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Gestational diseases are associated with altered intestinal microbiota in pregnant women. Characterizing the gut microbiota of gestational anemia (GA) may describe a novel role of gut microbial abnormality in GA. In this study, we investigated differences in gut microbiota between GA patients and healthy pregnant women from the first trimester (n = 24 vs. 54) and the third trimester (n = 30 vs. 56) based on the 16S rRNA gene sequencing method. No statistically significant differences in α-diversity were identified between GA patients and controls in the first trimester of pregnancy, whereas the Shannon index and observed OTUs were significantly lower in GA patients than in healthy controls in the third trimester. Distance-based redundancy analysis revealed striking differences in microbial communities in the third trimester between GA patients and controls. Four genera were significantly different in relative abundance between GA patients and healthy controls, while 12 genera differentiated significantly between GA patients and healthy controls in the third trimester. At the operational taxonomic unit (OTU) level, 17 OTUs and 30 OTUs were identified to be different between GA patients and healthy controls in the first and third trimesters, respectively. Changes in gut microbial composition of GA patients suggest a potential relation with GA, and provide insights into the prediction and intervention of gestational anemia.
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Introduction

Anemia remains a major health problem worldwide, especially in third-world countries (Milman, 2011). The global anemia prevalence was estimated to be approximately 33% in 2010 (Kassebaum et al., 2014). Specifically, gestational anemia (GA), which occurs in pregnant women, is one of the most common types of anemia (W. H. Organization, 1992). According to the World Health Organization, the prevalence of GA was more than 40% in 2011 (World Health Organization, 2019). A cross-sectional study showed that GA prevalence reached 58.6% in the third trimester of pregnancy for women in China (Ma et al., 2009). Anemia in pregnancy can impose a heavy physiological and economic burden on patients. GA may significantly affect the health status of both mothers and their fetuses (Ma et al., 2009). Previous studies have indicated that gestational anemia may increase the risk of intrauterine growth restriction, preterm birth, and low birth weight (Katz et al., 2006; Lee et al., 2006). Severe anemia can also increase perinatal morbidity (Prema et al., 1981) and lead to maternal death (Starrs, 2015).

There are a variety of causes of anemia. Nutritional deficiency of iron may result in development of iron deficiency anemia (IDA), which leads to a total burden of about 75 to 80% of anemia cases (Milman, 2011). Similarity, a lack of nutritional elements such as folate (Al Khatib et al., 2006; de Benoist, 2008), vitamin B12 (Pinto et al., 1973), and vitamin D (Özsoylu and Aytekin, 2011) can also contribute to anemia. Moreover, microbe invasion is also another important pathogenic factor for anemia; for example, malaria parasite can lead to sequestration in the placental vascular space with consequent maternal anemia (Shulman et al., 1996; Cot et al., 1998).

In recent years, there has been emerging evidence indicating the role of gut microbiota in human nutrition and metabolism. Studies in iron-deficient women from India indicated that the intestinal microbiota of individuals with IDA are relatively deficient in lactobacillus (Balamurugan et al., 2010). Another study reported gut microbiological disorders in infants and young children with nutritional IDA (Muleviciene et al., 2018), based on 16S analyses of fecal samples. Moreover, gut microbiota can promote hematopoiesis at primary immune sites of the host (Khosravi et al., 2014), indicating the essential role of the gut microbiome in anemia. In addition to human nutrition, a study revealed that changes of gut microbiota may impact the circulating levels of short-chain fatty acids (SCFAs), further influence bone marrow hematopoiesis and the progress of infection (Jaeggi et al., 2015).

Pregnant women with GA comprise one of the most vulnerable cohorts of patients suffering from anemia. However, the alteration of gut microbiota and the association between the altered bacterial taxa and GA disease in pregnant women remains poorly understood. In this study, we explored the characteristics of gut microbial composition in 54 GA pregnant women in the first and third trimesters compared to 110 age- and body-weight-matched controls using 16S rRNA gene sequencing.



Materials and Methods


Ethics Statement

This study received approval from the Ethics Committee of Guangzhou Women and Children’s Medical Centre, and informed consent was obtained from each subject. These methods were carried out in accordance with the Declaration of Helsinki (World Medical Association Declaration of Helsinki, 2014).



Study Design and Fecal Sample Collection

The matched case-control study recruited participants from Guangzhou Women and Children’s Medical Centre from January 2017 to December 2017. Enrolled patients included 24 women with gestational anemia (GA1 group) and 54 gender-, age-, and body-weight-matched healthy pregnant women (HC1 group) in the first trimester, as well as 30 women with gestational anemia (GA3 group) and 56 healthy controls (HC3 group) in the third trimester. In the present study, the inclusive criterion for gestational anemia was considered to be serum hemoglobin (HGB) ≤105 g/L, while the healthy controls were defined to be HGB ≥120 g/L. The phenotypic characteristics of all participants are summarized in Table 1. All participants were Chinese and no participants with alcoholism, smoking, strict vegetarians, or with other unusual dietary habits during pregnancy. The exclusion criteria included participants who had taken antibiotic treatment or probiotic supplements in the 4 weeks prior to sample collection. Baseline information was measured and fecal samples were collected by well-trained staff, strictly following standard procedures. Stool samples were put into a foam box filled with ice packs and transported to the laboratories as quickly as possible. Samples were stored at −80°C until DNA extraction and 16S rRNA gene sequencing. For all participants, iron supplementation intaking condition was conducted by questionnaire. No significant difference in iron supplement intake between GA group and HC group.


Table 1 | Characteristics of the subjects.





DNA Extract and Sequencing

Microbial DNA was extracted from stool samples collected by subjects in the hospital according to the MOBIO Power Soil ®DNA Isolation Kit 12888-100 protocol. All of the DNA was stored in a freezer at −80°C before sequencing. Designed unique fusion primers with universal primers set, 515F (5′ -GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′ -GGACTACNVGGGTWTCTAAT-3′), along with barcode sequence were used to amplify the V4 region of 16S rRNA gene. PCR mixtures and thermal cycling were performed as previously described (Li et al., 2019). Amplicons from each sample were run on an agarose gel. The expected band size is ~300–350 bp. Amplicons were quantified with the Quant-iT PicoGreen dsDNA Assay Kit (ThermoFisher/Invitrogen cat. no. P11496; following the manufacturer’s instructions).

The amplicon library was pooled in equal amount and subsequently quantified (KAPA Library Quantification Kit KK4824). Then paired-end sequencing on Illumina MiniSeq platform at Promegene Co. Ltd (Shenzhen, China) was performed. Read length is 150 bp excluding the primer sequences.



Bioinformatic Analyses

Raw sequencing reads, which produced >8 homopolymers, >2 mismatches in the primers, or >1 mismatches in the barcode, were removed in pairs. High-quality sequencing reads were analyzed via the quantitative insights into microbial ecology (QIIME2, https://qiime2.org/) platform (Kuczynski et al., 2012) and the standard tools/plugins provided by QIIME2. Briefly, the 16S sequences were analyzed for further quality control and to feature table construction using the DADA2 algorithm (Callahan et al., 2016). The remaining reads were truncated from 0 to 140 bases (for both forward and reverse reads) to avoid sequencing errors at the end of the reads. Paired-end reads were overlapped at the maximum mismatch of six bases, which created a minimum similarity threshold of approximately 90% on the overlap zone of the forward and reverse reads. The representative sequences (named “feature” in QIIME2 nomenclature) were then generated by removing the redundant and low occurrence (n < 5 in pool samples) sequences. We used the term “operational taxonomic unit (OTU)” instead of “feature” throughout this article for convenience. Then, taxonomic assignment of the OTUs was determined based on a pretrained Naive Bayes classifier (DeSantis et al., 2006) (trained on the Greengenes 13_8 99% OTUs) via the q2-feature-classifier plugin. The taxonomic compositions at the phylum, class, order, family, genus, and species levels were generated based on OTU annotation. To avoid sampling depth bias, 20,000 reads were randomly selected from each sample when calculating the OTU and taxa relative abundances.

Phylogenetic analyses were implemented via the q2-phylogeny plugin, which performed multiple sequence alignments on the OTU sequences and generated phylogenetic trees of the OTUs from the alignment results. Four estimators of the α-diversity, including Shannon’s diversity index, observed OTUs, Faith’s phylogenetic diversity (a qualitative measure of community richness that incorporates the phylogenetic relationships between the OTUs) and Pielou’s evenness, and Bray-Curtis dissimilarity (an estimator of the β-diversity) was used in this study and calculated based on the QIIME2 q2-diversity plugin.



Statistical Analyses

Statistical analyses were implemented using the R platform. Distance-based redundancy analysis (dbRDA) was performed on normalized taxa abundance matrices with R vegan package (Dixon, 2003) according to Bray-Curtis dissimilarity, and then visualized with R ggplot2 package. The disease-associated genera, OTUs, and taxa were identified based on the Wilcoxon rank-sum test. Random forest models were trained with R randomForest package (10,000 trees) to predict disease status according to OTU and genus abundance profiles. The performance of the predictive model was evaluated with leave-one-out cross-validation method. Receiver operator characteristic (ROC) analysis was performed using R pROC package. A P-value of <0.05 was considered statistically significant, and the q-value was calculated to evaluate the false discovery rate for correction of multiple comparisons.




Results


Study Cohort and Sequencing Data

To investigate the associations between the gut microbial composition and gestational anemia in pregnancy, we analyzed the fecal samples of healthy controls and women with GA in the first (n = 24 vs. 54) and third (n = 30 vs. 56) trimesters. According with the meta-analysis (Smith et al., 2019; Rahmati et al., 2020), the first and the third trimester have greater impact on pregnancy outcome, for example, anemia at the first and the third trimesters is associated with preterm birth and low birth weight. Therefore, we enrolled the pregnant women in the first trimester and the third trimester, which refers to the method of sample collection in some articles (Koren et al., 2012; Nuriel-Ohayon et al., 2019). Patients and controls were matched according three indicators (age, BMI, and gestational age) in each trimester (Table 1), and the first and third trimester cohorts are independent of each other without any overlap. Basic information of participants is shown at Table 1.

The gut microbiota from 164 fecal samples was profiled using high throughput 16S rRNA gene sequencing of the V4 variable region. A total of 8,539,948 high quality sequences (52,073 ± 11,821 sequences per sample) were ultimately produced. And 2,453 OTUs were identified and functionally labeled using QIIME2 platform, as previously discussed.



Reduced Diversity in Gestational Anemia in the Third Trimester

The microbial α- and β-diversity indices were used to evaluate the richness and inter-sample relationships of gut microbiota of all participants. No statistically significant differences in α-diversity were found between patients and controls in the first trimester of pregnancy (Figure 1A). However, when we focused on the third trimester of pregnancy, Shannon’s diversity index and observed OTUs of gut microbiota in the GA group were significantly lower than those in the control group. The other three indices—Pielou’s evenness, Faith’s phylogenetic diversity index, and the observed OTUs diversity index—were lower in tendency. Furthermore, distance-based redundancy analysis (dbRDA) based on Bray–Curtis dissimilarity between microbial genera captured visible separation of GA stratification on the intestinal microbiota when compared to the control group in both of the two time periods. However, the differences were not significant (Adonis p > 0.05) (Figure 1B). On the dbRDA plot, GA acted on the primary and the second constrained axis (17.7% variance explained), while Prevotella, Faecalibacterium, and Gemmiger were the major contributors.




Figure 1 | Difference of gut microbial community between GA patients and controls. (A) Difference of α-diversity between GA patients and controls. Significance levels in correlation tests are denoted: NS, P > 0.05; *P ≤ 0.05. (B) dbRDA based on the Bray–Curtis dissimilarity between microbial genera, revealing GA microbial dysbiosis, which overlaps only in part with taxonomic composition in patients and controls. Patient and control samples were mainly separated in the primary constrained axis. Lines connect samples (colored points) in the same group, and circles cover samples near the center of gravity for each group. Genera (blue squares) as the main contributors are plotted by their loadings in these two components.





Comparison of the Gut Microbiota

At the phylum level, the predominant sequences in the GA1 were from Firmicutes (75%), Bacteroidetes (17.2%), Actinobacteria (5.5%), Proteobacteria (1.6%), and Verrucomicrobia (0.4%), while the sequences for the HC1 group belonged to Firmicutes (80.3%), Bacteroidetes (11.4%), Actinobacteria (5%), Proteobacteria (2.4%), and Verrucomicrobia (0.6%). These five phyla comprised more than 99% of the relative abundance in the two groups (Figure 2A). In the third trimester of pregnancy, Firmicutes was still the dominant phylum, which accounts for 75% abundance in GA3 and 81.4% in HC3; Bacteroidetes, Actinobacteria, Proteobacteria, and Euryarchaeota, contributed to 15, 6.7, 2.4, and 0.2% abundance of the GA3 group and 9.7, 6.6, 1.4, and 0.4% abundance of the HC3 group, respectively (Figure 2A). The ratio of Firmicutes/Bacteroidetes in GA patients compared to controls expanded from 4.36 to 7.04 in the first trimester and 5.0 to 8.39 in the third trimester.




Figure 2 | Comparison of the gut microbiota. (A) Top five most abundant bacterial phyla in the GA patients and healthy controls in the first and third trimesters. Each colored box represents a bacterial taxon and the height of a colored box represents the relative abundance of that organism within the sample. Bacteria ranked below fifth, as well as unclassified phyla, are grouped as “other.” (B, C) Bacterial genera showing significant differences in relative abundance between the GA patients and healthy controls in the first (B) and third (C) trimesters.



At the genus level, Turicibacter, Oribacterium, Parvimonas, and Anaerotruncus were significantly enriched in the GA1 group compared to the HC1 group (Figure 2B), whereas no genus was significantly enriched in HC1. In addition, eight genera, including Adlercreutzia, Gemmiger, Anaerostipes, Ruminococcaceae*, Clostridiales*, [Mogibacteriaceae]*, Ruminococcus, and Faecalibacterium were more represented in the HC3 group (Figure 2C), while Atopobium, Clostridiaceae*, Catenibacterium, and Eggerthella were enriched in the GA3 group compared to HC3 group.

After abundance filtering at an average relative abundance threshold of 0.01%, 483 OTUs and 497 OTUs were obtained in the first and third trimesters, respectively. Six OTUs, including two each from family Ruminococcaceae, family Lachnospiraceae, species Veillonella dispar, and genus Oscillospira were enriched in GA patients in the first trimester compared with healthy controls. There were 11 OTUs that were depleted in GA patients in the first trimester, including genus Coprococcus, species Bacteroides uniformis, family Ruminococcaceae, species Clostridium celatum, genus Turicibacter, genus Bacteroides, o_Clostridiales, family Bacteroidales_ S24-7, species Prevotella copri, genus Coprobacillus, and family Lachnospiraceae (Figure 3A). In the third trimester, 20 OTUs, such as species Gemmiger formicilis, species Faecalibacterium prausnitzii, species Bacteroides uniformis, species Coprococcus catus, genus Anaerostipes, genus Ruminococcus, genus Adlercreutzia, family [Mogibacteriaceae], and family Lachnospiraceae were identified to be more abundant in pregnant women with anemia. In contrast, another 10 OTUs, including three from genus Blautia, species [Ruminococcus] gnavus, species Prevotella copri, family Clostridiaceae, genus Streptococcus, genus Catenibacterium, family Lachnospiraceae, and o_Mollicutes_ RF39, were enriched in pregnant women without anemia (Figure 3B). It is worth noting that genus Oscillospira were depleted in pregnant women without anemia in both trimesters.




Figure 3 | Volcano plot showing significant variation in OTUs between patients and controls in the first (A) and third (B) trimesters. Only the OTUs with average relative abundances greater than 0.01% of total abundance in all samples are shown for clarity. Red and blue circles represent the GA- and control-enriched OTUs, respectively.





Gestational Anemia-Related Bacteria Are Associated With Inflammation and Metabolism

For GA-related bacteria in first trimester, family Lachnospiraceae and species Prevotella_copri are negatively correlated with liver metabolism index, such as γ-GT, TP, ALB, TBA, GLO, ALT, AST, HDP, and BIL. Genus Coprococcus, family Lachnospiraceae, species Bacteroides uniformis, and family Ruminococcaceae are negatively correlated with inflammation index, such as BA, PCT, WBC, and EO, while species Prevotella copri and genus Coprococcus are positively correlated with BA (Figure S5A).

For GA-related bacteria in third trimester, genus Ruminococcus, species Bacteroides uniformis, genus Anaerostipes, order Clostridiales, species Faecalibacterium_prausnitzii, species Gemmiger formicilis, species Coprococcus catus, genus Adlercreutzia, and family Lachnospiraceae are positively correlated with liver metabolism index (ALB and ALB/GLO), and inflammation index (WBC, MCH, and MCV), while species Ruminococcus gnavus and species Blautia producta are negatively correlated with liver ALB, ALB/GLO, MCH, and MCV BA (Figure S5B).



Gut Microbiota-Based Classification of Gestational Anemia

Our study further provided we evaluated the ability of intestinal microbial composition to classify the anemic status of women. The models, trained from the abundance of OTU biomarkers in first and third trimesters, achieved the area under the ROC curve (AUC) of 0.80 (95% CI 0.69 to 0.90) and 0.75 (95% CI 0.63 to 0.84) for discriminating GA and healthy controls in the first or third trimester, respectively (Figures 4A, B, S1–S3). In addition, Blautia, Odoribacter, Ruminococcaceae*, Turicibacter, and Clostridiales* featured the highest score in the model.




Figure 4 | Random Forest Classification of GA status by the abundance of gut microbiota. (A, B) ROC analysis for classification of GA status in the first (A) and third (B) trimesters by significantly different OTUs, assessed by AUC.






Discussion

In the present study, we characterized the gut microbiota of pregnant women with anemia during at the first and third trimesters compared with those of healthy pregnant women. The results identified some differences in the composition of gut microbiota between anemia patients and normal controls.

In this study, although no significant differences in microbial α-diversity were found between GA patients and healthy controls in the first trimester, a significantly reduced α-diversity was found in GA patients during the third trimester. A reduction in α-diversity in gut microbiota has also been described in other diseases, including Crohn’s disease (Manichanh et al., 2006), atopic eczema (Wang et al., 2008), and myalgic encephalomyelitis/chronic fatigue syndrome (Giloteaux et al., 2016). The dbRDA analysis based on the Bray-Curtis distance (a β-diversity index) revealed that a common microbial feature emerged in our study. This indicates that the gut microbiota was significantly altered in GA patients. Changes in gut microbiota were reported to be associated with gestational diseases, such as gestational diabetes mellitus and early-onset preeclampsia (EOPE). Although the causes of gestational anemia remain elusive, our present study suggests that the composition of gut microbiota may be involved in the pathogenesis of GA.

The overall microbial composition of the fecal samples indicated that there were healthy adults in our study, with a dominance of taxa from the phyla of the Firmicutes, Bacteroidetes, and Actinobacteria (Curtis et al., 2012). It is worth noting that Firmicutes were less abundant in GA patients than in healthy controls, while Bacteroidetes were increased in GA patients compared to the healthy group in both trimesters. Moreover, the ratio of Firmicutes/Bacteroidetes, which may be positively correlated with obesity in healthy adults (Koliada et al., 2017), was higher in healthy controls than in GA patients. In agreement with this, thin women were more likely to be anemic than women of normal weight (Bentley and Griffiths, 2003).

At the genus level, Faecalibacterium was dominant in all four cohorts, and its abundance in GA patients was significantly lower than that in healthy controls in the third trimester. Consistently, at the OTU level, F. prausnitzii, which accounted for the majority of the abundance of Faecalibacterium, was also significantly decreased in GA patients in the third trimester. The importance of F. prausnitzii in the composition of gut microbiota has been demonstrated by many case control studies, such as colorectal cancer (Sobhani et al., 2011), liver transplantation (Wu et al., 2012), and chronic idiopathic diarrhea (Swidsinski et al., 2008). Decreased abundance of F. prausnitzii has been reported to be associated with dysbiosis caused from numerous disease (Miquel et al., 2013). For example, previous studies found that low levels of F. prausnitzii could be predictive for Crohn’s disease (Sokol et al., 2008), and another study indicated that patients with Celiac disease have a significant decrease in the relative abundance of F. prausnitzii (De Palma et al., 2010).

Similarly, the relative abundance of Oscillospira (F0167), which was thought to be negatively associated with inflammatory diseases and body mass index (Konikoff and Gophna, 2016), was significantly higher in the healthy group than in the GA group during both trimesters. Oscillospira was decreased in patients or relatively severe patients in two studies of inflammatory bowel disease (Santoru et al., 2017) and human immunodeficiency virus infection (Vesterbacka et al., 2017). Coincident results emerged in another genus of Ruminococcus, which was more abundant in healthy controls than in GA patients in the third trimester. It is not difficult to find that both Faecalibacterium and Ruminococcus are considered to be butyrate-producing members in human gut (Takahashi et al., 2016), and some of Oscillospira may also have the ability to produce butyrate (Gophna et al., 2017). Existing research indicated that butyrate plays a crucial role in the prevention of inflammation (Cushing et al., 2015) and metabolic diseases (Qin et al., 2012; Karlsson et al., 2013; Vrieze et al., 2014; Arora and Backhed, 2016).

Our study further provided the microbial markers for GA discrimination, and achieved AUC of 0.80 and 0.75 for identifying disease status in the first and third trimesters, respectively. Future systematic investigations of these OTU and gene markers that featured the highest score for the discrimination of disease status would be of value. However, to better explore a good potential for prediction and early diagnosis of GA from the fecal microbiota in the first trimester for the third trimester, a longitudinal study needs to be performed where fecal samples from early pregnancy (non-anemic at that time) of pregnant women who develop anemia at late pregnancy in order to avoid the two cohorts (first and third trimesters) are independent of each other.

This study is not without limitations. Although our samples were age- and BMI-matched, other environmental and behavioral factors, such as geography (Kumar et al., 2016), lifestyle (Conlon and Bird, 2014), diet (Paola et al., 2010), and drug usage (Panda et al., 2014) may have contributed to the gut microbial community of GA patients. Moreover, this was a cross-sectional study with a relatively small number of participants, and thus, large-scale cohort studies containing multiple types of GA are needed to confirm the results.

To our knowledge, this is the first study to explore the relationship between gut microbiota and gestational anemia in both the first and the third trimesters of pregnancy. We demonstrated that GA patients may suffer from microbiota dysbiosis, which is mainly manifested by lower diversity and changes in some microbial taxa compared with healthy controls. Our findings on potential biomarkers not only extend the knowledge of the etiology of anemia in pregnant women, but also provide insights into the prediction and intervention of anemia and gestational anemia.
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