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18 Abstract

19 The vaginal microbiota plays a key role in female fertility, yet its interaction with diet and 

20 lifestyle remains unclear. In this study, we aimed to assess the influence of the 

21 Mediterranean diet (MD) adherence and the vaginal microbial profile on pregnancy 

22 outcomes in females undergoing artificial insemination (AI). Vaginal swabs from 104 

23 participants were analysed using amplicon-based sequencing to assess microbial 

24 diversity and composition in relation to pregnancy status and MD adherence. The overall 

25 pregnancy rate following artificial insemination was 23.07% (8.65% resulted in 

26 pregnancy loss before reaching full term). Dominant species clustered by CSTs, with CST 

27 II–V showing typical Lactobacillus dominance, whereas CST IV-B was enriched in G. 

28 vaginalis and A. vaginae. Importantly, all CST IV-B women failed to achieve pregnancy, 

29 and only a minority of CST V women conceived. Random forest modelling using CST, AI 

30 number, MD adherence, AI type, BMI, and age achieved moderate predictive performance 

31 for pregnancy, with high sensitivity but low specificity. CSTs, pregnancy status, number 

32 of IAs and adherence to the MD explained the greatest proportion of variation in the 

33 vaginal microbiota structure by RDA. Pregnant women with high MD adherence harbored 

34 higher abundance of Prevotella lymphophilum, Anaerotignum massiliense, and 

35 Micrococcus radiotolerans, whereas G. vaginalis characterized non-pregnant women with 

36 low MD adherence. Pregnant women showed lower diversity than non-pregnant women. 

37 Among women that got pregnant, those who subsequently miscarried exhibited distinct 

38 microbial profiles and reduced diversity. Specific taxa such as Aerococcus 

39 mediterraneensis, Streptococcus mitis, Peptoniphilus lacrimalis, Staphylococcus hominis 

40 were enriched in miscarriage cases, whereas Winkia neui, Bacillus mojavensis, and a 

41 member of Pseudomonota phyla (previously Proteobacteria) were associated with full-

42 term successful pregnancies. These findings highlight the interaction between diet and 

43 vaginal microbiota in determining reproductive outcomes, indicating that the MD would 

44 affect fertility by modulating microbial communities. 
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45 Introduction

46 The western lifestyle is impacting women's health including their fertility and 

47 microbiomes, with potential long-term consequences1,2. Factors such as stress levels3, 

48 unhealthy diets4, lack of physical activity5, exposure to environmental toxins6, and use of 

49 antibiotics7 can disturb the women's microbiota balance of the vaginal, gut, and 

50 reproductive tract, all of them essential for reproductive health. Furthermore, the 

51 western lifestyle is linked to an increase in the age at first pregnancy, which occurs 

52 alongside natural hormonal and fertility changes, and is associated with a higher risk of 

53 maternal-neonatal comorbidities and adverse health outcomes8.

54 Maternal age is the most important factor in a woman's reproductive capacity9–11. Studies 

55 demonstrate that as a woman ages, the number of follicles capable of development and 

56 maturation decreases, as does the quality of the eggs12. This premise assumes a decrease 

57 in birth rates and an increase in embryonic abnormalities rate and defects during fetal 

58 development13. According to data recently published by the World Health Organization 

59 (WHO), up to 48 million couples and 186 million individuals could suffer infertility 

60 worldwide14, which shows the magnitude of the problem we face and justifies the 

61 increase in the number of medical consultations related to these disorders in recent 

62 times. Within this framework, we find that in Spain, more than 5% of women aged 18 to 

63 55 have undergone some type of Assisted Reproduction Technique (ART). Among them, 

64 artificial insemination (AI) can be the best option for fertility treatment due to its 

65 simplicity, affordability, and effectiveness. However, it has a low success rate (7-12%)15. 

66 It has been suggested that analysing the vaginal microbiome before treatment could help 

67 improve the success rate of ARTs. If the microbiome profile is not optimal, treatment 

68 could be postponed and adjusted using antibiotics, prebiotics, or probiotics to create a 

69 more favourable environment16,17. An increasing number of publications are 

70 demonstrating the role of the microbiota in maintaining an adequate state of health18. 

71 Diet is a major determinant of human microbial composition.  Evidence shows that 

72 adherence to a Mediterranean diet (MD) increases gut microbial diversity and enriches 

73 genera such as Blautia, Bifidobacterium, Faecalibacterium, and members of 

74 Ruminococcaceae and Lachnospiraceae, largely due to higher intake of plant foods, 
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75 legumes, and n-3 PUFAs from fish19. Although fewer studies have explored dietary effects 

76 on the vaginal microbiota, available data indicate that nutritional exposures may 

77 modulate vaginal communities. For example, fish-oil or prebiotic supplementation has 

78 been associated with reduced Ureaplasma abundance, and healthy dietary patterns rich 

79 in fiber or specific micronutrients have been linked to lower risk of bacterial vaginosis20. 

80 These findings suggest that diet-related metabolites may influence microbial 

81 environments relevant to reproductive health and fertility.

82 The vaginal ecosystem is one of the most changing at different times in a woman's life21, 

83 greatly influenced by the stages of the hormonal cycle, as well as by pregnancy or 

84 menopause22. The main bacterial families in this niche have been classified into five 

85 groups, the so-called community state types or CSTs, and each of them has different 

86 microorganism compositions. However, in four of the five, various Lactobacillus species 

87 are predominant23. The predominance of Lactobacillus is hallmark of vaginal health, as 

88 these bacteria contribute to pH regulation by producing lactic acid and hydrogen 

89 peroxide and thus maintaining an acidic environment that is hostile to the growth and 

90 development of infectious agents24,25. Moreover, Lactobacillus exert additional protective 

91 effects by producing a wide range of antimicrobial compounds, including bacteriocins, 

92 bacteriocin-like molecules, and biosurfactants, and by inducing host autophagy pathways 

93 that promote the clearance of intracellular bacteria, protozoa, and viruses26. 

94 Among Lactobacillus species, L. crispatus has been associated with greater vaginal 

95 stability and protection against infections, whereas dominance of L. iners is linked to 

96 increased susceptibility to colonisation by pathogenic microorganisms24,27. These 

97 contrasting effects are partly explained by differences in lactic acid isomer production: 

98 with the exception of L. iners, most Lactobacillus species produce both D- and L-lactic acid, 

99 with D-lactic acid conferring greater protection against vaginal dysbiosis28. Accordingly, 

100 D-lactic acid levels peak in L. crispatus-dominated communities and are lowest in 

101 microbiota enriched in L. iners, Gardnerella vaginalis, and other vaginal dysbiosis–

102 associated taxa associated to lower conception rates, including in vitro fertilization (IVF) 

103 failure and miscarriage29. 
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104 This study investigates how adherence to the Mediterranean diet modulates the vaginal 

105 microbiota and influences reproductive outcomes in women undergoing artificial 

106 insemination. By identifying microbial profiles associated with pregnancy success or loss, 

107 our aim is to position Mediterranean diet adherence as a modifiable and accessible factor 

108 capable of supporting fertility through microbiota-mediated pathways.

109

110 Materials and methods

111 Study participants and design

112 This study included 104 females aged 18 to 38 years diagnosed with primary infertility, 

113 defined by the failure to achieve a pregnancy after 12 months or more of regular 

114 unprotected sexual intercourse (https://www.who.int/news-room/fact-

115 sheets/detail/infertility). Participants underwent artificial insemination, with a 

116 maximum of 4 cycles per woman when using partner’s semen and up to 6 cycles with 

117 donor semen. All AI cycles were hormonally stimulated with exogenous follicle-

118 stimulating hormone (FSH) according to the standard ovarian stimulation protocol of the 

119 clinic. 

120 Participants were recruited from January 22, 2022, to June 26, 2023, at the Doctor Peset 

121 University Hospital in Valencia. Participants were included if they met the following 

122 criteria: female sex, aged between 18 and 38 years, first-time consultation at the 

123 Infertility Unit of our center, selection of artificial insemination (AI) as the assisted 

124 reproductive technique after fulfilling the clinical requirements for undergoing the 

125 procedure, and provision of signed informed consent prepared in accordance with the 

126 ethical standards of the Declaration of Helsinki. Women with a body mass index (BMI) 

127 greater than 40 were not eligible for treatment until they reduced their BMI to at least 

128 35.

129 No distinction was made based on the type of semen used (partner or donor), the 

130 patient’s relationship status or partner’s gender (male, female, or no partner), or the 

131 cause of infertility (female, male, or unexplained). Likewise, no exclusion criteria were 

132 applied regarding underlying medical conditions that could contribute to infertility, such 
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133 as endometriosis, polycystic ovary syndrome (PCOS), or male factor infertility. A total of 

134 108 women were initially recruited; however, the final analysis included 104 participants 

135 who underwent a total of 289 AI cycles. Four patients were excluded: three refused the 

136 vaginal sample collection on the day of insemination, and one sample was lost during the 

137 collection or storage process.

138 Vaginal swabs were collected before insemination but on the same day. All samples were 

139 stored in a freezer at -18°C and transported in a portable cooler. Dietary habits and 

140 adherence to the Mediterranean diet were assessed using the 14-item Mediterranean diet 

141 questionnaire originally developed and validated in the PREDIMED study30 (Table S1). 

142 The questionnaire evaluates the consumption frequency of key components of the 

143 Mediterranean diet, such as olive oil, fruits, vegetables, legumes, fish, and red meat. A 

144 score below 9 was considered low adherence, while a score of 9 or higher was classified 

145 as high adherence.

146

147 DNA extraction and Targeted 16S rRNA amplicon sequencing

148 DNA was extracted from the samples using the Maxwell® RSC PureFood GMO and 

149 Authentication Kit (Promega, Cat. No. AS1600), following the manufacturer’s protocol 

150 with additional sample preparation steps to enhance DNA yield and purity.

151 Prior to extraction, the excess wooden sticks from each swab were trimmed to allow 

152 proper insertion into SARSTEDT system extraction tubes (SARSTEDT, Ref. 62.610.201). 

153 A volume of 600 μL of sterile phosphate-buffered saline (PBS) was added to each tube, 

154 and the samples were vortexed for 10 seconds. Tubes were then left to stand at room 

155 temperature for 24 hours to facilitate the release of material from the swab into the 

156 solution.

157 After incubation, tubes were vortexed again and centrifuged at 13,000 g for 5 minutes. 

158 The swab was carefully removed, the supernatant discarded, and the pellet resuspended. 

159 An aliquot of 300 μL was used for DNA extraction using the Maxwell® RSC system. 

160 Extracted DNA was quantified using a Qubit® Fluorometer (Thermo Fisher Scientific) 

161 and normalized to 15 ng/μL prior to sequencing.
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162 Sequencing was performed using a paired-end run on an Illumina platform (FISABIO 

163 sequencing service, Valencia, Spain), following the manufacturer’s instructions. 

164

165 Computational and statistical analysis

166 A DADA2 pipeline was used to achieve quality filtering, sequence joining, and chimera 

167 removal. ASVs mapping to the human genome (GRCh38) using the Burrow-Wheeler 

168 Aligner31 in Deconseq v0.4.332 were filtered out. Taxonomic assignment was conducted 

169 using the Silva v138.1 database. The Bayesian LCA-based Taxonomic Classification 

170 Method (BLCA)33 was used to assign ASVs to species (assignation of 80% confidence). 

171 Samples with less than 1000 reads were removed from the study. The full ASV abundance 

172 table is available as Supplementary Table S2.

173 Taxonomic profiles of the vaginal microbial communities were sorted into categories 

174 termed community state types (CSTs) and subCSTs through the nearest centroid-based 

175 tool VALENCIA (VAginaL community state typE Nearest CentroId clAssifier)23, which 

176 assigns each sample to the nearest predefined community centroid based on taxonomic 

177 composition. Prior to classification, ASV tables and taxonomy files were converted to the 

178 VALENCIA input format using the official qiime2 conversion script. 

179 We performed a constrained ordination using Redundancy Analysis (RDA) with the rda() 

180 function from the vegan R package. The model assessed the association between 

181 microbial community composition (ASV table) and host-related explanatory variables: 

182 Community State Type (CST), pregnancy status, type of artificial insemination, number of 

183 insemination attempts, adherence to the Mediterranean diet, body mass index, and 

184 maternal age. Model selection was carried out using forward selection (ordiR2step()), 

185 optimizing the adjusted R² criterion and testing the significance of additional terms using 

186 permutation tests (999 permutations).

187 To assess the ability to predict pregnancy based on vaginal microbiota and clinical 

188 factors, we applied a random forest classification model using the formula: Pregnancy ~ 

189 CST + num_AI + MD_Adh + AI_Type + BMI + Age. Given the limited sample size (N = 104), 

190 we implemented 5-fold cross-validation to ensure robust performance estimates. Model 

191 tuning was conducted to optimize the mtry parameter (i.e., the number of variables 
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192 randomly sampled at each split), using the area under the ROC curve (AUC) as the 

193 primary performance metric.

194 To assess the effect of Mediterranean diet adherence on microbial composition while 

195 adjusting for the confounding influence of CST and pregnancy, we used PERMANOVA via 

196 the adonis2() function in vegan34. The analysis was based on Bray–Curtis distances and 

197 included 999 permutations. To visualise the species classified into each CST, a heatmap 

198 was generated using the pheatmap package. The ASV abundance table was filtered to 

199 retain the top 25 most prevalent ASVs based on presence across samples. Taxa were 

200 agglomerated at the species level using tax_glom() and transformed to relative 

201 abundance. Genus and species were combined into a single label and samples were 

202 ordered by CST. Annotations included CST, pregnancy status, and Mediterranean Diet 

203 adherence.

204 Ecological metrics alpha and beta diversity were employed to characterize microbial 

205 composition. Alpha-diversity indexes, richness (Chao1) and evenness indices (Shannon), 

206 were obtained using the “phyloseq” R package 1.48.035. The analysis of the composition 

207 of microbiomes with bias correction (ANCOM-BC2)36  was used for the composition of 

208 microbiomes in pregnancy status and Mediterranean diet adhesion and the results were 

209 plotted as a heatmap. Only log fold change (LFC) of differentially significant abundant 

210 taxa with q<0.05 were represented. This analysis was also conducted in a subset of all 

211 pregnant women, to compare differences in the vaginal microbiota abundance between 

212 women that experienced miscarriage and those with full term pregnancies. 

213 All statistical analyses were performed with R version 4.4.1, and figures were drawn with 

214 the “ggplot2” R package37. For all methods, p-values were adjusted for multiple 

215 comparisons using False Discovery Rate (FDR) based on Benjamini – Hochberg (BH). 

216 Freeman-Tukey test was used for categorical variables for calculating statistical 

217 significance. P values of <0.1 were considered significant.

218

219 Results

220 Characteristics of the population 
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221 Vaginal swabs were collected from 104 women undergoing AI as part of fertility 

222 treatment, with a mean age of 34.5 (SD=3.32). Most participants (67.31%) had a normal 

223 body mass index (BMI=18.5–24.9) at the time of treatment. The majority of participants 

224 (71.15%) reported high adherence to the Mediterranean diet (MD) (Average=9.21, 

225 SD=1.47), which was the predominant dietary pattern in the cohort. Among women aged 

226 ≤35 (n = 50), the pregnancy rate was 40% (20/50), whereas in women aged > 35 years 

227 (n = 54), the rate was 24% (13/54). However, the difference in pregnancy rates between 

228 age groups was not statistically significant (Fisher’s exact test, p=0.095, odds ratio=2.09, 

229 95% CI: 0.84–5.36) (Table 1).

230 Table 1. Characteristics of the study population.

Characteristics N. participants Percentage (%)
Total 104 100
Age, years 

     <= 35 yr. 50 48.08
     > 35 yr. 54 51.92
Average age 34.53
SD 3.32

BMI
Normal weight, 18.5 – 24.9 70 67.31
Overweight, 25 – 29.9 25 24.04
Obese, >30 9 8.65

Race
            Caucasian 90 86.54
            Arab 2 1.92
            Latin 12 11.54
Mediterranean diet adherence

Low, <9 points 30 28.85
High, >= 9 points 74 71.15

Type of insemination
Conjugal artificial insemination (CAI) 74 71.15
Donor artificial insemination (DAI) 30 28.85
Average MD adherence score 9.21
SD (MD adherence) 1.47

Gestation
Not achieved 71 68.27
             <= 35 yr. 28 39.44
             > 35 yr. 43 60.56
            Average age 34.23
            SD (age) 3.45

             High MD adherence 32 45.97
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             Low MD adherence 39 54.93
             Average MD adherence score 8.22
             SD (MD adherence) 1.55
Achieved 33 31.73

Miscarriage 9 8.65
Alive newborn 24 23.07

<= 35 yr. 20 40
> 35 yr. 13 24.07
Average age 34.24
SD (age) 3.01

High MD adherence 25 75.76
Low MD adherence 8 24.24
Average MD adherence score 9.21
SD (MD adherence) 1.31

231

232 Factors contributing to microbiota variation

233 A redundancy analysis (RDA) was performed to explore the association between 

234 microbiota composition and clinical variables. The model showed that CST (Community 

235 State Type) was the variable that explained the greatest proportion of variation in 

236 microbiota structure (adjusted R² = 2.7%, p = 0.001 ***) (Fig. 1a). In addition, pregnancy 

237 status contributed a further 0.8% of explained variance and was also statistically 

238 significant (p = 0.003 **). Other variables did not significantly improve the model once 

239 CST and pregnancy were accounted for. To assess the impact of adherence to the 

240 Mediterranean diet while adjusting for CST and pregnancy, a PERMANOVA was 

241 performed using Bray–Curtis distances. The model yielded an R² = 0.10364 and was 

242 statistically significant (p.adj = 0.001 ***), suggesting that diet adherence is associated 

243 with microbiota composition beyond the effects of CST and pregnancy.

244 A random forest model to predict pregnancy based on vaginal microbiota and clinical 

245 factors identified mtry = 2 as the optimal value. This implies that at each decision split in 

246 the forest, the model randomly considers two predictors out of the six available variables 

247 (CST, number of artificial inseminations, adherence to the Mediterranean diet, AI type, 

248 BMI, and age). The number and type of AI were the most influential predictors in this 

249 model. The model achieved an average ROC AUC of approximately 0.74 across the cross-

250 validation folds (Fig. 1b). Importantly, it showed high sensitivity (~0.90) but low 
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251 specificity (~0.39), indicating that it was more effective at identifying women who 

252 became pregnant than those who did not.

253 The most abundant species identified across the cohort included L. crispatus, L. iners, G. 

254 vaginalis, L. jensenii, L. gasseri, L. crispatus, P. bivia, among others (Fig. 1c). The 

255 distribution of these dominant species clustered based on CSTs. For example, we 

256 observed that most samples classified as CST II by the VALENCIA tool were dominated by 

257 L. gasseri, most samples classified as CST III were dominated by L. iners (and then L. 

258 crispatus), most samples classified as CST V were dominated by L. crispatus and L. jensenii, 

259 samples classified as CST IV-C were dominated by L. crispatus and samples classified as 

260 CST IV-B did not have a high relative abundance of lactobacilli but had a high relative 

261 abundance of G. vaginalis, A. vaginae and P. bivia among others. Also, all samples classified 

262 as CST IV-B corresponded to women which did not achieve pregnancy after AI, and only 

263 3/13 of women classified as CST V achieved pregnancy (Fisher test p= 0.338).

264
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265 Figure 1. Factors shaping the vaginal microbiota of the studied population. a) Variables 
266 included in the redundancy analysis (RDA) model with R² adjusted values explaining the 
267 proportion of variation in microbiota structure. b) ROC curve of Random Forest model predicting 
268 pregnancy outcome using 5-fold cross-validation. The blue line shows model performance on out-
269 of-fold predictions; the grey line represents random classification (AUC = 0.733). c) Heatmap of 
270 the 25 most prevalent species and samples ordered based on CSTs, pregnancy and Mediterranean 
271 diet adherence.

272

273 Does a woman's diet influence the vaginal microbiota and fertility outcomes?

274 Microbial diversity tended to be lower in non-pregnant women with low MD adherence 

275 compared to non-pregnant women with high MD adherence (Shannon index, q=0.053), 

276 while richness remained similar between groups (Fig. 2a-b). The composition of the 

277 vaginal microbiota also varied according to pregnancy status and MD adherence, 

278 particularly in the relative abundance of Lactobacillus genus and Gardnerella vaginalis, 

279 with non-pregnant women showing a more diverse microbiota. Pregnant women 

280 displayed a higher relative abundance of L. iners (not statistically significant by ANCOM-

281 BC analysis at q < 0.05) and significantly decreased abundance of G. vaginalis compared 

282 to non-pregnant women, independent of MD adherence (Fig. 2c). 

283 We represented the log-fold changes of taxa showing significant differences (q < 0.05) 

284 between groups based on pregnancy status and MD adherence, following analysis with 

285 ANCOM-BC. From greatest to least differences, P. lymphophilum, A. massiliense, M. 

286 radiotolerans, and Acidibacter genus were significantly more abundant in pregnant 

287 women with high MD adherence compared to non-pregnant women with low MD 

288 adherence. Among pregnant women, 13 taxa showed significant differences associated 

289 with MD adherence. Specifically, within the high MD adherence group, pregnant women 

290 exhibited higher abundances of A. massiliense and P. lymphophilum, and lower abundance 

291 of L. crispatus and G. vaginalis, among others. Remarkably, non-pregnant women with low 

292 MD adherence have the highest abundance of Gardnerella vaginalis, even when compared 

293 to non-pregnant women with high MD adherence (Fig. 2d).
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294

295 Figure 2. Characteristics of the vaginal microbiota concerning adherence to MD and 
296 pregnancy status. a) Shannon index. b) Chao1 index. c) Top 10 most abundant species. d)  Log 
297 fold change (LFC) heatmap of ASVs differentially abundant between all groups versus all groups. 
298 Pregnancy status is indicated by yes/no and Mediterranean Diet Adherence by High/Low. Only 
299 LFCs with q<0.05 are represented. 

300

301 Distinct microbial shifts in term pregnancies compared to miscarriages 

302 Significant differences were identified among pregnant women when comparing those 

303 who carried the pregnancy to term and those who experienced a miscarriage, defined as 

304 the spontaneous loss of pregnancy before 20 weeks of gestation. The miscarriage group 

305 had a lower diversity compared with the term pregnancy group (Shannon index, 
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306 q=0.092) although richness was similar (Fig. 3a-b). Significant differences in beta 

307 diversity were observed between the studied groups (PERMANOVA UniFrac unweighted, 

308 R2=0.050, q=0.021) (Fig. 3d-f). Several microbial taxa exhibited differential abundance 

309 between women who experienced miscarriage and those who did not. Term pregnancy 

310 women had a greater relative abundance of L. crispatus, whereas women who 

311 experienced miscarriage showed an increased abundance of L. iners, L. jensenii and L. 

312 gasseri (Fig. 3c), although these differences were not statistically significant according to 

313 ANCOM-BC analysis at q<0.05. 

314 Specifically, Winkia neui, Bacillus mojavensis, and a member of Pseudomonota phyla 

315 (previously Proteobacteria) were enriched in women who carried their pregnancies to 

316 term, while Aerococcus mediterraneensis, Streptococcus mitis, Peptoniphilus lacrimalis, 

317 Staphylococcus hominis, and Fenollaria were more abundant in women with miscarriage 

318 (Fig. 3g). These results suggest potential microbial signatures associated with early 

319 pregnancy loss.
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320

321 Figure 3.  Vaginal microbiota comparing term pregnancies and miscarriage. a) Shannon 
322 index. b) Chao1 index. c) Top 10 species found in term pregnancies and miscarriage. d) Weighted 
323 Unifrac distance Principal Component Analysis (PCoA). e) Unweighted Unifrac distance PCoA.  f) 
324 Bray-Curtis NMDS. g) Log fold change (LFC) barplot of ASVs differentially abundant in 
325 miscarriage compared to term pregnancies. Only LFCs with q<0.05 are represented. 

326

327 Discussion

328 Our study highlights the importance of studying the vaginal microbiota composition in 

329 women following artificial insemination treatment and their diet. Among the 104 women 

330 included, 71.15% (74/104) showed high adherence to the Mediterranean diet, a 
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331 significantly higher proportion than the 60% reported for the general Spanish female 

332 population (p = 0.013; one-sample proportion test), according to data published by the 

333 Spanish Ministry of Health 

334 (https://www.sanidad.gob.es/estadEstudios/sanidadDatos/tablas/tabla10.htm). 

335 Obesity prevalence in our cohort was 8.65% (9/104), lower than the 14% reported in 

336 national data, although this difference did not reach statistical significance (p = 0.076; 

337 one-sample proportion test). A possible explanation for these differences is that women 

338 facing infertility may be more aware of the importance of maintaining a healthy lifestyle, 

339 particularly through proper nutrition.

340 Women included in this study exhibited a higher success rate after AI (31.73%) compared 

341 to data reported by the Spanish Society of Fertility, which indicates a pregnancy rate of 

342 15% overall and 10% for women aged 40 and older 

343 (https://www.registrosef.com/public/docs/sef2022_IAFIV.pdf). This discrepancy may 

344 be attributed to the study’s selection criteria, which excluded women over 39 years and 

345 those with a BMI greater than 40, unless they reduced their BMI to at least 35 points prior 

346 to treatment. The observed differences in pregnancy rates by age group --40% in women 

347 aged ≤35 years and 24% inwomen over 35-- are consistent with previous findings in this  

348 field38,39.

349 The random forest model showed good performance in terms of ROC AUC (~0.74) 

350 indicating moderate predictive power of pregnancy. The selected value of mtry = 2 

351 suggests that using a smaller subset of predictors at each tree node improved the model’s 

352 discrimination ability, potentially by reducing overfitting in this small dataset. The high 

353 sensitivity (~0.90) reflects the model’s ability to correctly identify most pregnancies, 

354 which could be valuable in clinical screening. However, the low specificity (~0.39) 

355 implies a relatively high rate of false positives, i.e., non-pregnant individuals predicted as 

356 pregnant. This pattern may arise due to a possible class imbalance or intrinsic biases in 

357 the model structure that favor the positive class ("yes"). Accordingly, the model should 

358 be primarily used as an exploratory tool to identify relevant predictors rather than as a 

359 clinically deployable classifier. Further model development with a larger dataset and 

360 improved class balance may help enhance predictive accuracy and clinical utility.
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361 Our cohort showed overall concordance clustering on CSTs but with few distinctions 

362 compared to the VALENCIA reference dataset, where CST I is L. crispatus-dominated, CST 

363 II is L. gasseri-dominated, CST III is L. iners-dominated, and CST V is L. jensenii-

364 dominated23. Notably, CST V communities were not exclusively dominated by L. jensenii 

365 but frequently included a strong contribution from L. crispatus, suggesting overlap or 

366 intermediate states between canonical CSTs. Moreover, the enrichment of L. crispatus 

367 within CST IV-C in our dataset contrasts with the VALENCIA description of IV-C as diverse 

368 and depleted of Lactobacillus spp. and major bacterial vaginosis-associated taxa. 

369 Importantly, our findings also suggest that certain CSTs, particularly IV-B and V, may 

370 carry prognostic relevance for reproductive outcomes in the context of assisted 

371 reproduction. All women classified as CST IV-B failed to achieve pregnancy, and only a 

372 minority of women with CST V conceived. These associations should, however, be 

373 interpreted cautiously given the study limitations. While prior research has not explicitly 

374 linked CST IV-B or V to pregnancy outcomes in artificial insemination specifically, CST IV 

375 has been associated with adverse reproductive outcomes, including reduced clinical 

376 pregnancy rates and increased early pregnancy loss in IVF patients40. A recent IVF study 

377 evaluating community state types during embryo transfer found that individuals 

378 assigned to CST IV had the lowest pregnancy rates (~25%) compared to Lactobacillus-

379 dominated CSTs, whereas none of those classified as CST V became pregnant41.

380 It is now well recognized that pregnancy induces physiological and immunological shifts 

381 that impact the composition of the vaginal microbiota42. In our study, pregnant women 

382 displayed a distinct microbial structure compared to non-pregnant women 

383 (PERMANOVA R² = 0.023, q = 0.001), characterized by lower alpha diversity and the 

384 enrichment of specific taxa such as Prevotella lymphophilum, Anaerotignum massiliense, 

385 and Micrococcus radiotolerans among those with high adherence to the Mediterranean 

386 Diet (MD). These changes likely reflect hormonal influences—particularly increased 

387 estrogen levels during pregnancy—that enhance epithelial glycogen deposition and 

388 promote the growth of lactic acid-producing bacteria, thus contributing to a protective 

389 vaginal environment43,44. Lower vaginal microbial diversity in pregnancy, contrary to 

390 what is observed in the gut, is not necessarily indicative of dysbiosis. Rather, it is often 
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391 associated with stability and health, especially when dominated by Lactobacillus 

392 species45. 

393 The observed differences in microbial composition between pregnant and non-pregnant 

394 women in our cohort are particularly relevant in the context of current reproductive 

395 health challenges. The rising rates of infertility and sterility observed in the Western 

396 world are not solely due to delayed motherhood or professional lifestyle changes. 

397 Increasing evidence highlights the role of modifiable lifestyle factors—most notably 

398 nutrition—in shaping reproductive potential46. The Mediterranean diet is characterized 

399 by a high intake of plant-based foods, rich in fiber, antioxidants, and polyphenols, healthy 

400 fats, and a low consumption of processed and animal-based products. This dietary 

401 pattern has been associated with enhanced fertility outcomes47,48, including higher 

402 clinical pregnancy and live birth rates among women undergoing assisted reproductive 

403 technologies49,50.

404 Studies have shown that diets high in glycemic index carbohydrates, trans fats, and 

405 animal proteins are associated with adverse fertility outcomes, whereas plant-based 

406 proteins, dietary fiber, omega-3 fatty acids, and dairy products are linked to improved 

407 reproductive function51,52. Furthermore, micronutrients commonly present in MD-

408 aligned foods—such as vitamins A, C, D, and E, beta-carotene, calcium, and zinc—appear 

409 to exert a protective role against bacterial vaginosis53, the most common vaginal disorder 

410 in women of reproductive age, characterized by a shift in the vaginal microbiota from a 

411 Lactobacillus-dominated community to one enriched in anaerobic bacteria54. 

412 In our cohort, Gardnerella vaginalis was more prevalent among non-pregnant women 

413 with low MD adherence. This species, a hallmark of bacterial vaginosis, has been 

414 repeatedly associated with negative reproductive outcomes, including lower 

415 implantation rates and increased infertility55. Importantly, among pregnant participants, 

416 those who later experienced a miscarriage displayed distinct microbial signatures 

417 (PERMANOVA R² = 0.050, q = 0.021), with a trend toward lower alpha diversity (q = 

418 0.092). Such patterns align with growing evidence that early pregnancy miscarriage is 

419 associated with altered vaginal microbial profiles marked by Lactobacillus depletion56,57. 

420 However, some studies also associate miscarriage with higher bacterial diversity58. 
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421 Our observation that Aerococcus mediterraneensis, Streptococcus mitis, Peptoniphilus 

422 lacrimalis, and Staphylococcus hominis were enriched in miscarriage cases aligns with 

423 existing evidence that vaginal dysbiosis characterized by loss of Lactobacillus dominance 

424 is associated with early pregnancy loss56,57,59. The presence of these taxa has been 

425 associated with opportunistic pathogenicity, and their detection suggests a shift toward 

426 a pro-inflammatory vaginal microbiota implicated in adverse reproductive outcomes.   

427 Notably,  P. lacrimalis exemplifies this pattern, as it has been associated with cervical 

428 dysplasia60,61.. In contrast, Winkia neuii, Bacillus mojavensis, and a Pseudomonota 

429 (formerly Proteobacteria) member were more abundant in women with successful 

430 pregnancies. B. mojavensis has considerable probiotic potential with antibacterial activity 

431 against pathogenic bacteria62. However, W. neuii has been associated with persistent 

432 human papillomavirus (HPV) infection63, and enrichment in Pseudomonas genera have 

433 been observed in the vaginal microbiota of women with a short cervix and been 

434 associated with recurrent miscarriages64,65. These results are not surprising giving that, 

435 although these women achieved pregnancy after AI treatment, they were all diagnosed 

436 with primary infertility.

437 Cumulative evidence underscores the interconnected role of nutrition, microbiota 

438 composition, and fertility. Given the demonstrated benefits of the Mediterranean diet on 

439 microbial balance and reproductive outcomes, adopting healthy dietary patterns may 

440 serve as a modifiable factor to enhance the success of fertility treatments. This is 

441 particularly relevant in light of current demographic trends, including delayed 

442 motherhood and the rising prevalence of obesity and overweight. Promoting nutritional 

443 awareness among women of reproductive age could represent a key strategy to improve 

444 fertility outcomes and support reproductive health.

445

446 Limitations and further investigations

447 Our work faced some limitations, including the number of women included in each group 

448 studied, the lack of comparison with other reproduction methods or natural pregnancy, 

449 the lack of inclusion of confounding factors such as recent antibiotic and probiotic use, 

450 and the absence of longitudinal follow-up on the impact of diet over time before 
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451 performing artificial insemination. Collecting the information about diet patterns has 

452 been possible thanks to the responses obtained through a questionnaire answered by the 

453 study participants, which is subject to the information, memory bias and psychological 

454 reactivity. 

455 Despite the mentioned limitations, important results have been obtained that highlight 

456 the importance of a healthy diet in relation to the vaginal microbiota and fertility, 

457 demonstrating differences in alpha diversity and relative abundance of specific species.

458

459 Conclusions

460 The Mediterranean diet characterized by a high intake of fruits, vegetables, whole grains, 

461 vegetable oils and fish, appears to modulate the vaginal microbiota composition. Our 

462 findings suggest that the success of artificial insemination is related to specific microbiota 

463 profiles, with pregnant women exhibiting lower alpha diversity and a reduced presence 

464 of Gardnerella and other anaerobic bacteria. Furthermore, distinct microbial patterns 

465 were observed between women who carried pregnancies to term and those who 

466 experienced miscarriage, underscoring the potential role of vaginal microbiota as a 

467 biomarker for reproductive outcomes.
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Data availability 

The sequencing data reported in this paper are available from NCBI Sequence Read 

Archive (SRA) under BioProject ID PRJNA1234600. 
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