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SUMMARY

Annually, in India, 13% of all newborns are preterm, accounting for 23.4% of preterm birth (PTB) globally.
The composition and diversity of the vaginal microbiome have a notable degree of ethnic inequality. For
understanding differences in vaginal microbiome composition and functions between adverse and normal
pregnancy, we have collected, processed and sequenced 600 high vaginal swab (HVS) samples across the
three trimesters of pregnancy from 140 women who delivered at term and 60 women who delivered PTB,
adopting a targeted metagenomics approach. The microbial signatures in HVS samples showed Lactoba-
cillus genera to be highly abundant in term birth (TB), while in early pregnancy the abundances of Gard-
nerella, Atopobium, and Sneathia were found to be high in PTB. We further extended our analysis,
identified specific microbial genomic signatures, and developed a dipstick assay for rapid identification
of PTB-associated microbiota in HVS samples in low-resource settings.

INTRODUCTION

Preterm birth (PTB) is a global public health concern. An estimated 13.4 million babies were born preterm (before completing 37 weeks of
gestation) in 2020 with the rate varying from 4 to 16% across countries.' Children born preterm have increased risk of higher immediate mor-
tality and long-term morbidity from respiratory, cardiac, and endocrine system disorders.”

Further, there is a higher risk of compromised growth and cognition. The complex pathophysiology and etiology of PTB are not well known
and about 40-45% of these births happen due to unknown reasons. It is hypothesized that microbial invasion into the amniotic cavity is one of
the most frequent causes of spontaneous PTB,” and the most common route of microbial invasion is ascending from the lower genital tract.”
Microbial surface proteins are recognized by pattern-recognition receptors—toll-like receptors, which in turn elicit the release of inflamma-
tory chemokines and cytokines. Microbial proinflammatory cytokines stimulate the production of prostaglandins and other inflammatory me-
diators. Prostaglandin stimulates uterine contractility and may facilitate early parturition of the baby from the mother's womb. The microbes
associated with bacterial vaginosis may ascend into the choriodecidual region leading to bacterial colonization thus triggering immunological
response leading to uterine contractions and finally preterm labor.” The vagina of reproductive-age women is mostly dominated by Lacto-
bacillus species that are considered keystone members of the vagina.® However, vaginal microbial communities significantly vary in different
ethnic groups and based on high-throughput sequencing studies, the vaginal microbiome are classified into five community state types
(CSTs) based on dominant Lactobacillus: CST-I to CST-V. CSTs |, II, lll, and V are dominated by Lactobacillus crispatus, Lactobacillus gasseri,
Lactobacillus iners, and Lactobacillus jensenii, respectively, whereas the CST IV refers to high diversity of obligate anaerobic bacteria. Alter-
ation of the normal bacterial flora can lead to bacterial vaginosis (BV), which has been identified as a possible risk factor for PTB.” ' In arecent
pilot study conducted as a cross sectional evaluation of pregnant women at the three trimesters, we showed that along with L. iners, several
non-lactobacillus genera dominate the vaginal milieu of women delivering preterm babies compared to those delivering at term.” To gain
insights into the risk factors for PTB at its earliest stages, we investigated the vaginal microbiome of pregnant women. Using these data, we
developed a dipstick-based assay for the rapid identification of microbiota linked to specific birth outcomes.
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Figure 1. Infographic of participants enrolled in Interdisciplinary Group for Advanced Research on Birth Outcomes (GARBH-Ini)—DBT India Initiative
cohort Gurugram, Haryana, India (*Date: 18*" May, 2015-8" August, 2020)

Out of 6,736 singleton live births, 834 women delivered preterm and 5,902 delivered at term. **High vaginal swabs (HVS) collected at all the three different time
points (at enrollment, 18-20 weeks, 20-26 weeks of gestation) from preterm birth (PTB) delivery mothers (n = 124) and term birth delivery mothers (TB) (n = 890). In
the present study, we have processed and sequenced 600 HVS samples across the three trimesters of pregnancy consisting of term (140) and preterm (60)
delivering Indian women.

RESULTS

Characteristics of the study participants

The participants for this case-control analysis were selected as described in STAR Methods and in Figure 1. The average age of women having
term or preterm delivery was similar (mean 23.2 vs. 23.7 years). The mean gestational age at delivery was 40.2 weeks for term birth (TB) and
35.3 weeks for PTB. The proportions of normal vaginal deliveries were high for TB at 73.72%, compared to that for PTB at 61.29%. In case of
Caesarean deliveries, TB had a lower rate at 26.28%, while PTB showed a higher percentage at 38.71% (Table 1).

Inter individual microbiome diversity between term and preterm samples

A total of 186.95 M (average 0.34 M reads/sample) raw reads were obtained from all the samples. After quality filtering and chimera removal,
total of 163.06 M reads (average 0.30 M reads/samples) remained which were clustered to 8,834 amplicon sequence variant (ASV) sequences.
At the end, total 8,324 ASVs remained for downstream analysis after singleton ASV removal and negative control adjustment. Rarefaction plot
was generated to understand the minimum number of reads/samples required for estimating intra-individual diversity within that sample i.e.,
the alpha diversity index reached a plateau. In our data we observed that ~5,000 reads/samples are sufficient to reach a plateau (Figure S2).
From the alpha diversity analysis, it was found that, in the initial period of pregnancy or at the 1% trimester (T1), the Chao1 (PTB: 78.9 + 41.6,
TB: 74.8 £+ 42.4; p value = 0.03), the Shannon (PTB: 2.0 + 1.2, TB: 1.6 £+ 1.1; p value = 0.003), and Simpson (PTB: 0.5 + 0.3, TB: 0.4 +£ 0.3, p
value = 0.005) indices were significantly higher in PTB samples compared to TB samples (Figure 2). In the ond (T2) and 3d (T3) trimesters the
PTB samples showed a higher (not significantly different) alpha diversity indices compared to TB samples. Interestingly, it was also observed
that alpha diversity measures were significantly altered within the PTB group (Chao1 p value = 0.02, Shannon p value = 0.004, Simpson p
value = 0.005) across different trimesters (T1, T2, and T3) (Figure 3).

Dynamics of vaginal microbiome composition in term and preterm samples during pregnancy

Total 25 microbial phyla and 618 genera were obtained after taxonomic assignment of ASV sequences. Core taxa were selected from the total
number of taxa, on which the statistical comparisons were performed. Core taxa are those that are present in any of the two groups (i.e., TB or
PTB) and at any of the three trimesters (T1/T2/T3): with (1) average relative abundance >0.1%, and (2) present in >50% of women in that
group. Based on these criteria, a total of 5 phyla and 17 genera were selected as core taxa that comprised an average of 98% of the total
relative abundance of the TB and PTB groups. At phylum level, it was found that Firmicutes was the most abundant phylum in both the groups
(TB: 78%, PTB: 74%) followed by Actinobacteria (TB: 11%, PTB: 11%) and Proteobacteria (TB: 6%, PTB: 8%). The abundance of the phylum
Fusobacteria was notably higher in PTB samples (3%) compared to TB samples (1%) (Figure 4). At phylum level, Fusobacteria was the only
phylum found to be significantly high (p value = 0.001) in PTB compared to TB in the 1% trimester (T1) of pregnancy. At genera level, out
of 17 core genera, Lactobacillus was the highest abundant taxa in both TB and PTB (TB: 74.16%, PTB: 68.63%, p value = 0.31) groups followed
by Gardnerella (TB: 5.24%, PTB: 6.85%, p value = 0.24), Atopobium (TB: 2.98%, PTB: 4.05%, p value = 0.03), Sneathia (TB: 1.17%, PTB: 2.94%, p
value = 0.005), Halomonas (TB: 1.87%, PTB: 2.83%, p value = 0.61), and Prevotella (TB: 1.93%, PTB: 1.82%, p value = 0.44) (Figure 5).
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Table 1. Demographic characteristic of the study participants

Characteristic

Term (n = 140)

Mean (Min-Max) or n (%)

Preterm (n = 60)

Mean (Min-Max) or n (%)

Clinical and demographic
POG at delivery (weeks, days)
Maternal age (year)
Weight at enrollment (kg)
BMI (kg/mz) at enrollment
BMI (kg/m?) category
Underweight
Normal
Overweight
Obese
Gravidity
Primigravida
Multigravida
History of diarrhea
Present
Absent

Socioeconomic status/Household wealth
(Kuppuswamy scale 2023, CPI-IW) °

Upper middle class (16-12)
Lower middle class (11-15)
Upper lower class (5-10)
Lower class (<5)
Education status
llliterate
School
College
House type
Pucca house (concrete)
Kachha house (mud, bamboo, grass)
Laboratory characteristics
Mode of delivery
Normal vaginal
Caesarean
Nugent score
0-3 (Negative for BV)
4-6 (Intermediate for BV)
7+ (Positive for BV)
Nugent score at enrollment
Nugent score at Visit 2
Nugent score at Visit 3

Vaginal pH at sampling

Antibiotic intake at sampling

40W 2D (37W 1D-42W 4D)
23.2 (18-35)

49.3 (34.25-72.5)

20.72 (13.89-31.52)

30 (22.14%)
94 (67.14%)
13 (9.29%)
2(1.43%)

61 (43.57%)
79 (56.43%)

4(2.86%)
136 (97.14%)
n=133

27 (30.30%)
50 (37.59%)
54 (40.60%)
2 (1.50%)

21 (15.00%)
92 (65.70%)
27 (19.29%)

135 (96.43%)
5(3.57%)

n=137
101 (73.72%)
36 (26.28%)

20 (33.3%)
32 (53.3%)
8 (13.3%)
3.9 (0-8)
4.1(0-8)
3.5(0-8)
n=136
5.1 (4-6)
0(0.00%)

35W 3D (27W 1D-36W 6D)
23.7 (18-32)

48.3 (34.3-76.4)

20.64 (14.90-31.15)

19 (31.67%)
34 (56.67%)
6 (10.00%)
1(1.67%)

20 (33.33%)
40 (66.66%)

3 (5.00%)
57 (95.00%)
n =56

14 (25.00%)
19 (33.93%)
23 (41.07%)
0 (0.00%)

11 (18.33%)
44 (73.34%)
5 (8.33%)

58 (96.67%)
2(3.33%)

n=159
38 (61.29%)
24 (38.71%)

41 (30.1%)
87 (63.9%)
8 (5.8%)
4.9 (0-10)
4.2 (3-6)
3.3(0-7)
n=:60

5.2 (5-6)
0 (0.00%)

2CPI-IW stand for Consumer Price Index Number for Industrial Workers, Labour Bureau, Ministry of Labour and Employment, Government of India; n represents

numbers of study participants.
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Figure 2. Boxplots showing different alpha diversity measures between preterm (PTB) and term birth (TB) samples in 1st trimester of pregnancy (T1)
Alpha diversity was found to be significantly higher in PTB group compared to TB group for (A) Chao1 index (p value <0.05) (B) Shannon index (p value < 0.01), (C)
Simpson index (p value < 0.01). The alpha diversity index was represented by box-and-whisker plot where the box indicates the interquartile range (IQR). The
median value is represented as a line within the box and whiskers extend to the extreme (highest and lowest) value that is within 1.5*IQR.

Vaginal microbiome composition in early pregnancy between term and preterm samples

Lactobacillus is the highest abundant genus in both term and preterm delivering women. Species-level analysis revealed that a total of 26
species belonged to the Lactobacillus group. By comparing the relative abundance of each species of Lactobacillus, we have found that
the higher abundance of L. crispatus was significantly associated with term delivery (TB: 32.23%, PTB: 14.83% in T1; p value = 0.03), whereas
the higher abundance of L. iners was significantly associated with preterm delivery at 1% trimester of pregnancy (TB: 33.62%, PTB: 48.37% in
T1; p value = 0.01).""'? The higher abundance of L. crispatus in the early pregnancy (T1) are associated with a greater likelihood of deliv-
ering at term, while higher levels of L. iners are linked to an increased risk of preterm delivery. These associations are statistically significant,
suggesting that the presence and abundance of these bacteria in early pregnancy (T1) could potentially influence the timing of delivery
(Figure 6). By linear discriminant analysis (LDA) it was also observed L. crispatus is the most discriminant taxon in TB whereas L. iners is the
most discriminant taxon in PTB in early pregnancy (T1) (Figure 7). Lactobacillus johnsonii was also found to be discriminant between TB and
PTB in the 15 trimester. Some non-Lactobacillus vaginal flora, such as Atopobium vaginae (TB: 2.66%, PTB: 3.55%, p value = 0.009 in T1),
Sneathia sanguinegens (TB: 0.62%, PTB: 1.24%, p value = 0.02 in T1), Prevotella corporis (TB: 0.002%, PTB: 0.1%; p value = 0.01 in T1), and
Pseudomonas sp. identified in the 1% trimester (T1) vaginal fluid were found to be significantly higher in PTB samples compared to TB
samples.

Community state type reveals vaginal microbial community structure

Interestingly, not all pregnant women are dominated by the same bacterial taxa in their vagina during pregnancy. We have categorized the
pregnant women based on their vaginal microbiome composition; the community state types (CSTs) based on the relative abundance of the
most dominant species present in the vagina.'® Each CST was named based on the most abundant taxa in that community. We obtained a
total seven CSTs; CST-l was dominated by L. crispatus, CST-Il by L. gasseri, CST-lll by L. iners, and CST-IV by non-Lactobacillus taxa. Addi-
tionally, three Lactobacillus CSTs L. johnsonii, L. jensenii, and Lactobacillus mulieris were also observed. We found that nearly 36% of TB sam-
ples belonged to CST-I, compared to just 19% of PTB samples (L. crispatus CST) in 1" trimester (T1). In PTB, approximately 61% samples at T1,
54% at T2, and 52% at T3 belonged to the CST-II (L. iners CST) category, whereas in TB, only 41% at T1, 43% at T2, and 40% at T3 belonged to
the CST-Ill category (Table 2). CST-I (L. crispatus CST) was found to be significantly higher in TB in the 1°* trimesters (p value <0.05, equality of
proportion testin R) whereas CST-III (L. iners CST) was found to be significantly higher in PTB in 15t and 3™ trimesters of pregnancy. L. johnsonii
and L. jensenii dominant CSTs were completely absent in PTB samples at any of the trimester.

Correlation study reveals the positive and negative associations between microbial species in the vagina

To understand the relation among all the species representing the core genera, Spearman rank correlation test was performed separately in
term and preterm samples. We have found that L. crispatus and L. iners were negatively correlated (p value PTB = 2.7 x 107, p value TB =
6.8 x 1077 to each other throughout the pregnancy in both the groups (Figure 8). L. crispatus was also found to be negatively correlated with
other non-Lactobacillus taxa like A. vaginae, Dialister micraaerophilus, Halomonas sp. etc., in both TB and PTB samples (Figure 9; Figure S3).
Correlation between vaginal microbial taxa and alpha diversity indices was also investigated in this current study. Non-parametric spearman
rank correlation test revealed that the Shannon diversity index was positively correlated with relative abundance of non-Lactobacillus taxa but
negatively correlated with L. crispatus, Lactobacillus coleohomonis, and L. iners in both the groups (Figure 9; Figure S3).

To understand the relationship between the abundance of vaginal taxa and the most relevant clinical factor for the vaginal health, i.e., the
Nugent score, the Spearman correlation was performed in TB and PTB samples separately. As a result, we have found that, the Nugent score
is negatively correlated with L. crispatus abundance in both the groups (TB p: —0.16, p value T1 = 0.08; PTB p: —0.25, p value T1 = 0.06) but not
significant (Figure S4). A positive correlation was observed between L. iners and the Nugent score in TB samples (p: 0.10, p value T1 = 0.29)
only. Some significantly positive correlations were observed between Nugent score and non-Lactobacillus taxa such as Prevotella timonensis
(p: 0.15, p value T1 = 0.007), Ralstonia sp. (p: 0.25, p value T1 = 0.0004) and Sneathia sp. (p: 0.25, p value T1 = 0.01) in TB samples only. A
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Figure 3. Boxplots showing different alpha diversity measures within the preterm group (PTB) across different trimesters (T1, T2, and T3)

Alpha diversity measures were significantly altered in PTB group for (A) Chao 1 Index (p value = 0.024) (B) Shannon index (p value = 0.0045), and (C) Simpson index
(p value = 0.0053). The alpha diversity index was represented by box-and-whisker plot where the box indicates the interquartile range (IQR). The median value is
represented as a line within the box and whiskers extend to the extreme (highest and lowest) value that is within 1.5*IQR.

significantly negative correlation was also observed between Lactobacillus reuteri and the Nugent score (p: —0.17, p value T1 = 0.02) in term
samples.

(Figure S4A). In preterm sample also L. coleohominis (p: —0.32, p value T1 = 0.02) was found to be significantly negatively correlated with
Nugent score. Whereas, the Prevotella sp. (p: 0.23, p value T1 = 0.02) and A. vaginae (p: 0.13, p value T1 = 0.02) were found to be positively
correlated with the Nugent score (Figure S4B).

Longitudinal trend of L. crispatus and L. iners in term and preterm samples

We investigated the fixed effects of birth type (preterm/term) and gestation time (first/second/third trimesters) on the relative abundance of
taxa and their species level data, treating age of the mother as a random effect. The effects of both birth type (TB/PTB) and gestational time
(trimesters) were significant for L. crispatus, L. jensenii, and L. iners longitudinally across all the trimesters. Longitudinal analysis showed that
the relative abundance of L. crispatus and L. jensenii were higher in term samples and L. iners was higher in preterm samples throughout the
pregnancy period (Figure 10) (Table S1).

Predictive functional potency of the microbiome reveals several key pathways that are differentially enriched in preterm
and term samples

The metabolic capacity of the vaginal microbiome in term and preterm delivering women was inferred and this identified a total of 408 meta-
bolic pathways across the samples. We found 28 metabolic pathways that were significantly altered (p value <0.05) between TB and PTB sam-
ples (Figure 11A; Table S2). However, in this study we will mainly focus on some specific pathways (n = 5) out of the 28 significant pathways that
may have relevance with birth outcomes (Figure 11B). Heterolactic fermentation pathway that produces lactate along with carbon dioxide and
ethanol as the end product was found to be highly enriched in less than 14 weeks (T1) of TB delivering mothers (mean relative abundance =
0.19) as compared to PTB delivering mothers (mean relative abundance = 0.13). In addition to acidifying the vaginal milieu and inhibiting the
growth of pathogenic anaerobes, both the isomers of lactic acid (L and D) exhibit anti-inflammatory properties stimulating increased levels of
IL-1RA without a concomitant increase in IL-1B, IL-6, IL-8, TNFa, RANTES, and MIP-3 ¢..ET."* Furthermore, nitrate reduction VI (assimilatory)
pathway showed a significant increase as the pregnancy progressed in mothers having preterm deliveries. Further, it was found to be highly
enriched in the preterm delivering mothers in both T2, 18-20 weeks (mean in PTB = 0.27, mean in TB = 0.10) and T3, 26-28 weeks (mean in
PTB = 0.31, mean in TB = 0.10) trimesters of pregnancy when compared with TB deliveries. The nitrite (NO,), which is produced as an inter-
mediate compound, is previously reported to be associated with adverse gestational outcomes.'® Flavin biosynthesis | pathway was found to
be highly enriched in the early pregnancy (T1) of TB (mean = 0.18) than in preterm deliveries (mean = 0.13). However, pathways (Bifidobacte-
rium shunt) involved in the production of short-chain fatty acids, whose end product is lactate and acetate were found to be significantly
altered in early pregnancy (T1) of TB (mean = 0.19) as compared to those being delivered preterm (mean = 0.13). Interestingly, the abundance
of lactate and acetate gradually increased with increasing trimesters in mothers with PTB. Of note, another pathway producing butyrate and
acetate as an intermediate product during pyruvate fermentation was found to be enriched in the mid trimester (T2) of mothers delivering at
term (mean = 0.18) compared with those having PTB (mean = 0.12). However, abundance was found to be lower as the mothers proceeded
toward the last trimester (T3) of pregnancy and this time it was found to be consistent with mothers delivering preterm. The functional po-
tential of the targeted metagenomes was predicted based on the distribution of metabolic pathways in the core mycobiome; however, sub-
sequent validation of the metabolic function is needed.

Rapid detection of PTB associated bacterial taxa using dipstick-based chromatography

Improved diagnostic techniques, such as next-generation sequencing (NGS), have allowed for more accurate identification of microbial spe-
cies present in the vaginal ecosystem. However, the use of specific approaches, such as deep sequencing of the 16S rRNA gene, is expensive,
time-consuming, and hence not suitable in low-resource settings. To date, studies on the vaginal microbiome and PTB have been limited to
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Figure 4. Pie chart showing the core phyla with their relative abundances

Core phyla and their relative abundance (%) in preterm birth (PTB) group and core phyla and their relative abundance (%) in term birth (TB) samples. The colors in
the pie chart represent different phyla, each indicating their mean relative abundance (%). Firmicutes was found to be the most abundant phylum in both PTB and
TB (74% and 78%) followed by Actinobacteia (11% in both PTB and TB) and Proteobacteria (8% and 6%). The abundance of phylum Bacteroidota had a similar
profile in both PTB and TB samples. Significant difference was seen for phylum Fusobacteria (p value = 0.001). The colors in the chart represent different phylum.

metagenomic sequencing only. In the current study, we have translated our findings to the development of a rapid diagnostic point-of-care
test that can detect four PTB and four TB-specific bacterial taxa at the early stage of gestation. Therefore, this can be a promising tool that can
be used to screen Indian women at the community level for BV infection. Targeted metagenomics identified specific DNA sequences in the
16S rRNA gene of bacteria taxa that significantly increased the risk of PTB. In our previous study,” we identified seven bacteria viz, L. crispatus,
L. gasseri, and L. jenseniito be associated with TB, whereas S. sanguinegens, Gardnerella vaginalis, Megasphaera sp, and L. iners were found
to be linked with PTB. We identified and used taxa specific DNA sequences for developing a potential point-of-care dipstick assay for rapid
identification of bacterial taxa in the early pregnancy of women at high risk of PTB. The taxa specific oligonucleotides (n = 14) were tagged
with biotin and the regions were amplified in a thermal cycler using genomic and metagenomic DNA isolated from high vaginal swab
samples. Due to the high affinity between streptavidin and biotin, the biotin-labeled PCR amplicon quickly formed a hybrid with the strepta-
vidin-coated blue latex particles in a post PCR reaction mixture. The PCR amplicon-blue latex hybrids moved up through the dipstick strip by
capillary action when the tip of the strip was inserted into the mixture. Further, the amplicon was bound to the strip as it contains the primer
complementary oligos. Hybridization of the primers causes accumulation of blue latex microspheres leading to a visible blue test line. The
flow control line (FC) was embedded on the opposite tip of the strip to verify the proper functioning of the assay. With this approach, we

Finegoldia
Peptoniphilus
Ureaplasma
Anaerococcus
Corynebacterium
Elizabethkingia
Dialister
Enterobacter
Ralstonia
Pseudomonas

Sphingobacterium

Relative abundance (%)

Prevotella
Halomonas
Sneathia
Atopobium
Gardnerella

Lactobacillus

PTB B

Figure 5. Differential abundance of vaginal microbiome in preterm (PTB) and term birth (TB) delivering women from India

The bar plot showing the relative abundance (%) of seventeen different genera in PTB and TB women. Genus Lactobacillus was found to be the highest abundant
in both PTB and TB delivering women. The bar plot illustrates individual-level data for the TB and PTB groups at the genus level. Each color in the bars
corresponds to a different genus, while the height of the bars indicates the relative abundance of each genus within the groups.
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(D) Relative abundance at 1st trimester (p value = 0.03).
(
(
(

IQR). The median value is represented as a line within the box and whiskers extend to the extreme (highest and lowest) value that is within 1.5*IQR.

detected seven bacterial taxa in two strips that are associated with term (n = 3) and PTB (n = 4) after 20 min of incubation at room temperature.
The flow chart representing the multistep process is represented in Figure 12A.

Specificity and sensitivity of PCR-dipstick DNA chromatography
The specificity of PCR-dipstick DNA chromatography was confirmed under the following conditions: (1) oligonucleotide-free primers; (2)
biotin-free primers; and (3) no target DNA template (Figure 12B). First, we optimized the amplification reactions in in vitro conditions utilizing
the genome of seven representative bacteria including S. sanguinegens, G. vaginalis, Megasphaera sp, L. iners, L. crispatus, L. gasseri, and
L. jensenii isolated from the vaginal milieu of women from the universe of microbiome study participants of GARBH-Ini cohort and further
ruled out for any non-specific amplification due to cross-hybridization with other bacterial strains. Additionally, in-silico BLAST searches

Bl rTBT1

i |
-6.0 -4.8 -

! !

Lactiobucillus j;bhnsonii
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Figure 7. Differential abundance of vaginal microbiome in preterm (PTB) and term birth (TB) delivering women from India
Linear discriminant analysis size effect (LefSe) plot showing the most differentially abundant species (n = 7) among PTB and TB samples in the first trimester of
pregnancy (T1). The x axis of the plot represents the LDA score on a log10 scale, while the y axis displays the discriminant taxa identified in the TB and PTB groups.
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Table 2. Community state type in term birth and preterm birth samples

Community PTB-T1 TB-T1 PTB-T2 TB-T2 PTB-T3 TB-T3

State Types Dominant (% of (% of (% of (% of (% of (% of

(CSTs) CST taxa individuals) individuals) p value individuals) individuals) p value individuals) individuals) p value

CST-I Lactobacillus 19% 36% 0.006 37% 39% 0.88 29% 46% 0.09
crispatus

CST-l Lactobacillus 2% 3% 0.999 2% 2% 0.924 3% 2% 0.693
gasseri

CST-lIl Lactobacillus iners 61% 40% 0.015 54% 43% 0.15 52% 40% 0.11

CST-IV Non-Lactobacillus  16% 14% 0.88 4% 7% 0.53 14% 6% 0.009

L. johnsonii  Lactobacillus 0% 4% 0.170 0% 2% 0.375 0% 2% 0.623

CST johnsonii

L. jensenii Lactobacillus 0% 1% 1 0% 3% 0.225 0% 2% 0.356

CST jensenii

L. mulieris Lactobacillus 2% 2% 0.580 3% 4% 0.294 2% 2% 0.667

CST mulieris

p value less than 0.05 is mentioned in bold font.

were also carried out using the National Center for Biotechnology Information (NCBI) Website to confirm the specificity of primers and further
validated in vitro. Our PCR-based dipstick DNA chromatography multiplex assay precisely identified the presence of Gardnerella, Sneathia,
Megasphaera, L. iners (Figure 12C), L. crispatus, L. gasseri, and L. jensenii (Figure 12D) in the high vaginal swab (HVS) samples of pregnant
Indian women. The abundance profile of these 7 bacterial species was found to be consistent with our previous results, except Megasphaera
(Table 3).

We observed 67.1% specificity and 74.2% sensitivity of detection of bacteria that had shown significant association with either TB or PTB.
The positive predictive value, or the probability likelihood that an individual with a positive screening test actually has the condition, is 62.9%
for PTB associated bacteria and 56.9% for TB associated bacteria, respectively. The negative predictive value, i.e., the probability that the
bacteria associated with PTB is absent in the sample when the test was negative is 79.4% for PTB and 77.8% for TB, respectively.

DISCUSSION

PTB can lead to both short-term morbidity and mortality and long-term impact on childhood growth and neurodevelopment. To better
understand environmental risk factors of PTB at its earliest stages we focused on the vaginal microbiome of pregnant women. Several
studies have highlighted that genetic variations among individuals, which can correlate with race or ethnic background, significantly influ-
ence the composition and functional potency of the vaginal microbiome."® Additionally, environmental factors such as diet, lifestyle, and
geographic location play crucial roles in shaping microbiome composition and function. Previous studies have shown that the vaginal
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Figure 8. Correlation between L. crispatus and L. iners between preterm (PTB) and term birth (TB) samples using Spearman'’s rank correlation test
The correlation plot between L. crispatus and L. iners in (A) PTB group and in (B) TB group. The relative abundances of both species were used for calculation of
correlation coefficient value. The correlation coefficient and p value are mentioned in both the plots. The x axis of the plots denoted the relative abundance (%) of
L. iners andy axis denoted the relative abundance (%) of L. crispatus. L. crispatus and L. iners were found to be negatively correlated with each other throughout
the pregnancy in both the TB and PTB groups (PTB: R? = —0.48, p value = 0.00027; TB: R? = —0.52, p value = 6.8 x 1077).
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Figure 9. Correlation between vaginal microbial species and Shannon diversity index using non-parametric Spearman'’s rank correlation test in preterm
birth (PTB) group

The x axis and y axis of the correlation plot represent the species and alpha diversity indices. Each box of the plot represents the correlation coefficient value
between two variables. The color of each box represents either positive or negative correlation and the color intensity represents the strength of the
correlation. Blue squares represent positive correlation, red squares represent negative correlation and white squares represent non-significant correlations.

microbiome can vary based on the host's race and ethnicity, revealing differences in microbial communities, particularly bacterial species
and their relative abundances.”'®"” Distinct genetic backgrounds among ethnic groups can predispose individuals to specific types of mi-
crobial colonization. Therefore, understanding the relationship between vaginal microbiome composition and ethnicity is essential for iden-
tifying individuals at risk of PTB and developing targeted interventions to reduce PTB rates. This study, which is pioneer of its kind in India
with a substantial sample size of 600 high vaginal swabs, explores region-specific microbial taxa associated with PTB during the first
trimester of pregnancy, offering valuable insights into ethnic-specific risk factors. Study subjects were selected from a large pregnancy
cohort in India, GARBH-Ini, where 600 high vaginal swab samples were collected longitudinally across pregnancy from 200 pregnant women
and evaluated the association of the vaginal microbiome composition with PTB in comparison to TB using a nested case-control study
design. In our study, Lactobacillus was found to be the most dominant taxa in both the groups. However, species level investigation showed
that distinct species of Lactobacillus are enriched in different study groups. We found L. crispatus has the highest abundance in the vaginal
ecosystem of women who delivered at term whereas L. iners was mostly enriched in those who had a preterm baby. Longitudinal analyses
showed that L. crispatus and L. iners were significantly higher across trimesters in term and preterm samples, respectively. Higher abun-
dance of anaerobic non-Lactobacillus taxa during gestational period was found in women delivering preterm. The microbes associated
with preterm and TB have distinct genomic signatures that helped us to develop a dipstick-based assay for rapid identification of the micro-
biota associated with specific birth outcomes.

It is a well-established fact that Lactobacillus sp. like L. crispatus, L. gasseri, L. jenseniiand L. vaginalis are the hallmark of a healthy vagina
that protects from the colonization of allochthonous microbiota and also maintains lower pH and hygiene.'® A number of previous studies
reported the association between presence of allochthonous vaginal taxa and PTB."*'? Our study corroborated these findings with distinct
region-specific microbiota. More recently, increased abundance of allochthonous microbiota including G. vaginalis and other anaerobic mi-
crobes were associated with adverse pregnancy outcomes?’ in Bangladesh. Other bacterial taxa associated with term (L. crispatus and Fine-
goldia) and preterm (Prevotella buccalis) birth outcomes have been seen in populations from Thailand-Myanmar.”’ Further, BV associated
non-Lactobacillus taxa were found to be linked with PTB in different ethnicities.'®?” In contrast, a few studies from different regions73’74 could
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Figure 10. Linear mixed effect (LME) model-based analysis

The analysis is performed to study the fixed effect of birth type (preterm and term) and gestation time (1st, 2nd, and 3rd trimester) on taxa relative abundance
using g2-longitudinal of Qiime2. The Volatility plot showing the relative abundance of L. crispatus and L. iners throughout the pregnancy in term and preterm
samples. The plot features two colors, each representing the TB and PTB groups. The x axis indicates various time points during pregnancy, while the y axis shows
the relative abundance (%) of species. Dark-colored lines illustrate the mean relative abundance of either L. crispatus or L. iners, whereas light-colored lines

represent the distribution of individual-level data.

not find any association with vaginal microbiome and PTB and TB. This suggests that microbial taxa associated with birth outcomes have re-
gion and population specific signatures.

Recent studies have shown that the BV-associated microbial taxa can mutually co-exist with L. iners and increases the risk of PTB in Cauca-
sian and African-American ethnicity.'” In our cohort, we observed a strong negative correlation between L. crispatus and L. iners, indicating
that there may be a possible negative correlation of PTB with other associated bacterial taxa. L. crispatus might play an important role to keep
vagina less diverse and reduce the growth of facultative anaerobes in the vaginal milieu. Our results are further strengthened by reports
showing strong association between L. iners and PTB in pregnant women from China.”” This emphasizes the potential of these bacteria
as biomarkers for early prediction of bacterial dysbiosis that could be associated with PTB. L. crispatus and L. iners are the most dominant
species in our study and are negatively correlated with Shannon diversity index that indicates that dominant Lactobacillus may inhibit the
growth of other less abundant taxa in the vaginal cavity. The increased Shannon diversity in our preterm samples may be due to other
non-Lactobacillus taxa that may explain the positive correlation between the Shannon index and non-lactobacillus taxa.

Our study being a prospective longitudinal cohort was specifically placed to identify the dysbiotic pattern associated with PTB early in
pregnancy. We identified L. iners to be significantly high in the first trimester in women who delivered preterm. In addition, a few other anaer-
obic bacteria like S. sanguinegens, Atopobium, and P. corporis were present in significantly high numbers in HVS of mothers with PTB in early
pregnancy. Metagenomic sequencing is very sensitive and specific, but is expensive, time-consuming, and requires technical expertise to
identify the microbiota. It is therefore difficult to implement this in low-resource settings as a diagnostic tool for identification of PTB asso-
ciated microbiota in the vaginal milieu. Till now, people have identified the vaginal microbial taxa associated with TB and PTB mostly by
exploring metagenomic sequences. Our study has translated the metagenomic findings into a diagnostic assay for rapid detection of specific
bacterial taxa that could facilitate risk stratification of PTB in a minimal-resource health care facility. The nucleic acid sequence specific probes
developed in this study allow for rapid identification of the seven major bacterial species found to be differentially abundant in the PTB and TB
samples of Indian pregnant women using a highly sensitive metagenomic reads as the “gold standard.” Nucleic acid detection-based ap-
proaches eliminate the necessity for in vitro culture and reduce the time required to detect bacterial species. DNA biosensors provide a
way to simplify post-PCR analysis, with much improved detectability, specificity, and reproducibility. This assay has the potential to screen
women at the community level and provide an early indication of the risk of PTB. Early prediction of PTB-associated risk in low-resource set-
tings is critical in reducing the complication associated with these adverse birth outcomes. The biophysical methods used to predict the risk of
PTB involve uterine contractions (UC) and manual examination of the cervical length (CL) by endo-vaginal examination. In a recent study on
the assessment of cervical length showed 50%, 50%, 53%, and 54% sensitivity at a 10% false predictive rate (FPR) at 20-23, 24-27, 28-31, and
32-35 weeks for predicting PTB, respectively.”>?’ The addition of the dipstick assay to the other clinical and ultrasound markers could poten-
tially improve the accuracy of the prediction. We plan to evaluate this in a large multicentric validation cohort study across India. Therefore, the
early detection of PTB-associated bacteria in low resource settings is a promising tool for reducing complications associated with this com-
plex syndrome that has immense public health implications.
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Figure 11. Heatmap showing the significant functional profiles inferred by PICRUSt2
(A) Out of 408 metabolic pathways inferred through PICRUSt2, a total of 28 differentially abundant pathways (p value < 0.05) were identified among preterm (PTB)

and term (TB) delivering mothers.
(B) Out of 28 significant metabolic pathways, 5 pathways that may have relevance with birth outcomes are represented here. The values represent the mean

relative abundance in each trimester (T1, T2, and T3) among the two groups. The blue-red color in the scale represents lowest to highest mean relative

abundance.

In summary, the integration of metagenomic and dipstick assay helps us to identify microbial taxa that increase the risk of PTB in resource-
limiting settings. The successful translation of knowledge of differences in vaginal microbiota derived from metagenomic study to simple scal-
able dipstick assay has the potential to positively impact public health.

Limitations of the study
Our study has a few limitations. The large focus is on the taxonomic dysbiosis of the vaginal microbiota. However, we are continuing to do a
functional analysis for mechanistic understanding. While we have evaluated the predictive accuracy of the dipstick test against the
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Figure 12. PCR-dipstick DNA chromatography

(A) Flowchart outlining the multistage process of dipstick DNA chromatography.

(B) Specificity of the PCR-Dipstick DNA chromatography: A: target amplicons tagged by oligonucleotides only. B: target amplicons tagged by biotin only. C: PCR
performed with no target DNA templates.

(C) PCR-based dipstick DNA chromatography multiplex assay precisely identified the presence of Gardnerella, Sneathia, Megasphaera, and L. iners. A: gel image
of multiplex PCR for preterm birth (PTB) associated bacteria. B: dipstick showing signal for PTB associated bacteria, i.e., G. vaginalis, Megasphaera type |,
S. sanguinegens, and L. iners, along with the negative control.

(D) PCR-based dipstick DNA chromatography multiplex assay precisely identified the presence of L. gasseri, L. jensenii, L. iners, and L. crispatus. A: gel image of
multiplex PCR for term birth (TB) associated bacteria. B: dipstick showing signal for TB associated bacteria, i.e., L. gasseri, L. jensenii, L. iners, and L. crispatus,

along with the negative control.
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Table 3. Abundance profile of bacterial species selected for dipstick assay (present study)

Species PTB-T1 TB-T1 p value PTB-T2 TB-T2 p value PTB-T3 TB-T3 p value
Lactobacillus iners 0.58 0.42 0.03 0.53 0.45 0.2 0.53 0.42 0.1
Gardnerella vaginalis 0.1 0.12 0.2 0.06 0.08 0.6 0.09 0.07 0.88
Megasphaera sp. 0.05 0.02 0.6 0.02 0.01 0.6 0.04 0.01 0.1
Sneathia sanguinegens 0.04 0.02 0.02 0 0.01 0.16 0.01 0 0.53
Lactobacillus crispatus 0.2 0.37 0.02 0.35 0.4 0.5 0.3 0.45 0.53
Lactobacillus gasseri 0.04 0.03 0.2 0.03 0.02 0.66 0.03 0.02 0.45
Lactobacillus jensenii 0 0.01 0.4 0 0.03 0.03 0.01 0.03 0.9

metagenomic data as gold standard, the predictive ability for the risk of PTB needs a comprehensive evaluation. Such an evaluation is
possible only in a large multicentric study that is currently being planned. Although the rapid dipstick assay identifies most of the bacterial
taxa associated with birth outcomes some would be missed because of inter-oligo cross-reactivity.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Human vaginal swab (HVS) samples

Metagenomic DNA

Lactobacillus crispatus genomic DNA
Lactobacillus gasseri genomic DNA

Lactobacillus jensenii genomic DNA

Indian women enrolled in the GARBH-Ini cohort

High vaginal sample of Indian women

enrolled in the GARBH-Ini cohort

Vaginal swab samples of Indian women
Vaginal swab samples of Indian women

Vaginal swab samples of Indian women

GARBH-Ini cohort study participants
Functional Genomics Lab., BRIC-THSTI

Functional Genomics Lab., BRIC-THSTI
Functional Genomics Lab., BRIC-THSTI
Functional Genomics Lab., BRIC-THSTI

Gardnerella vaginalis ATCC strain Human vaginal secretions ATCC#14018
Chemicals, peptides, and recombinant proteins

Mutanolysin Sigma Aldrich, USA Cat#M9901
Lysostaphin Sigma Aldrich, USA Cati#L7386
Lysozyme Sigma Aldrich, USA Cat# L6876
Guanidine thiocyanate Sigma Aldrich, USA Cat#G9277
N-Lauryl sarcosine Sigma Aldrich, USA Cat#L5777
MRS agar Sigma Aldrich, USA Cat#69964
MRS broth Sigma Aldrich, USA Cat#69966
Trypticase soy broth Sigma Aldrich, USA Cat#22092
Trypticase soy agar Sigma Aldrich, USA Cat#22091

Defibrinated sheep blood

BiomLife

Nextera XT DNA Library preparation kit
Q5 High Fidelity DNA Polymerase
Deoxynucleotides

Forward primer dry tube (dipsticks)
Reverse primer dry tube (dipsticks)
C-PAS Chromatography paper strip
Dilution Buffer

Streptavidin coated latex beads

Nextera XT DNA Library preparation kit

R-Biopharm Neugen Pvt. Ltd, India
Ruhvenile Biomedical Pvt. Ltd, India
lllumina Inc., USA

New England biolabs, USA

New England biolabs, USA

Tohoku bio-array Co., Ltd., Japan
Tohoku bio-array Co., Ltd., Japan
Tohoku bio-array Co., Ltd., Japan
Tohoku bio-array Co., Ltd., Japan
Tohoku bio-array Co., Ltd., Japan

Illumina Inc., USA

Lot number - 260623
Cat#RVN-BL-0.9-00
Cat#FC-131-1096
M0491S

NO0447S

HS Code#2934.99
HS Code#2934.99
HS Code#4823.90
HS Code#3822.00
HS Code#3822.00
Cat#FC-131-1096

Oligonucleotides

L. gasseri specific

Megasphaera type 1 specific

L. jensenii specific

L. crispatus specific

S. sanguinegens specific

G. vaginalis specific

Sigma Aldrich, USA

Sigma Aldrich, USA

Sigma Aldrich, USA

Sigma Aldrich, USA

Sigma Aldrich, USA

Sigma Aldrich, USA

F- 5' TGGAAACAGRTGCTAATACCG 3
R- 5" CAGTTACTACCTCTATCTTTCTTCACTAC 3

F-5' GATGCCAACAGTATCCGTCCG ¥
R- 5" CCTCTCCGACACTCAAGTTCGA 3

F- 5" ATGCTTGCGCTTATCCTT 3’
R-5' GTTTAGCGATGTCAGGATC 3’

F-5' TCCCCAATTAGATCCTGCATC 3’
R-5" AGAAGTGCTTGCTGGAGGTG 3’

F-5" AATTATTGGGCTTAAAGGGCATC 3'
R-5" AGTACTCTAGTTATACAGTTTTGTAG 3’

F-5' TTACTGGTGTATCACTGTAA 3’
R-5" CCGTCACAGGCTGAACAGT 3’

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
L. iners specific Sigma Aldrich, USA F-5' GTCTGCCTTGAAGATCGG 3

R-5" ACAGTTGATAGGCATCATC 3

Software and algorithms

DADA?2 package (Version: 1 - 16) Callahan et al.”® http://benjjneb.github.io/dada2/

SILVA 138 Quast et al.”’ https://www.arb-silva.de

PICRUSt2 Douglas et al.*° https://github.com/picrust/picrust2/wiki
g2-longitudinal of Qiime2 Bokulich et al.”’ https://github.com/qiime2/q2-longitudinal.git

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and participants

Our study is a nested case-control study embedded in the GARBH-Ini (Interdisciplinary Group for Advanced Research on Birth Outcomes - A
DBT India Initiative) pregnancy cohort conducted between 2015 and 2021. The details of the cohort are described elsewhere.'%® Briefly,
pregnant women visiting the antenatal clinic at Gurugram Civil Hospital (GCH) before completion of 20-weeks period of gestation (POG),
as assessed by ultrasound dating scan, were enrolled in the GARBH-Ini cohort. These women were followed up at least 4 times during preg-
nancy till delivery. After enrollment, each subject was monitored until childbirth to collect information on the period of gestation (POG) at
delivery. Based on this POG data, subjects were classified into either the term or preterm group. In total, the study included 60 women
who delivered preterm and 140 women who delivered at term. Serial clinical information and biospecimens, including samples of high vaginal
swabs (HVS) were collected and stored in the biorepository situated at THSTI. Among women enrolled in the GARBH-Ini cohort those who
had singleton babies without congenital abnormalities by spontaneous delivery and HVS at all three (T1 swab: <14 weeks), 2" (T2 swab: 18-
20 weeks) and 3™ (T3 swab: 26-28 weeks) trimesters and had no history of antibiotic usage in the 7 days prior to sampling, or complications
during pregnancy, such as pregnancy with preeclampsia, or any placental abnormalities constituted the universe of study participants (n =
1014) for the current microbiome study (Figure 1). From this universe, 60 women who delivered preterm were chosen randomly as cases
and 140 women with term birth (TB) were selected as controls. The subcategories of Preterm birth of the study participants based on gesta-
tional age are as follows; Extreme preterm (<28 weeks): 1.6%, very preterm (28-32 weeks): 10% and moderate preterm (32-34 weeks):15%.
Information on abortion history was available only for 16 PTB and 36 TB out of 60 PTB and 140 TB delivering women. Total, 10 PTB (16%)
and 25 TB (18%) participants had a previous history of abortion. Conversely, 6 PTB (10%) and 11 TB (8%) participants reported no history
of abortion. High vaginal swabs taken at three time points for the selected participants were retrieved from the biorepository. Microbiome
DNA isolation and massively parallel sequencing were performed.

METHOD DETAILS

High vaginal swab sample collection procedure

The study participants were positioned in the lithotomy position in the procedure room at Gurugram Civil Hospital, Haryana. Collection of
high vaginal swab samples were done aseptically from the midpoint of the vagina with the help of a Cusco’s speculum and four sterile
Catch-All sample collection swabs that were then gently rubbed against the mid vaginal wall for ~20 s. Microcentrifuge tube prefilled
with 0.5 mL of sterile 50 mM Tris-1 mM EDTA buffer (pH 8.0) supplemented with nuclease inhibitors and protein-denaturing agents (Guani-
dinium thiocyanate) was used for placing the HVS swabs. Further, vortexing was done in order to remove microbial cells. These tubes were
further transferred to Functional Genomics Laboratory (FGL), BRIC, Translational Health Science and Technology Institute (THSTI) for carrying
out the microbiome study in freezing conditions (—192°C) within 12 h of sample collection.

Amplicon sequencing of 16S rRNA gene and bioinformatics analysis

After microbiome DNA isolation, the V3-V4 hyper-variable region of 16S rRNA gene was amplified using universal primer pairs: 175F
(5"-CCTACGGGNGGCWGCAG-3') and 512R (5-GACTACHVGGGTATCTAATCC-3'). Amplified products were purified using Agencourt AM-
Pure- XP (Beckman Coulter) paramagnetic beads and viewed by 1% agarose gel electrophoresis. Sample indexing was done by Nextera XT
Index Kit (lllumina) and quantification of DNA library was performed by Qubit Flurometer using Qubit dsDNA HS Assay Kit (Invitrogen) and
amplicon length was checked using 2100 TapeStation (Agilent 4200) instrument. Then the final libraries were pooled and sequenced using
HiSeq2500 platform following massively parallel 2x250 paired-end chemistry.

After sequencing the sequence data were processed using DADA2 package (Version: 1 - 16)in R (V 4 - 1-1).”° The quality profile of de-
multiplexed raw reads were checked using the “plotQualityProfile "’ function of DADA2 R package. No reads were removed as Phred QV
was > 30 for all paired-end reads. Using “filterAndTrim" function in DADAZ2, the primer sequences at the 5 end of the reads were trimmed
and those reads with (a) read length <200 bp and >600 bp and (b) ambiguous bases (N) > 0 were discarded. The filtered paired-end reads
were de-replicated and processed for error rate estimation for each base position using dada and learnErrors function. The de-replicated
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unique paired-end reads were joined only when at least 12 bases overlapped (mergepairs function) and merged reads were subsequently
binned into Amplicon Sequence Variants (ASVs) based on 100% sequence similarity (makeSequenceTable function). Removal of chimeric
as well as singleton ASVs were then performed. The codes used in this study are mentioned in supplemental file Data S1. Adjustment for
negative control was performed by removing those ASVs from all the samples having at least 1% abundance in negative controls. Rarefaction
analysis and alpha (Shannon, Simpson and Chao1) diversity estimation were done using vegan package. Finally, taxonomy assignment till the
genus level was done by aligning the representative sequences of each ASVs to the SILVA Reference database (Version 138).* For species
level classification, the NCBI's 165 Microbial database was used and alignment was performed by BLASTn.?”** Only those representative
sequences with >98% sequence identity in BLAST were selected for species-level annotation.

Predictive functional analysis by PICRUSt2

Functional predictions of the bacterial communities from the vaginal microbiome were computed through the latest PICRUSt2 v2-4 - 2 soft-
ware described by Douglas et al.,2020.%° The unique amplicon sequence variants (ASVs) and a Biome file were given as input for the analysis.
HMMER (http://www.hmmer.org/) was used for the multiple assignments of the exact sequence variants (ESVs) in the first step followed by
evolutionary placement-ng (EPA-ng) and Genesis Applications for Phylogenetic Placement Analysis (gappa) omics.*** Finally, prediction of
pathway-level abundances was done using the pathway_pipeline.py function that assigns EC numbers to Meta Cyc reactions and KO abun-
dances in KEGG pathways.?® The code used for the PICRUSt2 based analysis is mentioned in supplemental file Data S1.

Samples and bacterial strains used for the dipstick assay

Seven bacterial species, Lactobacillus crispatus, Lactobacillus jensenii, Lactobacillus gasseri, Lactobacillus iners, Sneathia sanguinegens,
Gardnerella vaginalis, and Megasphaera sp. that were identified from our previous study” were selected for the development of the dipstick
assay. In the previous studly, L. iners (<14 weeks, 18-20 weeks and 26-28 weeks, p-value <0-02), Megasphaera sp. (<14 weeks, p-value <0-05),
G. vaginalis (18-20 weeks, p-value = 0-01) and S. sanguinegens (18-20 weeks, p-value <0-0001) were found to be significantly associated with
preterm deliveries whereas the higher abundance of L. gasseri (26-28 weeks, p-value = 0-010) was observed in term deliveries.

We developed the dipstick assay using a two-step process. A total of 220 samples were selected from the universe of our microbiome
study participants (n = 1014). Among 220 samples, 82 were chosen from our earlier case control study (n = 110) and 51 were selected
from this study. Since, metagenomic sequencing data were available for 133 out of the total 220, these samples were used as gold standard
for calculating the sensitivity and specificity. The remaining 87 samples for which the final birth outcome was known, were tested for the assay.

Dipstick DNA chromatography

Dipstick strips and the reagents for this assay were obtained from the Tohoku bio-array (TBA) Co., Sendai, Japan (Figure S1). As shown in the
above table, for each pair of primers, the 5’ terminus of the forwarding primer was tagged with different oligonucleotides and the 5’ terminus
of the reverse primer was biotinylated. Blue-colored latex particles coated with streptavidin were linked to biotinylated terminal amplicons
through a streptavidin-biotin interaction. Dipstick strips were manufactured by immobilizing four complementary oligonucleotides to specif-
ically recognize the PCR amplicons through hybridization with 5’ terminus tags. On the strip, 4 test lines in total are available. A flow control
line was also set up at the end of the strip. One PCR-amplified product was diluted with H,O into a total volume of 10 pL and mixed with 10 pL
of developing buffer (containing salts solution) and 1 - 5 ulL of streptavidin-coated blue latex suspension (both were supplied by TBA Co.). A
DNA strip was then inserted into the mixture. The appearance of a blue test line at the position where the complementary oligonucleotide is
immobilized indicates the presence of the target DNA sequence.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differences in the alpha diversities and vaginal microbiome composition were determined by non-parametric Wilcoxon rank-sum test (two-
tailed) using the R command (wilcox.test, paired = FALSE) (Figure 2; Figure 6). Multivariate analysis was performed using Linear Discriminant
Analysis (LDA) Effect Size (LEfSe) (Figure 7). Analysis of Variance (ANOVA) tests were performed for the three groups (T1, T2, T3) comparison
(Figure 3). Correlations between vaginal taxa were evaluated using non-parametric Spearman’s rank correlation test in R (cor.test, method =
spearman) (Figures 8, 9, and S4). Linear Mixed Effects (LME) model-based analysis was performed using g2-longitudinal of Qiime2*' to un-
derstand longitudinal shift of microbial species during pregnancy in the term birth (TB) and preterm birth (PTB) samples. Birth type (TB/PTB)
and gestation time (first/second/third trimesters) were used as fixed effects and age of the mother was used as a random effect in this LME
model (Figure 10).

Since the dipstick assay involves a parallel testing approach, we first tested for the TB associated microbes followed by testing for the PTB
associated microbes, as described earlier. Therefore, the combined sensitivity of the assay was calculated using formula (sensitivity of first
test X sensitivity of second test), and the specificity was calculated using (specificity of first test + specificity of second test — [specificity of
first test X specificity of second test]).

ADDITIONAL RESOURCES

This study is reviewed and approved by Translational Health Science and Technology Institute Human Ethics Committee. [Ref.# THS 1.8.1/(30)
dated 11th Feb 2015].

iScience 27, 111238, November 15, 2024 17



http://www.hmmer.org/

	ELS_ISCI111238_annotate_v27i11.pdf
	Previse preterm birth in early pregnancy through vaginal microbiome signatures using metagenomics and dipstick assays
	Introduction
	Results
	Characteristics of the study participants
	Inter individual microbiome diversity between term and preterm samples
	Dynamics of vaginal microbiome composition in term and preterm samples during pregnancy
	Vaginal microbiome composition in early pregnancy between term and preterm samples
	Community state type reveals vaginal microbial community structure
	Correlation study reveals the positive and negative associations between microbial species in the vagina
	Longitudinal trend of L. crispatus and L. iners in term and preterm samples
	Predictive functional potency of the microbiome reveals several key pathways that are differentially enriched in preterm an ...
	Rapid detection of PTB associated bacterial taxa using dipstick-based chromatography
	Specificity and sensitivity of PCR-dipstick DNA chromatography

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Study design and participants

	Method details
	High vaginal swab sample collection procedure
	Amplicon sequencing of 16S rRNA gene and bioinformatics analysis
	Predictive functional analysis by PICRUSt2
	Samples and bacterial strains used for the dipstick assay
	Dipstick DNA chromatography

	Quantification and statistical analysis
	Additional resources




