactobacillus_iners_unclassified
c__Bacilli
p__Firmicutes
o__Lactobacillales
f__Lactobacillaceae
s__Lactobacillus_iners
s__Lactobacillus_crispatus_t__Lactobacillus_crispatus_unclassified
g__Lactobacillus

**
*
+
**

+

*
*
*

0.0

+

**
**
*

0.0

I

***

+
**

+
+
**

***
***
***

**
***

*****
**
+

**

*
***
***
***
***
**
***
***
-0.3

0.2

Days since last menstrual bleeding

Favor sweet food
Fruit and vegetable intake per dose
Stay up late sleeps after 0:00 a.m.
Cheek brown spots score
Cheek red area score
Percentile of cheek pores
Cheek red area
Sit-ups
17α-hydroxyprogesterone (ng/mL)
Menstrual cycle (d)
Progesterone (ng/mL)
Threonine (μmol/L) *****
Arginine (μmol/L) *****
Monocytes (g/L)
Total neutrophils (g/L)
White blood cell count (g/L)
High-density lipoprotein (mmol/L)
+
Lymphocytes (%)
**
Bacteria−mgs0019
Oscillospiraceae−mgs0189
Eisenbergiella_tayi−mgs1385
Bifidobacterium_longum−mgs0625
Bacteroides_fragilis−mgs0079
o__Actinomycetales
p__Actinobacteria
c__Actinobacteria
g__Propionibacteriaceae_unclassified
f__Propionibacteriaceae
f__Actinomycetaceae
f__Comamonadaceae
p__Tenericutes
s__Lactobacillus_iners_t__Lactobacillus_iners_unclassified
+
s__Lactobacillus_iners
*

F

*****

*****

**

*

0.50

Number of cesarean deliveries

−0.2

Oral contraceptives

Sub-health performance (leg-edema)
Sub-health performance (fatigue)
Favor oily food
Exercise frequency
Percentile of cheek texture
Forehead porphyrins
Cheek spots
+
Cheek pores
Cheek porescore
Negative emotion (terror) assessment score
Mental emotion total score
Negative emotion (anxiety) assessment score
Percentile of mental summary in population
Percentile of mental symptoms total score in population
Sit and reach score
Single-legged stance with eyes closed (s)
L-homocitrulline (μmol/L)
Taurine (μmol/L)
Mercury (Hg) (μg/L)
Valine (μmol/L)
Glutamic acid (μmol/L)
+
Waist–hip ratio
Waistline (cm) **
Chest circumference (cm) *
Body fat (kg) *
Weight (kg)
*
Coprococcus_sp._HPP0074−mgs0232
Faecalibacterium_prausnitzii−mgs0328
Roseburia_intestinalis−mgs0158
Holdemania_massiliensis−mgs0292
Faecalibacterium_prausnitzii−mgs0238
s__Comamonas_unclassified
s__Ureaplasma_parvum_t__Ureaplasma_parvum_unclassified
s__Ureaplasma_parvum
g__Ureaplasma
f__Mycoplasmataceae
c__Mollicutes
p__Tenericutes
c__Bacilli
o__Lactobacillales
f__Lactobacillaceae

*****

Age
Fruit and vegetable intake per dose
+
Dietary structure
Source of stress from health
+
Marital status *****
Cheek porphyrins
Cheek UV spots
Forehead UV spots
Cheek spots
Cheek pores
Negative emotion (depression) assessment score
Compulsive symptom assessment score
Sit and reach (cm)
Tryptophan (μmol/L)
*
Threonine (μmol/L)
**
Methionine (μmol/L)
**
Androstenedione (ng/mL)
**
Testosterone (ng/mL) ***
Total neutrophils (g/L)
+
White blood cell count (g/L)
*
Waistline (cm)
Total lymphocyte count (g/L)
*
Leucorrhea routine summary
*
Haemophilus_parainfluenzae−mgs0101
Faecalibacterium_prausnitzii−mgs0432
Dorea_longicatena−mgs0294
Ruminococcus_lactaris−mgs0445
Blautia−mgs0130
o__Actinomycetales
p__Actinobacteria
c__Actinobacteria
c__Bacilli
*
p__Firmicutes
*
o__Lactobacillales
*
f__Lactobacillaceae
**
s__Lactobacillus_crispatus
***
s__Lactobacillus_crispatus_t__Lactobacillus_crispatus_unclassified
***
g__Lactobacillus
**

+

−0.2

Vagino-cervical microbiome

Age
Sub-health performance (urinary-frequency)
Drinking situation
Exercise strength
Cheek spots
Cheek pores
Cheek porphyrins score
Forehead wrinkles
Forehead brown spots score
Choice reaction time score
Ornithine (μmol/L)
Tetrahydrofolate (ng/mL)
Hydrocortisone (ng/mL)
Tryptophan (μmol/L)
RDW-CV (%)
RDW-SD (fL)
Average platelet volume (fL)
Lymphocytes (%)
Monocytes (%)
Oscillospiraceae−mgs0502
Lachnospiraceae−mgs0996
Roseburia_faecis−mgs0299
Alistipes_obesi−mgs0342
Bilophila_wadsworthia−mgs0061
p__Actinobacteria
c__Actinobacteria
o__Bifidobacteriales
f__Bifidobacteriaceae
s__Lactobacillus_crispatus
g__Lactobacillus
f__Lactobacillaceae
p__Firmicutes
o__Lactobacillales
c__Bacilli

*****
***
***
***
**

***

Nap−habit
Cheek brown spots score
Percentile of forehead porphyrins
Percentile of cheek brown spots
Negative emotion (depression) assessment score
Compulsive symptom assessment score
Negative emotion (paranoid) assessment score
National physique comprehensive score
Single-legged stance with eyes closed (s)
17α-hydroxyprogesterone (ng/mL)
Menstrual cycle (d)
Progesterone (ng/mL)
11-deoxycorticosterone (ng/mL)
Cortisone (ng/mL)
Alkaline phosphatase (U/L)
Total bilirubin (μmol/L)
Indirect bilirubin (μmol/L)
Neutrophils (%)
Monocytes (%)
Lachnospiraceae−mgs0164
Lachnospiraceae−mgs0587
Oscillospiraceae−mgs0422
Clostridia−mgs1503
Coprobacillus_sp._3_3_56FAA−mgs0084
o__Viruses_noname
c__Viruses_noname
p__Firmicutes
f__Lactobacillaceae
s__Lactobacillus_crispatus
p__Proteobacteria
c__Alphaproteobacteria
o__Rhizobiales
s__Bartonella_unclassified
g__Bartonella

G

*****

***

+
+

0.0

0.6

0.9

Dysmenorrhea

High sugar and high fat food intake frequency
Favor hot food
Drinking situation
Mental stress
Favor plain food
*
Forehead porphyrins
Forehead spots
Cheek porphyrins score
Percentile of cheek brown spots
Percentile of forehead red area
Negative emotion (terror) assessment score
Mental emotion total score
*****
Negative emotion (anxiety) assessment score
*****
Negative emotion (interpersonal sensitivity ) assessment score
*****
Negative emotion (depression) assessment score
Comprehensive score of physical fitness test
Vitamin B5 (ng/mL)
Vitamin A (ng/mL)
Tetrahydrofolate (ng/mL)
+
Histidine (μmol/L)
Threonine (μmol/L) *
Platelet count (g/L)
Total body moisture (L)
Red blood cell count (T/L)
BMI
+
Eubacterium_hallii−mgs0654
Christensenellales−mgs0411
Cloacibacillus_porcorum−mgs0124
Bacteroides−mgs1425
Ruminococcus_callidus−mgs0497
o__Pseudomonadales
g__Acinetobacter
f__Moraxellaceae
s__Propionibacterium_acnes_t__Propionibacterium_acnes_unclassified
s__Propionibacterium_acnes
g__Propionibacterium
s__Lactobacillus_iners_t__Lactobacillus_iners_unclassified
p__Firmicutes
s__Lactobacillus_crispatus
s__Lactobacillus_crispatus_t__Lactobacillus_crispatus_unclassified
0.4

Psychological questionnaire

0.3

−0.1

Facial skin feature

*
*

+

*
*
*

+
+
+
0.0

0.1

0.2

Lifestyle questionnaire

s__Dialister_micraerophilus

Menstrual period

s__Prevotella_timonensis
s__Propionibacterium_acnes

s__Streptococcus_agalactiae
s__Prevotella_buccalis

s__Lactobacillus_sp_7_1_47FAA

Negative emotion (depression)
assessment score
Sleep diet assessment score

Menstrual blood volume

Number of vaginal deliveries
Sub-health performance (alopecia)
Age
Negative emotion (enmity)
assessment score

Self-reported bacterial vaginosis
Origin West China
s__Gardnerella_vaginalis

Frequency of oral contraceptive
s__Torque_teno_virus

Toughness assessment score
Percentile of mental summary in
population

Cheek wrinkles

Vitamin E (ng/mL)

Antibiotics within 1 month

White blood cell count (g/L)

Average platelet volume (fL)
Mercury (Hg) (µg/L)
Alanine (µmol/L)

s__Escherichia_coli

Corticosterone (ng/mL)

Number of pregnancy
Platelet distribution width (fL)
Forehead brown spots

Hydrocortisone (ng/mL)

Inbody score

s__Escherichia_unclassified

s__Atopobium_vaginae

s__Prevotella_bivia_t__Prevotella_bivia_unclassified

s__Comamonas_unclassified

Forehead texture score

s__Ureaplasma_parvum

Percentile of cheek porphyrins

Vitamin A (ng/mL)

s__Lactobacillus_vaginalis
Forehead pores score

s__Lactobacillus_johnsonii

Condom
Percentile of forehead texture

Serine (µmol/L)

Sarcosine (µmol/L)

Percentile of forehead porphyrins

17α-hydroxyprogesterone (ng/mL)

s__Weissella_unclassified

Menstrual regularity

Current breast-feeding
s__Lactobacillus_gasseri
Number of spontaneous abortion
Threonine (µmol/L)

Cheek texture score

s__Lactobacillus_iners Percentile of forehead wrinkles

L-homocitrulline (µmol/L)

Oral contraceptives

Alanine aminotransferase (U/L)

Cheek texture

11-deoxycortisol (ng/mL)

Average RBC volume (fL)
Mean corpuscular hemoglobin (pg)

Vaginal douching within 1 month

Forehead pores

HPV vaccine

Glycine (µmol/L)
Pregnancy history

Marriage

s__Lactobacillus_jensenii

Aldosterone (ng/mL)
Days since last menstrual bleeding

Progesterone (ng/mL)

s__Comamonas_testosteroni
s__Pseudomonas_unclassified

Source of stress from family

Dysmenorrhea

11-deoxycorticosterone (ng/mL)
s__Lactobacillus_crispatus
Menstrual cycle (d)

Age at vaginal sexual debut
Lactobacillus crispatus
MV-1A-US_mlg96777

β-alanine (µmol/L)
Alkaline phosphatase (U/L)

Percentile of forehead UV spots

Lactobacillus crispatus
125-2-CHN_mlg15748

Forehead UV spots core
Forehead UV spots
Percentile of cheek UV spots

Vagino-cervical microbiome

Probiotics within 1 month

Leucorrhea routine summary

Number of caesarean section

Metabolites

Facial skin feature

