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Infection is a leading cause of preterm birth (PTB). A focus of many studies over the past decade has been to characterize microorganisms present in the uterine cavity and document any association with negative pregnancy outcome. A range of techniques have been used to achieve this, including microbiological culture and targeted polymerase chain reaction assays, and more recently, microbiome-level analyses involving either conserved, phylogenetically informative genes such as the bacterial 16S rRNA gene or whole shotgun metagenomic sequencing. These studies have contributed vast amounts of data toward characterization of the uterine microbiome, specifically that present in the amniotic fluid, fetal membranes, and placenta. However, an overwhelming emphasis has been placed on the bacterial microbiome, with far less data produced on the viral and fungal/yeast microbiomes. With numerous studies now referring to PTB as a polymicrobial condition, there is the need to investigate the role of viruses and fungi/yeasts in more detail and in particular, look for associations between colonization with these microorganisms and bacteria in the same samples. Although the major pathway by which microorganisms are believed to colonize the uterine cavity is vertical ascension from the vagina, numerous studies are now emerging suggesting hematogenous transfer of oral microbiota to the uterine cavity. Evidence of this has been produced in mouse models and although DNA-based evidence in humans appears convincing in some aspects, use of methodologies that only detect viable cells as opposed to lysed cells and extracellular DNA are needed to clarify this. Such techniques as RNA analyses and viability polymerase chain reaction are likely to play key roles in the clinical translation of future microbiome-based data, particularly in confined environments such as the uterus, as detection of viable cells plays a key role in diagnosis and treatment of infection.
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INTRODUCTION

It has been well established that infection is a leading cause of preterm birth (PTB) and is highly associated with the deliveries that occur at the earliest gestations (1, 2). Although several theories have been proposed outlining the establishment of intra-uterine infections, the most widely accepted is that microorganisms residing in the vagina vertically migrate through the cervix, colonize the fetal membranes and then subsequently, the amniotic fluid (AF), placenta, and fetus (1). More recently, particularly in relation to bacteria colonizing the placenta, evidence has been presented suggesting hematogenous spread of organisms from the mother to the amniotic cavity (3–5).

For many years, studies have attempted to document these organisms, first using conventional microbiological culture and in the past two decades using a combination of culture, organism-specific polymerase chain reaction (PCR) assays and in the case of bacteria, 16S rDNA phylogenetics using a range of approaches including molecular cloning, denaturing gradient gel electrophoresis (DGGE), and terminal restriction fragment length polymorphism (TRFLP) analyses. These studies have contributed a wealth of information to our knowledge of what microorganisms colonize the uterine cavity. Recent advances in molecular biology that have seen the widespread use of next-generation sequencing (NGS) platforms for both amplicon and whole genome sequencing (WGS) have further enhanced our knowledge of these organisms, particularly those that represent very small proportions of a given microbial community.

This review aims to provide an overview of the total microbiome of the uterine cavity and discuss associations between specific organisms and negative pregnancy outcome. Some recent literature constantly use the term “microbiome” to describe bacterial microbiota, when in actual fact this term is really all encompassing and refers to microorganisms in general, including bacteria, viruses, yeasts, and fungi. As such, we will provide an overview of the bacterial, viral, and yeast/fungal microbiomes of the two main uterine compartments examined to date, the AF and placenta. In addition, we will discuss some of the limitations associated with current uterine microbiome data in terms of our ability to translate findings into clinical practice, as well as examining the potential implications of viewing PTB as a polymicrobial condition.

AMNIOTIC FLUID MICROBIOME

Since the discovery of bacteria in the AF of cesarean section pregnancies by Harris and Brown in 1927 (6), the previously held belief that the fetus developed in a sterile environment has been challenged. Now, in the present day era of advanced molecular microbiological methodologies, we are well aware that numerous microbial organisms colonize the uterine environment (7, 8), many of which have been causally linked to PTB.

BACTERIA

Without a doubt, of all components of the uterine microbiome the greatest amount of data available relates to bacteria. Recent reviews by DiGiulio (7) and Mendz et al. (8) have provided a thorough overview of the major bacterial genera and species associated with AF colonization in cases of PTB. We have provided a summary of these and more recent bacterial microbiome studies in Table 1.

Table 1 | Overview of the major moleculara bacterial microbiome-based analyses of the uterine cavity.
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The most recent study documenting AF infection was conducted by Combs et al. (9), and examined 305 cases of women in spontaneous preterm labor with intact fetal membranes using a combination of enrichment culture and 16S rDNA cloning. Of the 305 cases, they reported the presence of bacteria in 30 AF samples, 26 of which they attributed to infection based upon elevated levels of interleukin-6 (IL-6) (>11.2 ng/mL) and 4 of which were deemed “colonizers” due to levels of IL-6 <2.6 ng/mL. The most common organisms identified were Ureaplasma urealyticum (11 cases), Fusobacterium nucleatum (5 cases), Bacteroides ureolyticus (4 cases), Sneathia sanguinegens (4 cases), Ureaplasma parvum (4 cases), and Streptococcus agalactiae (3 cases).

Interestingly, Combs et al. (9) also reported numerous cases of culture-positive, PCR-negative detection (65% positive by both, 16% by culture only, and 19% by PCR only), and concluded that the techniques are complementary and that neither can be relied upon 100% for detection of AF infection. A similar result was shown by DiGiulio et al. (14) where they reported six culture-positive samples that were negative by PCR and nine PCR-positive samples that were negative by culture. A potentially important consideration that may explain this disparity exists in the very small volume of AF used for DNA extraction in the DiGiulio et al. (14) study (0.2 mL). The amount of AF used by Combs et al. (9) in DNA extractions is not provided and neither study details the volumes of sample used in culture analyses, although DiGiulio et al. (14) state they centrifuged samples for culture and resuspended them in 1 mL of supernatant, so we assume the original volume was >1 mL in these cases. Considering the generally low titers of bacteria found in AF samples, for molecular detection it would appear to be beneficial to use as large a volume of AF as possible (at least 1 mL) in DNA extractions. This is reflected in the methodologies of Han et al. (15) and Markenson et al. (11), who extracted DNA from 1 to 2.5 mL volumes of AF, respectively. The authors of the first study were able to detect bacterial DNA via 16S rDNA PCR in 100% of culture-positive AF samples from cases of PTB. In addition, this study detected bacterial DNA in 17% of culture-negative AF samples and using molecular cloning, detected additional bacterial taxa in 9/16 culture-positive cases. The authors of the second study detected 30 PCR-positive cases of bacterial DNA in AF from 54 pregnancies with preterm labor compared to 5 cases of using only culture. In the case of large volumes of AF, bacterial cells could be pelleted in residual supernatant for subsequent DNA extraction. This would likely enhance the ability of PCR to detect organisms present in very low titers.

Overall, the most commonly associated organisms with AF infection and PTB include U. parvum, U. urealyticum, Mycoplasma hominis, Gardnerella vaginalis, Peptostreptococcus sp., Enterococcus sp., Streptococcus sp. (particularly S. agalactiae), F. nucleatum, Leptotrichia sp., S. sanguinegens, Haemophilus influenzae, and Escherichia coli (Figure 1). However, Ureaplasma sp. are by far the most commonly detected organism in AF from preterm pregnancies (23) and the greatest body of evidence exists suggesting a causal association between their presence in the AF and subsequent PTB (24). Of particular significance is the case–control study by Gerber et al. (25), who described a significant association between presence of Ureaplasma sp. DNA in second trimester AF and subsequent preterm labor. Similar associations have been described by Yoon et al. (26, 27) and Oh et al. (28) in case-specific studies. In contrast, within AF from women who delivered at term, detection rates for Ureaplasma sp. ranging from 0 (20) to 5.3% (25) have been described. A common colonizer of the vagina (24), this is believed to be the major reservoir for AF infection. However to date, no studies have been able to describe why only certain women vaginally colonized by Ureaplasma sp. deliver preterm and others do not. Recent work in a murine model by Racicot et al. (29) has offered a new viewpoint on this topic and will be discussed later in this review.
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FIGURE 1 | The most commonly detected microorganisms in the amniotic fluid and placenta from preterm and term pregnancies. Studies were only included if there were well-defined preterm and/or term cohorts.



VIRUSES

During pregnancy, women are at a much greater risk of viral infection. For example, the mortality rate associated with influenza in pregnant women during the Spanish flu pandemic of 1918 was between 50 and 75% (30, 31). Unsurprisingly, numerous viral taxa have been previously described in the AF. Examples of these include rubella virus (32), varicella–zoster virus (VZV) (33), human immunodeficiency virus (34), adenovirus (35, 36), cytomegalovirus (CMV) (35, 36), herpes simplex virus (HSV) (36), human parvovirus (36), Epstein–Barr virus (EBV) (35), enterovirus (35, 37), and respiratory syncytial virus (35). All of these have been identified through either viral culture or targeted molecular assays as, unlike bacteria, at present there is no gene conserved throughout viral genera with sufficient variable regions that enables taxonomic classification. This factor dramatically limits our knowledge of the contribution of viruses to the AF microbiome.

Despite these difficulties, a small number of studies have examined the potential association between the presence of viral nucleic acids in the AF and subsequent PTB (Figure 1). The excellent review article by DiGiulio (7) summarized three such studies by Wenstrom et al. (36), Baschat et al. (35), and Miller et al. (38), all of which found a range of viral taxa in the AF of women, but did not report any association between the presence of any specific virus and negative pregnancy outcome.

More recently, Gervasi et al. (39) analyzed 729 mid-trimester AF samples for the presence of adenoviruses, HSV, VZV, human herpesvirus 6 (HHV6), CMV, EBV, parvovirus B19, and enteroviruses. They reported the presence of viral nucleic acids in 16/729 samples (2.2%) with HHV6 being the most prevalent (7 cases), followed by CMV (6 cases), parvovirus B19 (2 cases), and EBV (1 case). No cases of HSV, VZV, enteroviruses, or adenoviruses were reported. The complete absence of adenoviruses in this cohort is in stark contrast to the earlier work of Wenstrom et al. (36) and Baschat et al. (35), who both reported adenoviruses as the most common amongst viral nucleic acid-positive AF samples (9/14 and 37/44 positive AF samples, respectively). Regardless, similar to previous studies, Gervasi et al. (39) also reported no significant association between the presence of any specific viral nucleic acid in mid-trimester AF and negative pregnancy outcome.

Romero et al. (22) utilized a novel molecular method that combined PCR with electrospray ionization time-of-flight mass spectrometry to examine AF from 142 women in preterm labor with intact membranes for the viruses, HSV-1 and -2, VZV, EBV, CMV, Kaposi’s sarcoma-associated herpes virus, human adenoviruses, human enteroviruses, BK polyomavirus, JC polyomavirus, and parvovirus B19. Viral DNA was only identified in two cases, both of which were identified as enteroviruses.

Two additional recent studies examined any relationship between the presence of viral nucleic acid in AF and the clinical phenotype of preterm premature rupture of membranes (PPROM). The first of these was unable to detect any nucleic acid from HSV-1, HSV-2, adenovirus, adeno-associated virus-2, CMV, parvovirus B19, human papilloma viruses, and enteroviruses in the AF of 13 women with PPROM (40). Similarly, Bopegamage et al. (41) were only able to detect a single viral nucleic acid-positive AF sample from a cohort of 174 women with PPROM. In this case, the positive sample contained CMV DNA, but the study also tested for HSV, parvovirus B19, adenovirus, enterovirus, and human parechovirus.

Although these studies appear to paint a clear picture that no association exists between the presence of viruses and subsequent PTB, there are two important considerations to make. First, as mentioned above, our knowledge of viral taxa in AF is greatly limited by the lack of suitable viral phylogenetic markers similar to the bacterial 16S rRNA gene. At present, the only technology available to examine the viral microbiome that does not involve the use of targeted molecular assays is whole genome shotgun metagenomics. This is a rapidly expanding area in viral detection and identification and has resulted in the discovery of novel viral pathogens (42, 43). There is high potential for the application of this technology to examine the role of viral infection in cases of PTB. Second, if one is to adopt the view that PTB is actually a polymicrobial condition, as has been suggested in recent literature, then the view of whether viruses play a role can easily be revisited. Recent research by Racicot et al. (29) has added an interesting twist to this topic and will be discussed later regarding PTB as a polymicrobial disease.

FUNGI AND YEASTS

Similar to viruses, our knowledge of fungi and yeasts in the uterine cavity at present is largely limited to culture and targeted molecular assays. Unlike viruses, however, this is not through lack of suitable phylogenetically informative genes. In fact, in fungi and yeasts several such targets exist, the 18S, 5.8S, and 28S rRNA genes as well as the internal transcribed spacer regions (ITS1 and ITS2) (44). The major limiting factor of these targets compared to the bacterial 16S rRNA gene, however, is that the reference databases containing sequence identifications are significantly less populated than those for bacteria. In addition, the 18S rRNA gene is also present in the human genome, which presents a problem with NGS technologies in terms of the generation of unwanted amplicons utilizing sequencing reagents. This is likely to be of much more significance in samples with very small fungal/yeast content, where the levels of human DNA in an extract may greatly outnumber fungal/yeast DNA.

The only study to date that we are aware of which has employed a broad-range PCR approach to elucidating the fungal microbiome in AF is that of DiGiulio et al. (14). This study utilized the 18S–28S rRNA genes and only detected a single positive sample from 166 patients, which was identified as Candida albicans.

Although they are one of the most common organisms found in the vagina of pregnant women (45, 46) only a small number of studies have investigated Candida sp. as a potential source of AF infection and PTB. These have included both culture (47, 48) and molecular-based (14, 18) studies of women in preterm labor with intact membranes and women with PPROM, with prevalence rates varying between 0 and 1.2% for the first clinical phenotype and 0–5% for the second clinical phenotype. Numerous studies have also reported a distinct association between the presence of an intra-uterine device (IUD) during pregnancy and Candida sp. intra-uterine infection (7), with one study describing this phenomenon in 31.1% of pregnancies where an IUD was present vs. 6.3% where there was no IUD (49).

Unlike organisms more commonly associated with intra-uterine infection, the consequences of Candida sp. in the uterine cavity are typically severe. For example, Payne et al. (50) used a pregnant sheep model to demonstrate that colonization of the amniotic cavity by C. albicans causes severe uterine inflammation and subsequent fetal injury. Once acquired by a preterm neonate, Candida sp. colonization can rapidly progress to invasive candidiasis, a condition that is frequently associated with low birthweight, prematurely born infants. It has a high mortality and morbidity rate and is reported to be the second most common fatal infection associated with preterm infants (51).

At present the fungal/yeast microbiome of the uterine cavity is largely underestimated and our knowledge appears to be limited to Candida sp. (Figure 1). Microbiome investigations of other human body sites utilizing the aforementioned phylogenetically informative targets have revealed previously undescribed diversity, although levels are typically several magnitudes lower than that for bacterial studies (44). For example, in a study of the oral fungal/yeast microbiome, Ghannoum et al. (52) identified Candida species as the most common (present in 75% of participants), followed by Cladosporium sp. (65%), Aureobasidium sp., Saccharomycetales sp. (50% for both), Aspergillus sp. (35%), Fusarium sp. (30%), and Cryptococcus sp. (20%). Of more relevance to PTB, LaTuga et al. (53) detected fungal/yeast DNA in 7/11 stool specimens from extremely low birthweight infants. Genera identified included Candida sp., Cladosporium sp., Clavisporas sp., Cryptococcus sp., and Saccharomyces sp.

Our knowledge of fungi/yeasts that invade the uterine cavity is likely to substantially improve in future years through utilization of NGS technologies and conserved fungal/yeast genes. Comparison of such microbial communities with pregnancy outcome will allow an informed decision of the role that fungi/yeasts play in PTB.

PLACENTAL MICROBIOME

Bacterial colonization of the placenta has been reported previously on several occasions (Table 1). Although numerous studies have suggested colonization as a result of prior fetal membrane and AF infection, an increasing number of studies are reporting the presence of bacteria representative of the oral microbiota in the placenta and suggesting hematogenous transfer as the route of colonization. This will be discussed in detail later in this review.

BACTERIA

One of the best studies to truly document bacterial colonization of the placenta is that by Stout et al. (54), who hypothesized that the maternal basal plate of the placenta may be a reservoir for bacteria associated with negative pregnancy outcomes. In a study of 195 women, they reported Gram positive and negative intracellular bacteria of a range of morphologies (filamentous, cocci, rods, and spirochetes) in the basal plates from 27% of all placentas. In the case of preterm vs. term deliveries, there was a significant association identified between presence of bacteria in the basal plate and delivery at <28 weeks gestational age (GA) (54.5 vs. 26.7%), however, at preterm GAs >28 weeks GA, this significance was lost. Interestingly, the study also reported the presence of bacteria in placentas in the absence of clinical or pathologic chorioamnionitis, potentially indicating placental bacterial colonization through hematogenous mechanisms. Unfortunately, the authors did not go beyond Gram and cell morphology classification in this study, which would have been greatly enhanced with the use of laser capture micro-dissection to isolate specific cell morphologies and identify these using 16S rDNA techniques.

The most recent placental microbiome study applied cutting edge NGS methodologies to elucidate the bacterial microbiota of the placenta. Aagaard et al. (3) described a unique microbiome that bore similarity to oral taxa from non-pregnant subjects, specifically to the bacterial microbiota of the tongue, tonsils, and gingival plaques as previously described by the Human Microbiome Project consortium (55, 56). Using whole genome shotgun metagenomics, the most frequently detected sequences belonged to E. coli and the genus Escherichia sp; Prevotella tannerae, Bacteroides sp., Streptomyces avermitilis, Propionibacterium acnes, Rhodococcus erythropolis, Neisseria polysaccharea, Neisseria lactamica, and Fusobacterium sp. sequences were also detected in lower numbers. Of substantial interest amongst these sequence identifications is that E. coli appears to dominate placental bacterial communities. Aagaard et al. (3) suggested that the source of colonization may be infant meconium, a highly plausible theory considering recent studies showing the high abundance of E. coli in meconium from neonates (57, 58). Another potential source may be the maternal gut, where E. coli is a common resident. This would entirely depend on the ability of E. coli to cross the mucosal barrier of the intestine. A prime example of this is Listeria monocytogenes, which following passage across the intestine is able to spread hematogenously to various body sites, particularly the fetoplacental unit (57).

Aagaard et al. (3) also used a 16S rDNA approach to characterize the bacterial microbiota of a larger number of placental samples and looked for associations between these and PTB. Interestingly, they detected an enrichment of sequences associated with Burkholderia sp. in samples from women who delivered preterm. This genus contains known respiratory pathogens such as the Burkholderia cepacia complex. Other organisms detected included Streptosporangium sp., Roseovarius sp., Rhodococcus sp., Paenibacillus sp., Klebsiella sp., and Anaeromyxobacter sp. (Figure 1). These taxa are quite different to those described by Onderdonk et al. (59), who reported positive cultures for 696/1365 placentas from pregnancies 23–27 weeks GA. The most commonly reported organisms were Actinomyces sp., Streptococcus sp., Corynebacterium sp., E. coli, Lactobacillus sp., M. hominis, Peptostreptococcus sp., Prevotella bivia, Propionibacterium sp., coagulase-negative Staphylococci, Bacteroides sp., G. vaginalis, and Ureaplasma sp.

Although the previously discussed study by Aagaard et al. (3), to our knowledge, represents the only “true” microbiome analysis of the placenta at present, numerous studies have documented a range of other bacteria in this organ. For example, a number of intracellular bacteria are known to colonize the placenta and are associated with negative pregnancy outcomes. These include L. monocytogenes (60), Coxiella burnetii (60, 61), Chlamydia trachomatis (60, 62), Waddlia chondrophila (60, 63), and Parachlamydia acanthamoebae (60).

A more recent study by Queiros da Mota et al. (64) reported 73 cases of positive bacterial culture from 376 placentas. Of these cases, 48 were described as monomorphic and half of the placentas with positive cultures were from preterm deliveries. They described the presence of a range of bacteria, dominated by Gram positive cocci and bacilli and Gram negative bacilli. A number of anaerobes of these same morphology were also present, particularly Gram negative bacilli. The most interesting aspect of this study, however, was the correlation between histological chorioamnionitis and placental bacterial culture. Of the 73 culture-positive cases, 28 occurred in the presence of chorioamnionitis, while 45 did not. This adds some support to the theory that not all cases of bacterial colonization are indeed infection and as suggested by Aagaard et al. (3) that the placenta may indeed harbor its own unique microbiome.

Our knowledge of the bacterial placental microbiome is likely to substantially improve in coming years with the increased application of NGS-based technologies. Data generated by such studies combined with detailed patient histories is likely to significantly enhance our knowledge of the role the placenta plays as a source of bacterial colonization and how this colonization impacts on pregnancy outcome.

VIRUSES

Only a small number of studies have attempted to document the presence of viruses in the placenta. The first of these was a study by Srinivas et al. (65) that looked at singleton pregnancies presenting with a spontaneous second trimester pregnancy loss secondary to PPROM, premature labor, or cervical insufficiency. The authors detected significantly more viral nucleic acid in cases (79%) compared to controls (second trimester induction of labor for congenital anomalies or maternal medical indications) (44%). The major viruses detected were CMV and HPV.

Several years later, Tsekoura et al. (66) examined 71 preterm and 122 full term placentas for the presence of adenovirus DNA and reported its presence in 40.8 and 20.5% of preterm and term cases, respectively (Figure 1). This was a significant finding. In addition, they also documented a significant increase in cases of histological chorioamnionitis in preterm adenovirus-positive placentas when compared to both preterm adenovirus-negative placentas and term adenovirus-positive placentas (75 vs. 36 vs. 19%, respectively).

Perhaps, the most important study looking at viruses in the placenta is that by Cardenas et al. (30), which outlined the importance of viral placental infection in a murine model. This study used murine herpesvirus-68 (MHV-68)-infected pregnant mice to show that viral infection of the placenta can elicit a fetal inflammatory response and that such an infection also may sensitize the mother to bacterial endotoxin and in turn, preterm labor. The authors injected LPS into MHV-68-infected mice in a dose that was known to have a modest effect on pregnancy outcome (20 μg/kg). All MHV-68/LPS animals subsequently delivered in <24 h post-LPS injection compared with only 29% of LPS-only animals. In addition, there was vaginal bleeding and a 100% fetal death rate observed in all MHV-68/LPS cases compared to none in LPS-only animals.

FUNGI AND YEASTS

As with the AF, with the exception of Candida sp., there is a complete dearth of information regarding the fungal/yeast microbiome of the placenta (Figure 1). There have been several case reports documenting placental Candida sp. infections, in particular those arising from cutaneous congenital candidiasis (67–70). This is an extremely rare disease (<100 published cases) that typically occurs secondary to Candida sp. chorioamnionitis. The phenotype is characterized by the presence of white microabscesses on the placenta and umbilical cord and a generalized rash on the infant shortly after birth (69).

PATHWAYS TO MICROBIAL COLONIZATION OF THE UTERINE CAVITY

The excellent review article by Goldenberg et al. (1) on the epidemiology and causes of PTB proposed four major routes of how microbial organisms are able to invade the uterine cavity. These were vertical ascension from the vagina; retrograde through the abdominal cavity, introduction through invasive procedures such as amniocentesis and hematogenously from the placenta. It has been well established that the major source of intra-uterine colonization is vertical ascension from the vagina (1), and this is largely believed to occur during the second trimester, although the actual timing is unknown and it is likely that this will vary between individual pregnancies.

The evidence currently supporting hematogenous spread of microbes however, is a contentious area that needs to be viewed carefully. There are increasing reports that bacteria, specifically those from the oral cavity, are able to spread hematogenously from the maternal bloodstream to the uterine cavity (5). This is further supported by apparent associations between periodontal disease and PTB (71, 72), although this association is also contentious with numerous studies (73), including a large randomized-controlled trial (74) finding that treatment of periodontal disease during pregnancy does not reduce the rate of PTB.

The best evidence supporting hematogenous spread of oral bacteria to the uterine cavity is provided through numerous studies by Han et al. The first of these was in a murine model where mice received an intravenous (IV) injection of live F. nucleatum. This subsequently spread to the uterus and resulted in negative pregnancy outcomes (75). Following this, Han et al. (4) attempted to show transfer of an uncultured Bergeyella sp. strain from the oral cavity to the AF in a human case of PTB. The study identified the organism based upon its 16S-23S rDNA sequence and concluded that as the sequence homology was identical between the AF and sub gingival plaque sites that this demonstrated oral to AF transfer. Han et al. (76) then reported a case study of a woman with pregnancy-associated gingivitis who experienced an upper respiratory tract infection and subsequent stillbirth. F. nucleatum was isolated from both the placenta and infant and subsequent 16S–23S rDNA analysis of vaginal and rectal swabs failed to detect the presence of the organism. However, it was detected in the sub and supragingival plaques, and in the case of the subgingival plaque, the apparent identical clone was detected based upon sequence similarity. Unfortunately, the case study did not note the timeframe associated with still birth to collection of vaginal/rectal samples, which is important for validating the failure to detect F. nucleatum in these. These case studies offer the most robust information to date on potential oral-uterine bacterial transfer in humans. Further work by Fardini et al. (5) has shown potential transfer of a range of oral bacterial species to the murine placenta through IV inoculation; however, the method of detection in the placenta was DNA-based as opposed to culture. The reason that DNA-based studies such as these are contentious is that although they do indeed show the presence of microbial DNA in the uterine cavity that corresponds with that of species synonymous with the oral microbiota, they do not show the presence of viable microbial cells. Recently, it has been well publicized that cell-free fetal DNA is trafficked out of the placenta and into the maternal circulation, where it is readily detectable during pregnancy (77–81). Based upon this, it would also be plausible that lower molecular weight, microbial DNA can cross from the maternal bloodstream to the uterine cavity and vice-versa. Detection of microbial DNA in these samples at best demonstrates that such DNA can be spread from the maternal bloodstream to the uterine cavity. This said, the presence of microbial DNA in the uterine cavity alone may be enough to activate inflammatory responses that culminate in preterm labor.

Although work to date offers increasingly promising evidence that the oral microbiota can infect the uterine cavity through hematogenous transfer, further work is required to definitively uncover their role in intra-uterine infection. Due to inherent difficulties with culture of fastidious organisms present at these sites, it is increasingly important that molecular detection/characterization protocols are employed that represent the viable microbiota in these samples as opposed to lysed cells or free-circulating DNA. Such methodologies are discussed below.

MICROBIAL CELL VIABILITY, THE MICROBIOME, AND CLINICAL TRANSLATION

Although current research to elucidate the various microbiomes of the uterine environment have been limited to DNA-based approaches, the issue of how relevant DNA detection is on a clinical level has been present for many years. It has long been known that DNA is a stable molecule and can persist for weeks following microbial cell death (82). Wang and Levin suggested that the inability of DNA-based PCR assays to differentiate between non-viable and viable cells was a major limitation of this technology (83). Applying this to microbiome-level studies, which may be characterizing dynamic systems over several time points, detection of viable cells is critical to documenting microbial succession. In addition, in confined environments such as the uterus, where there is poor clearance of cellular material and particularly, in these scenarios following antibiotic usage; non-viable organisms and extracellular DNA can contribute significantly to molecular analyses (84).

Some studies have attempted to remedy this by utilizing the amplification of RNA instead of DNA, which degrades rapidly after cell death and in particular, using messenger RNA targets as this is a highly unstable molecule and is only produced by metabolically active cells (85–88). The major disadvantage to this approach, however, lies in the inherent difficulties associated with isolating RNA from samples, including the need for stringent sample storage conditions following sample collection, in addition to sample processing regimes to prevent RNA degradation (86). For example, RNA-degrading enzymes, ribonucleases (RNases), can rapidly degrade RNA if not promptly inhibited. The human skin is a prime example of how RNases can be accidentally introduced into samples (89).

In terms of using RNA for microbiome characterization, this instability is the major limitation, as even minor degradation of nucleic acid can potentially result in loss of characterization of the total viable microbial community in a given sample, especially that of organisms present in low cell titers.

A potential solution that addresses the issue of cell viability in DNA-based methodologies and may be highly applicable to microbiome-level studies is that of viability PCR (vPCR). This technology utilizes membrane-impermeable dyes, either ethidium monoazide (EMA) (90) or the more recent and preferred propidium monoazide (PMA) (91). Samples are pre-treated with the chosen dye, which is unable to cross an intact cell wall. In cases, where the integrity of the microbial cell wall has been lost, the dye is able to intercalate into the cell’s DNA, which results in covalent cross-linkage after exposure to strong visible light. Cross-linked DNA is subsequently blocked from PCR amplification in downstream analyses (86). This technology has been applied to bacteria (92, 93), fungi (94), viruses (95), yeasts (96), and protozoa (97) on many previous occasions and has also been used in both environmental (98) and clinical (84) microbiome analyses. A detailed review of this technology is provided by Fittipaldi et al. (86).

However, although vPCR certainly has the potential to yield clinically relevant microbiome data, careful validation is first needed for some of the key microorganisms associated with PTB. In particular, organisms of the Class Mollicutes, including all Ureaplasma and Mycoplasma sp. do not possess a true bacterial cell wall. Their nucleic acid is instead protected by a triple layered membrane and its permeability to EMA or PMA is currently unknown. An additional consideration that is highly relevant to microbiome studies is that surrounding the buffer used to resuspend swab-collected samples. It is very important that the buffer itself does not result in cell lysis. For example, an alkaline pH may result in significant loss of viability of Lactobacillus sp. cells from a vaginal swab.

PRETERM BIRTH: A POLYMICROBIAL DISEASE?

Many studies, particularly since the increase in NGS-based microbiome work, have emphasized the importance of assessing PTB as a polymicrobial disease, a large number of which are summarized in Table 1, in addition to the review by DiGiulio et al. (7). However, in the context of most of these studies, the word polymicrobial is used to imply the presence of two or more bacterial species. A more appropriate term to describe such an infection would be “polybacterial. ” In a disease context, the word “polymicrobial” is best used to describe diseases involving multiple infectious agents (99). As such, a polymicrobial infection may entail the initial presence of a virus, which creates a favorable environment for a secondary bacterial or fungal infection or vice-versa.

Evidence of the importance of viewing polymicrobial disease in this way is provided by Racicot et al. (29) who recently conducted an elegant study demonstrating how a viral infection during pregnancy may compromise the antibacterial defenses of the cervix, prompting a secondary bacterial infection of the uterine cavity. These authors demonstrated that the cervix in mice shows resistance to bacterial infection with E. coli during pregnancy, but not in non-pregnant animals. Extending this further, they replicated the same experiment using the most commonly observed organism from preterm pregnancies, Ureaplasma sp., and reported the same result. Having previously shown that infecting pregnant mice with a virus, MHV-68, predisposes the animals to the effects of bacterial endotoxin, but viral infection itself does not induce preterm labor (30), they went on to test whether a systemic viral infection could alter the ability of the cervix/uterine cavity to resist bacterial infection. Following an intraperitoneal injection of MHV-68 into pregnant and non-pregnant mice, they showed that 7 days post-injection the virus was observed at similar concentrations in the spleen of both pregnant and non-pregnant animals, but was only present in the cervix of pregnant mice. They subsequently suggested that pregnancy may render the cervix susceptible to a viral infection. After administering Ureaplasma sp. intravaginally to MHV-68-infected and non-infected pregnant mice, they reported significantly higher amounts of Ureaplasma sp. nucleic acid in the decidua and lymphoid aggregates of MHV-68-infected mice compared to non-infected. The authors suggested that a viral infection during pregnancy can alter the ability of the female reproductive tract to defend against an ascending bacterial infection (29).

Although this work was carried out in mice and potentially may not apply to humans due to physiological differences in the cervix and pregnancy in general, it still provides substantial evidence that future microbiome studies of the uterine cavity need to not only focus on bacteria, but also other organisms including viruses and fungi/yeasts, and document any relationship between these and negative pregnancy outcomes.

CONCLUSION

Our knowledge of the microbiome of the uterine cavity has been greatly enhanced since the widespread use of molecular microbiological techniques, particularly 16S rDNA phylogenetics, which have uncovered numerous bacterial taxa not previously described. Bacteria, particularly Ureaplasma sp. and Fusobacterium sp. appear to be most significantly associated with negative pregnancy outcomes when present in the uterine compartment. Although viruses are also present and on their own do not appear to be significant, when combined with a bacterial infection they may contribute significantly to PTB. Viral infection of the placenta, however, does appear to be associated with negative pregnancy outcomes. Our knowledge of fungi/yeasts that colonize the uterine cavity is currently limited to yeasts, specifically Candida sp. Further research effort is required to characterize the fungal microbiome of the uterine cavity using conserved fungal/yeast genes. These data combined with existing data on bacteria and viruses are likely to shed further light on the polymicrobial nature of intra-uterine infections.

Although current microbiome-based studies have contributed valuable data to our knowledge of intra-uterine infection, the application of these data to clinical scenarios is currently limited due to cell viability issues surrounding DNA-based analyses. Future microbiome-based studies, especially those attempting to document hematogenous spread of viable microbial cells from various body sites to the uterine cavity, should adopt molecular approaches that either:

(1) Utilize RNA-based characterization of a given microbial community using known conserved genes (for instance, the 16S rRNA gene in bacteria), coupled with strict sample collection and processing regimes so as to inhibit the activity of RNases.

(2) Maintain current DNA-based characterization approaches, but implement vPCR procedures to inhibit amplification of DNA from non-viable cells.

These approaches are likely to be of particular relevance if/when microbiome-based NGS approaches are introduced into clinical diagnostic laboratories.
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Jalava et al. (10) AFP

Markenson et al. (11) ~ AF

Hitti et al. (12) AF
Gardella et al. (13) AF
DiGiulio et al. (14) AF
Han et al. (15) AF

Jones et al. (16) FMP and
PLACP

DiGiulio et al. (17) AF

DiGiulio et al. (18) AF

Subjects

20 cases of PPROMP;
16 controls (term)

54 cases of PTLP
69 cases of PTL with
intact membranes

69 cases of PTL

166 cases of PTL

46 cases of PTB®; 16
controls (term)

26 cases of PPROM; 19
cases of PTL with intact
membranes; 8 cases of
indicated PTL; 21
controls (term)

52 cases of SGAP
neonates

62 cases of
preeclampsia

Organisms detected

PPROM: Ureaplasma urealyticum, Haemophilus influenzae, Streptococcus
oralis, and Fusobacterium sp.

Controls: no bacteria were detected

No sequencing of amplicons was conducted

Group B Streptococci, Enterococcus sp., Escherichia coli, Klebsiella
pneumoniae, Mycoplasma hominis, Gardnerella vaginalis, Fusobacterium
nucleatum, Bacteroides ureolyticus, Prevotella oulora, Clostridium sp., and
Peptostreptococcus asaccharolyticus

Leptotrichia sanguinegens, F. nucleatum, U. urealyticum, and an uncultured
oral bacterium

M. hominis, Ureaplasma sp., Streptococcus agalactiae, Lactobacillus sp.,
Prevotella sp., F nucleatum, Streptococcus mitis, uncultivated
Bacteroidetes bacterium, Delftia acidovorans, Neisseria cinerea, Sneathia
sanguinegens, Leptotrichia amnionii, and an uncultured bacterium

PTB: L. sanguinegens, S. sanguinegens, B. ureolyticus, Citrobacter koseri,
Bacteroides fragilis, F nucleatum, Prevotella bivia, Shigella sp., Clostridiales
bacterium, Bergeyella sp., Ureaplasma parvum, S. agalactiae, L. amnionii,
M. hominis, and Peptostreptococcus sp.

Controls: no bacteria were detected

CS term: no bacteria were detected

V term: U. parvum, Lactobacillus crispatus, Fusobacterium sp., Pantoea
sp., and Eubacterium rectale

CS indicated PTB: Fusobacterium sp.

CS PTL with PROM: U. parvum, S. mitis group, Fusobacterium sp.,
Veillonella parvula, H. influenzae, and U. urealyticum

V PTL with PROM: U. parvum, Fusobacterium sp., S. agalactiae, M.
hominis, Atopobium vaginae, L. crispatus, E. coli, Peptoniphilus lacrimalis,
Corynebacterium amycolatum, and U. urealyticum

V PTL with intact membranes: U. parvum, Fusobacterium sp., S.
agalactiae, S. mitis group, L. crispatus, H. influenzae, Oribacterium sinus,
Veillonella sp., Peptostreptococcus sp., Enterobacter aerogenes,
Corynebacterium aerogenes, G. vaginalis, Finegoldia magna, Peptoniphilus
asaccharolyticus, Streptococcus anginosus, and B. ureolyticus
Staphylococcus epidermidis and S. agalactiae

Lactobacillus iners, S. anginosus, Corynebacterium tuberculostearicum,
Ureaplasma sp., and Sneathia/Leptotrichia sp.

Major findings

25% of samples were 16S rDNA positive for bacterial
DNA. U. urealyticum was detected on two occasions

55.5% of samples were 16S rDNA positive
Bacteria were identified from 36% of culture-negative
samples using PCR

16S rDNA PCR and sequencing are promising
techniques to identify bacteria from culture-negative
samples

17 women had positive results for bacterial 16S rDNA

45% of AF samples were positive for bacterial 16S
rDNA. The most abundant 16S rDNA sequence
detected was F nucleatum (33.3%)

PTL samples showed a higher prevalence and
diversity of bacteria. Blood monocyte counts in PTL
and PPROM groups that were positive for 16S rDNA
were indicative of suppressed immunity. 30, 43, and
19% of samples were positive using broad-range 16S
rDNA PCR, species-specific real-time PCR and a
combination of both methods, respectively. 60% of
PTL samples had multibacterial infection. The most
commonly detected organisms were U. parvum

followed by Fusobacterium sp.

Two bacteria positive samples were identified

8% of samples were positive for bacterial DNA.
Ureaplasma sp. and Sneathia/Leptotrichia were the
most frequently detected bacteria in cases of MIAC.
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DiGiulio etal. (19)  AF

Marconi etal. (20)  AF

AF and
cBb

Wang et al. (21)

Romero etal. (22)  AF

Combs et al. (9) AF

Aagaard et al. (3) PLAC

Subjects

204 cases of PPROM

20 cases of PTL and 20
controls (term)

36 cases of PTB, IAIP or
EONSP, and 8 controls
(term)

142 cases of PTL

305 cases of PTL

320 pregnancies
(preterm/term)

Organisms detected

Prevotella oris, Prevotella copri, Bacteroides sp., B. fragilis, Myroides sp., F
nucleatum, Fusobacterium sp., Leptotrichia sp., S. sanguinegens, L.
amnionii, Dialister sp., Streptococcus sp., Streptococcus salivarius, S.
agalactiae, Enterococcus faecalis, Listeria monocytogenes, Staphylococcus
equorum, Staphylococcus pettenkoferi, Staphylococcus sp., Lactobacillus
delbrueckii, Lactobacillus gasseri, Coprobacillus sp., Peptostreptococcus
sp., Filifactor alocis, Clostridiaceae sp., Clostridium hiranonis,
Brachybacterium sp., Rothia dentocariosa, Bifidobacterium longum,
Bifidobacterium pseudolongum, G. vaginalis, A. vaginae, Ureaplasma sp.,
M. hominis, Neisseria subflava, Kingella denitrificans, H. influenzae,
Haemophilus haemoglobinophilus, Haemophilus parainfluenzae,
Campylobacter sp., and an uncultured bacterium

PTL: B. fragilis, P bivia, L. amnionii, M. hominis, and U. urealyticum
Controls: M. hominis

AF bacteria: £. coli, S. agalactiae, M. hominis, P bivia, Lachnospiraceae sp.,
U. parvum, Peptoniphilus harei, S. sanguinegens, S. pneumoniae, B.
ureolyticus, Bergeyella sp., S. mitis, L. monocytogenes, H. influenzae, and
F nucleatum

CB bacteria: E. coli, S. agalactiae, F nucleatum, M. hominis, U. parvum,
Bergeyella sp., and S. sanguinegens

Controls: no bacteria were detected

U. parvum, F nucleatum, G. vaginalis, M. hominis, U. urealyticum,
Acinetobacter junii, Sneathia sp., Pseudomonas sp., Aeromonas caviae,
Moraxella osloensis, Staphylococcus aureus, Acidovorax sp., Lactobacillus
sp., Pantoea dispersa, and Streptococcus sp.

B. ureolyticus, S. sanguinegens, F nucleatum, G. vaginalis, H. influenzae, U.
urealyticum, U. parvum, S. agalactiae, Bacteroides hemolyticus, L.
monocytogenes, Bergeyella zoohelecum, Bergeyella sp. Staphylococcus
hemolyticus, and L. amnionii

E. coli, Escherichia sp., Prevotella tannerae, Bacteroides sp., Streptomyces
avermitilis, Propionibacterium acnes, Rhodococcus erythropolis, Neisseria
polysaccharea, Neisseria lactamica, Fusobacterium sp., Streptosporangium
sp., Roseovarius sp., Rhodococcus sp., Paenibacillus sp., Klebsiella sp.,
Burkholderia sp., and Anaeromyxobacter sp.

?Whole genome shotgun sequencing, broad-range16S rDNA, or a combination of broad-range 16S rDNA and targeted PCR assays;

Major findings

A 45% prevalence of MIAC in the study group was
recorded. 44 bacterial species were identified using
PCR. The most common organism detected was
Ureaplasma sp.

40% of PTL and 5% of control cases were positive for
MIAC

31 and 18 bacterial species were identified in AF and
CB, respectively. E. coli and F. nucleatum were the
most frequently detected bacteria

MIAC was present in 21% of cases. The most
commonly detected bacteria was U. parvum

MIAC was detected in 10% of AF samples

E. coli was the most commonly detected bacteria in
the placenta. The placental microbiome is unique and
harbors a variety of non-pathogenic commensal
bacterial species. It is most closely related to the oral
microbiome

vAF, amniotic fluid; FM, fetal membranes, PLAC, placenta; CB, cord blood; PTL, preterm labor; V, vaginal delivery; CS, Cesarean section;, PPROM, preterm premature rupture of membranes; PTB, preterm birth,
SGA, small gestational age; IAl, intraamniotic infection; EONS, early onset neonatal sepsis.
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