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Dynamic alterations in the donkey fecal bacteria community and metabolome characteristics during gestation
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In donkeys, the gestation period is a dynamic and precisely coordinated process involving systemic and local alterations. Both the gut microbiota and its link with blood metabolites are thought to play significant roles in maintaining maternal health and supporting fetal development during the gestation period. This study was conducted to evaluate gut microbiota changes and the correlation with plasma metabolites in Dezhou donkeys during the gestation period. The donkeys were divided into the four following groups according to their pregnancy stages: the non-pregnant (NP), early stage of pregnancy (P1), middle stage of pregnancy (P2), and late stage of pregnancy (P3) groups. A total of 24 (n = 6 per group) samples of donkey feces and plasma were collected. The results showed that the diversity (Shannon index) of fecal bacteria significantly increased throughout the gestation period. The phyla Spirochaetota and Fibrobacterota varied significantly according to the stages of pregnancy (p < 0.05). At the genus level, the abundance of Treponema in pregnant donkeys was greater than that in non-pregnant donkeys (p < 0.05), and the genus Streptococcus reached its maximum abundance in the P2 period (p < 0.05). The abundance of Ruminococcaceae_NK4A214_group and norank_f_norank_o_WCHB1-41 linearly increased with the progression of pregnancy (p < 0.05). In addition, the host plasma metabolome was altered significantly during the gestation period. Testolic acid, estradiol-17beta 3-sulfate, equol 7’-o-glucuronide, equol 4’-o-glucuronide, estrone, estrone 3-glucuronide, and estradiol were the most significant differential enriched metabolites, and they increased gradually as gestation progressed. The altered metabolites were mainly enriched in pathways matched to bile secretion, ABC transporters, amino acid metabolism, protein digestion and absorption, mineral absorption, fatty acid degradation, glycerophospholipid metabolism, and steroid hormone biosynthesis. We also found a significant correlation between the shifts in donkey fecal bacteria and changes in the host metabolism. In summary, this study provided systematic data on the fecal bacterial changes and host plasma metabolism of donkeys throughout pregnancy. The results indicated that host–bacteria interactions during the gestation period influence the host metabolism. These interactions benefit the pregnant donkeys by providing a sufficient supply of nutrients and energy for fetal growth and maternal health.
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Introduction

In China, in ancient times, the donkey was used for farm tillage, pulling carts, pack transport, and milling (Martin-Rosset, 2018). Nowadays, with the development of rural districts and the mechanization of agriculture, the modern donkey industry mainly focuses on the utilization of fur, meat, and milk (Zhang et al., 2021). The new interest and increasing demand for donkey products have stimulated the rapid advancement of intensive feeding and the breeding of donkey.

The donkey belongs to the Equus family, and it has a specific physiology and metabolism. It is a territorial, non-seasonal, polyestrous, and single-bearing breeder. The gestation length for donkeys ranges between 333 and 395 days, with an average of 371 days (Miragaya et al., 2018). Donkeys’ gestation length of donkeys is not affected by the year of foaling, the birthweight of the foal, or the age of the jenny (Miragaya et al., 2018); however, the lengthy gestation period usually causes the generally low reproductive efficiency of donkeys.

The gestation period is a dynamic and precisely coordinated process involving systemic and local changes in jennies that support the supply of nutrients to the conceptus for growth in utero (Napso et al., 2018). The prenatal period represents a unique physiological paradigm and is of critical importance for donkeys. However, information regarding the gestational physiology of the jenny is limited. Generally, pregnancy is characterized by dramatic variations in hormones, metabolism, and immune functions (Motosko et al., 2017). The analysis of plasma has been accepted to identify typical compounds to assess the underlying metabolic changes that occur during the gestation period (Cheng et al., 2018). Until now, however, no study has been conducted to investigate blood metabolites in donkeys throughout pregnancy.

Evidence shows that pregnancy is related to metabolic changes that may be associated with microbiota compositional dynamics (Huang et al., 2019; Ji et al., 2019). Several physiological adaptations occur during pregnancy to maintain maternal health and support fetal development (Motosko et al., 2017). Together with the physiological adaptations of gestation, changes in microbiome composition are observed as pregnancy progresses (Franks, 2012; Cheng et al., 2018; Li et al., 2022). Koren et al. (2012) reported that in humans, the composition of the gut microbiome during the first trimester of pregnancy is quite similar to that observed in non-pregnant women. Yet, the microbial diversity increases while richness decreases with pregnancy progression, and Proteobacteria and Actinobacteria show enriched abundance in the third trimester. However, Jost et al. (2014) and DiGiulio et al. (2015) reported few modifications to the taxonomic composition and diversity of the microbiota composition during pregnancy. Thus, the exact effect of gut microbiota and the balance of these microorganisms on the complex process of sustaining fetal development and maintaining maternal health during pregnancy is not yet known (Nelson et al., 2016).

As herbivores, donkeys utilize feedstuffs via microorganism fermentation in the hindgut (Zhang et al., 2022), and bacteria are the primary degraders of plant fiber in the donkey hindgut (Santos et al., 2011). They are the most abundant and metabolically active microorganisms, enabling donkeys to ferment plant material to generate volatile fatty acids (VFAs; Liu G. Q. et al., 2019). Therefore, the bacteria in the donkey hindgut constitute a complex ecosystem involving a symbiotic relationship with the host that plays an important role in nutrient digestion, immune programming, pathogen prevention, and metabolic status (Santos et al., 2011). Gut bacteria also exhibit a vast array of complex metabolic activities that synthesize various compounds, including VFAs, ammonia, bioamines, vitamins, and lipid compounds (Blachier et al., 2017). After being absorbed into the blood, these compounds can be modified by the host and may be actively involved in the host cells as co-metabolites.

Recently, the roles of gut bacterial activity in regulating host physiological functions in association with metabolic changes during pregnancy have attracted considerable interest in humans, sows, and ruminants (Koren et al., 2012; Liu H. B. et al., 2019; Wang et al., 2021). However, few studies have explored the shifts in fecal bacteria and corresponding changes in plasma metabolites in donkeys throughout pregnancy. Therefore, this study was conducted to evaluate such factors in the context of donkeys. We hypothesized that donkeys fed a diet meeting the NRC recommendations during the entire gestation period would experience bacterial composition and plasma metabolite changes in the hindgut. The bacterial composition of feces and the metabolite composition of plasma in donkeys were determined on days 0, 150, 210, and 270 of pregnancy. The results reported here have important implications for understanding the relationship between gut microbiota and pregnancy.



Materials and methods


Animals

Twenty-four jennies (aged 5 years) belonging to the Dezhou donkey breed were enrolled in the study. After mating, donkeys were housed in collective paddocks (30 animals/each, 20 × 20 m). The diet was based on wheat straw ad libitum along with a commercial concentrate feed formulated for the gestation period (Hekangyuan Co., Ltd., Shandong, China) according to the nutrient requirements proposed by the National Research Council Donkey and other equids (2007) recommendations. The composition and nutrient levels of the basal diet for Dezhou donkeys were shown in Supplementary Table 1. Donkeys were administered twice daily (09:00 and 17:00) at 1.5% of their body weight. All donkeys were healthy, with no history of any disease, and they had free access to water throughout the experiment. In addition, none of the donkeys had been administered medicine or antibiotics within the past 6 months.



Sampling

The donkeys mated naturally and were diagnosed with pregnancy via B-ultrasound examination at 60 days. The donkeys were divided into four groups according to their pregnancy stages: the non-pregnant (NP, before mating), early stage of pregnancy (P1, fifth month after mating), middle stage of pregnancy (P2, seventh month after mating), and late stage of pregnancy (P3, ninth month after mating) groups. A total of 24 fresh fecal samples and 24 plasma samples were obtained from the four groups. Fresh fecal samples of each animal were collected before morning feeding via grab sampling through rectal palpation. The fecal samples (2 g each) were immediately transferred into sterilized tubes and stored in liquid nitrogen at –80°C for DNA extraction. Blood samples were collected from the jugular vein of the donkeys after 2 h of morning feeding and transferred into a vacuum tube containing EDTA. Plasma was obtained by centrifugation at 4°C for 10 min at 3,000 × g and stored at –80°C.



DNA extraction, polymerase chain reaction amplification, and Illumina MiSeq sequencing

Total genomic DNA of each feces sample was extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. The concentration and purity of the microbial DNA was determined using a NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, DE, United States), and the quality of DNA was evaluated using 1% agarose gel.

The 338F (3’-ACTC CTAC GGGA GGCA GCAG-5’) and 806R (3’-GGAC TACH VGGG TWTC TAAT-5’) primers were used to amplify the hypervariable regions of the 16S rRNA V3-V4 gene using the ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, United States). Polymerase chain reaction (PCR) was conducted in triplicate with the TransStart Fastpfu DNA polymerase in a total reaction volume of 20 μL containing 2 μL of 2.5 mM dNTPs, 4 μL of 5 × FastPfu buffer, 0.8 μL of forward and reverse primers (5 μM), 0.2 μL of bovine serum albumin, 0.4 μL of FastPfu polymerase, 10 ng of template DNA, and ddH2O. Then, the amplicons were detected by electrophoresis on a 2% agarose gel and further purified via an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) and quantified with Quantus Fluorometer (Promega, United States). Purified amplicons were pooled together in equimolar concentrations and paired-end sequenced (2 × 300 bp) using an Illumina MiSeq platform (Illumina, San Diego, United States) at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) with the standard protocols.



Sequence processing and bioinformatics analysis

Raw data with FASTQ files were quality filtered by Trimmomatic and merged via FLASH according to the criteria described by Liu C. et al. (2019). To minimize the effects of sequencing depth on microbial diversity and composition determination, the number of reads from each sample was rarefied to 43,080. The QIIME (version 1.9.1) and UPARSE (version 7.1) were applied for analysis of the sequences and clusters of the operational taxonomic units (OTUs) with a 97% similarity cutoff. Meanwhile, the taxonomy of each OTU representative sequence was analyzed using the Ribosomal Database Project (RDP) Classifier algorithm against the Silva (SSU138) 16S_bacteria database by a confidence threshold of 0.7 (Liu C. et al., 2019).

Bioinformatics analysis was carried out on the free online site of the Majorbio I-Sanger Cloud Platform.1 The alpha diversity indexes, including the ACE, Chao, Sobs, and Shannon indexes, as well as Good’s coverage, were calculated using MOTHUR (version v.1.30.2) at a sequence depth of 29,933 for all samples. A rarefaction curve, Venn diagram, and bar graphs were obtained using the R language (version 3.3.1). Beta diversity was estimated by calculating the weighted normalized UniFrac distance (phylogenetic information and abundance to compute community similarity) and visualized by principal coordinates analysis (PCoA). The PCoA plots of the dissimilarity metrics were produced using the ape packages in R (version 3.3.1). Partial least squares discriminant analysis (PLS-DA) was performed to visualize the bacterial alterations among experimental groups, and the results were plotted using the mixOmics and plsda packages in R (version 3.3.1). The Kruskal–Wallis H test was used to determine the phyla and genera that presented significant differences in abundance among groups with the stats package in R (version 3.3.1) and the scipy package in PYTHON. The linear discriminant analysis effect size (LEfSe) was applied to detect bacterial biomarkers during different gestation periods based on p-values < 0.05 and LDA scores > 3.5. Potential function capacities were predicted on PICRUSt (1.0.0) software using 16S rRNA sequencing data (Huang et al., 2019).



Liquid chromatography–mass spectrometry metabolomics profiling

A total of 24 plasma samples were thawed on ice and assessed using a liquid chromatography–mass spectrometry (LC-MS) platform (UHPLC-Q Exactive HF-X system, Thermo Fisher Scientific Inc., MA, United States). During the analysis, quality control (QC) samples prepared by mixing all plasma extraction aliquots were set to monitor the stability of the analysis.

The 100 μL of each sample was mixed with 400 μL of precooled acetonitrile and methanol (1:1, v/v) with 10 μL of internal standard (0.02 mg/mL, L-o-chlorophenylalanine) in the centrifuge tubes. Mixed samples were then vortexed for 30 s and settled at –20°C for 30 min. After being centrifuged at 4°C for 15 min at 13,000 × g, 200 μL of the supernatant was collected and transferred to a clean vial for LC-MS/MS analysis.

The treated sample (2 μL) was injected into a 100 × 2.1 mm ACQUITY UPLC HSS T3 column (Waters, Milford, United States) packed with 1.8 μm particles and preheated at 40°C for chromatographic separation of plasma metabolites. MS data were obtained using a Thermo UHPLC-Q Exactive Mass Spectrometer (AB Sciex, United States) equipped with an electrospray ionization (ESI) source operating in either positive (ESI +) or negative (ESI-) ion mode. In ESI + mode (basic species), samples were retained and gradient eluted from the column using solvent A composed of 95% water and 5% acetonitrile with 0.1% formic acid. In ESI- (acidic species), samples were eluted from the column using solvent B composed of 5% water, 47.5% acetonitrile, and 47.5% isopropanol with 0.1% formic acid. The elution process was performed at a flow rate of 0.4 mL/min, and the column temperature was maintained at 40°C. The solvent gradient (A:B) changed according to the following conditions to equilibrate the systems: from 0 to 3.5 min, 100%:0% to 75.5%:24.5%; from 3.5 to 5 min, 75.5%:24.5% to 35%:65%; from 5 to 7.4 min, 35%:65% to 0%:100%; from 7.4 to 7.6 min, 0%:100% to 48.5%:51.5%, from 7.6 to 7.8 min, 48.5%:51.5% to 100%:0%; and from 7.8 to 10 min, 100%:0% to 100%:0%. The optimal heat and capillary temperatures were 425°C and 25°C, respectively. The mass scanning was set to a range of 70–1,050 m/z. The flow rates of sheath gas and aux gas were 50 arb and 13 arb, respectively. Both the ESI + and ESI- ion-spray voltages were 3.0 kV. Data acquisition was performed with the Data Dependent Acquisition (DDA) mode.



Metabolic data preprocessing and annotation

Raw data from the UPLC-time of flight (TOF)/MS were imported into the Progenesis QI 2.3 (Non-linear Dynamics, Waters, United States) for peak detection, alignment, and peak filtering. The preprocessing results produced a data matrix consisting of the mass-to-charge ratio (m/z) values, retention time (RT), and peak intensity. Each retained peak was then normalized using MetNormalize. The relative standard deviation (RSD) value of the metabolic features in the QC samples was set at a threshold of 30% to standardize the reproducibility of the metabolomic data.

For the annotation of plasma metabolic features, the Human Metabolome Database (HMDB) and Metlin database were applied to align the m/z data and identify relevant metabolites. The mass tolerance between the measured and theoretical masses of the components of interest was 10 ppm. The confidently identified metabolites were further validated by the MS/MS fragments score (> 30) and isotopic distribution measurements.



Multivariate statistical analysis of metabolomic data

The multivariate statistical analysis for plasma metabolites was conducted using the ropls package (version 1.6.2) in R on the Majorbio I-Sanger Cloud Platform. The positive and negative data were obtained and analyzed using the SIMCA-236 P software package. After the metabolite variables were scaled to unit-variances, principal component analysis (PCA) was performed to visualize the metabolic differences among experimental groups using an unsupervised method. After the metabolite variables were scaled to Pareto scaling, orthogonal PLS-DA (OPLS-DA) was applied for statistical analysis to visualize the global metabolic alterations among comparable groups. To avoid the risk of overfitting, the model parameters R2 and Q2 were computed to evaluate the interpretability and predictability of the models. Variable importance in the projection (VIP) was calculated in the OPLS-DA model to present the overall contribution of each variable. If the VIP > 1.0, the variables are considered relevant for group discrimination. The p-values were estimated on one-dimensional statistical analysis with the paired Student’s t-test, and differences were declared at p < 0.05.



Differential metabolic features and correlation analysis

One-way analysis of variance (ANOVA) tests were conducted to identify the statistically significant metabolites among the groups at a significant threshold of FDR < 0.05. A total of 11,836 differential peaks were identified, including 5,312 peaks in the ESI + and 6,524 peaks in the ESI- model. Differential metabolites among the four groups were summarized and matched to the KEGG database using untargeted metabolomic pathway analysis and metabolic enrichment. Screened differential metabolites were analyzed for expression pattern clustering using the gplots package in R. The distance calculation algorithms mainly included Pearson correlation between metabolites, Spearman analysis between samples, and the clustering method for H clusters with complete algorithms. The effect of the gestation period on the metabolite set enrichment and metabolic pathways was analyzed using the SciPy package (version 1.0.0) in PYTHON and Stats package in R with Fisher’s exact test.

A total of 24 pairs of samples with both plasma metabolome and feces microbiome data were investigated to determine the correlation between the shifts in plasma metabolites and the changes in the bacterial communities. These correlations were evaluated via Procrustes analysis and Pearson’s correlation analysis using the SciPy package (version 1.0.0) in PYTHON. The p-values were adjusted with FDR, and corrected p-values < 0.05 were considered statistically significant.




Results


Alpha diversity of fecal bacteria

Indices of alpha diversity, including the Shannon and Chao indexes, are presented in Figure 1. The bacterial community diversity with the Shannon index was lower in P1 than it was in P3 (p < 0.05). However, no difference emerged among different gestation periods for the Chao index (p > 0.05).
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FIGURE 1
Fecal bacteria alpha diversity indices of donkey feces. (A) shannon index; (B) Chao index.




Beta diversity of bacteria

Unweighted UniFrac Non-metric Multidimensional Scaling (NMDS) analysis at the OTU level was conducted to evaluate the extent of the similarity of the fecal bacteria communities (Figure 2A). The results showed that the fecal microbiota was obviously separated between the NP and P1 groups, but it was less segregated between the NP and P2 groups. PLS-DA was then performed to analyze the high-dimensional data to distinguish between the observed values among groups (Figure 2B). The fecal bacteria communities in the NP, P1, P2, and P3 samples clustered separately. An analysis of similarities (ANOSIM) based on UniFrac distances and a non-parametric multivariate analysis of variance (Adonis) were calculated, and the p-values (p = 0.05 for ANOSIM, p = 0.03 for Adonis) further indicated significant differences in the bacterial communities among groups.
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FIGURE 2
Scatterplot from NMDS (A) and PLS-DA (B) of OTUs shown the differences in fecal bacteria community structures of donkeys among different gestation periods.




Taxonomic composition of fecal bacteria during gestation

The Venn diagram (Figure 3) presented the distribution of bacterial community OTUs. There were 2,227, 2,131, 2,191, and 2,206 OTUs observed in the NP, P1, P2, and P3 groups, respectively. NP shared a bacterial community, including 1,743 OTUs, with P1, P2, and P3.
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FIGURE 3
Venn diagram presented the distribution of fecal bacteria community OTUs in donkeys.


Bacteria with a relative abundance of ≥1% of the total sequences in at least one of the fecal samples were further analyzed (Table 1). Among the phyla, Firmicutes and Bacteroidetes were detected as the dominant phyla, regardless of the gestational stage, and their total proportions were as high as >80%. Spirochaetota and Fibrobacterota both showed obviously higher relative abundance in both the P1 and P2 groups than in the NP group (p < 0.05). In contrast, the relative abundance of Verrucomicrobiota in the P1 and P2 groups was lower than that in the NP group (p < 0.05). There were no significant differences among the gestation stages for the relative abundance of other bacteria at the phylum level (p > 0.05).


TABLE 1    The relative abundance (> 1%) of fecal bacteria community composition in donkeys at the phylum and genus level during gestation period.

[image: Table 1]

To further investigate the bacterial community compositions of fecal samples, 10 genera with a mean relative abundance ≥1% of the total sequences in at least one sample were analyzed. The unclassified_f_Lachnospiraceae belonging to phylum Bacteroidetes were the most predominant genera in the fecal bacteria. Although the abundance of Ruminococcaceae_NK4A214_group was higher in NP than it was in P1 (p < 0.05), its abundance increased linearly with the progression of pregnancy (i.e., representing 2.69%, 3.69%, and 5.08% of the bacteria in groups P1, P2, and P3, respectively; p < 0.05). The genus Streptococcus reached its maximum abundance (peaked) in P2 of pregnancy (10.1%; p < 0.05). No significant differences emerged among the gestation stages for the abundance of other genera.



Bacterial biomarkers of different pregnancy stages

Linear discriminant analysis effect size (LEfSe) analysis was applied to identify the biomarker species that distinguish the bacterial communities among different pregnancy stages (Figure 4). In the present study, the dominant species from the fecal samples in the NP group were mainly from the classes Verrucomicrobiota, Proteobacteria, Gammaproteobacteria, Akkermansiaceae, Pseudomonadales, Moraxellaceae, Peptostreptococcales-Tissierellales, and Anaerovoracaceae. The biomarker species in P1 belonged to the classes Bacillales, Planococcaceae, Solibacillus, Lysinibacillus, and Fibrobacterota. The dominant species in P2 were predominantly from the classes Clostridiaceae, Clostridium_sensu_stricto_1, and Ruminococcus. The dominant species in P3 were from the classes Oscillospirales, Ruminococcaceae, Ruminococcaceae_NK4A214_group, UCG-002, and UCG-010.
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FIGURE 4
Cladogram plotted from LEfSe analysis indicated the biomarkers of the bacterial community among different gestation periods (p < 0.05; LDA score 3.5). NP, no pregnant period; P1, pregnant period 1; P2, pregnant period 2; P3, pregnant period 3.




Potential function capacity of the fecal microbiome during the gestation period

PICRUSt software was used to characterize the potential functional capacity of the donkey fecal microbiome with the 16S rRNA data. The relative abundances of KEGG pathways among the NP, P1, P2, and P3 groups were compared in the present study (Figure 5). There was no significant difference for the relative abundance of the top 50 pathways during the gestation period.
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FIGURE 5
The predicted KEGG pathways within different stages of gestation. NP, no pregnant period; P1, pregnant period 1; P2, pregnant period 2; P3, pregnant period 3. The X-axis represents the sample name; the Y-axis shows the function name of KEGG pathway; the changes of different functional abundances in samples are displayed by color block; the red represents a higher abundance; the blue represents a lower abundance.




Comparative analysis of donkey plasma metabolites

Plasma samples (n = 6 per group) were obtained at different stages of the gestation period with 16S rRNA gene sequencing data. In the present study, 327 quantifiable plasma metabolites were identified for further analysis, including 175 and 152 metabolites from the positive and negative ion modes, respectively. A PCA analysis was performed to evaluate the global changes in the donkey plasma metabolome during different gestation periods (Supplementary Figure 1). There was no significant separation among the metabolic samples in the different groups in the positive ion mode, but such a separation was observed in the positive ion mode.

Score plots of the PLS-DA performed to demonstrate the differentiated metabolites among different pregnant groups and the permutation testing are shown in Figure 6. Almost all the samples in the score plots were within the 95% Hotelling T2 ellipse. Both positive and negative data showed clear separation and discrimination among the different pregnancy groups, indicating that the PLS-DA model can be applied to identify differences. In the positive and negative ion modes of the PLS-DA, 48.8% and 56.5% of the total explained variation in the data set (R2X cum) was used to account for 98.1% and 99.3% of the variance in the class separation (R2Y cum), and the cross-validated predictive abilities of the model were 67.4% and 84.0% (Q2 cum). The permutation test indicated satisfactory effectiveness of the model, with R2Y values of 0.949 and 0.969 and Q2Y values of 0.05 and 0.03 for the positive and negative mode ionization, respectively.
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FIGURE 6
Partial least squares discriminant analysis (PLS-DA) plot and permutation testing of donkey plasma metabolites in comparisons of the different gestation periods following (A) positive and (B) negative mode ionization.




Identification and evaluation of differential metabolites

Each identified metabolite was searched against synonyms in the HMDB (Figure 7). The compounds covered a range of chemical classes, defined in the HMDB as the chemical “Super Class.” “Lipids and lipid-like molecules,” “organic acids and derivatives,” and “organoheterocyclic compounds” were detected as the dominant metabolites. Their total proportions were found to be as high as >84%.
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FIGURE 7
Pie chart based on counts of human urine metabolome database (HMDB) chemical taxonomy for all metabolites identified in the present study (n = 24).


A total of 76 differential metabolites with FDR-adjusted p-values < 0.05 were selected, including 20 and 56 metabolites in the positive and negative ion modes, respectively, from the 24 donkey plasma samples (Supplementary Table 1). The top 20 differential metabolites among distinct gestation periods are presented in Figure 8. As pregnancy progressed, the levels of testolic acid, estradiol-17beta 3-sulfate, equol 7’-o-glucuronide, equol 4’-o-glucuronide, estrone, estrone 3-glucuronide, and estradiol gradually increased.
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FIGURE 8
Identification of significant differential metabolites (top 20) in donkey plasma in different gestation periods. NP, no pregnant period; P1, pregnant period 1; P2, pregnant period 2; P3, pregnant period 3; ***p < 0.001.


Significantly differential metabolites (top 30) in donkey plasma between the NP and P1 groups, NP and P2 groups, and NP and P3 groups are presented in Figures 9A–C, respectively. This study found 103 differentially enriched metabolites between NP and P1; 20 of the metabolites were increased in P1 (FC > 1.2), while 4 were decreased (FC < 0.8). The following metabolites were characterized: carboxylic acids and derivatives (n = 16), steroids, and steroid derivatives (n = 12), fatty acyls (n = 10), prenol lipids (n = 7), organonitrogen compounds (n = 6), glycerophospholipids (n = 3), indoles and derivatives (n = 3), flavonoids (n = 1), and isoflavonoids (n = 1; Supplementary Table 2). The levels of testolic acid, (S)-nerolidol 3-O-[a-L-rhamnopyranosyl-(1- > 2)-b-D-glucopyranoside], 4R-hydroxy solifenacin, oryzalide B, estradiol-17beta 3-sulfate, estradiol, 11-oxo-androsterone glucuronide, pregnanetriolone, cis-4-hydroxyequol, and equol 7-O-glucuronide were increased in the P1 group, with FCs of 7.26, 2.94, 2.32, 1.93, 1.81, 1.65, 1.53, 1.52, 1.49, and 1.47, respectively. The 10 characteristic metabolites with the highest fold changes were steroids and steroid derivatives, prenol lipids, organooxygen compounds, flavonoids, isoflavonoids, carboxylic acids and derivatives, tetrahydroisoquinolines, and fatty acyls (Figure 9A).
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FIGURE 9
Significantly differential metabolites (top 30) in donkey plasma between (A) NP and P1 donkeys, (B) NP and P2 donkeys and (C) NP and P3 donkeys based on variable importance in the projection (VIP) value under merger mode of positive and negative ion. NP, no pregnant period; P1, pregnant period 1; P2, pregnant period 2; P3, pregnant period 3. The selected metabolites were those with VIP score more than 1. Each row represents a metabolite, each column represents a sample, and the color indicates the relative expression level of the metabolites in the samples. The right side is the metabolite VIP bar graph, the length of bar represents the contribution of the metabolites to the difference between the two groups, the color of the bar means the FDR-adjusted P-value (*p < 0.05; **, p < 0.01; ***p < 0.001).


A total of 124 significant variations in metabolites were observed between NP and P2; 64 of them were positively ionized, whereas 60 were negatively ionized (Supplementary Table 3). The varying metabolites involved were fatty acyls (n = 20), carboxylic acids and derivatives (n = 7), organonitrogen compounds (n = 9), indoles and derivatives (n = 8), prenol lipids (n = 13), steroids and steroid derivatives (n = 13), furanoid lignans (n = 1), isoflavonoids (n = 1), and pyridines and derivatives (n = 1). Testolic acid, 4R-hydroxy solifenacin, 11-oxo-androsterone glucuronide, oryzalide B, estradiol-17beta 3-sulfate, 14-hydroxyandrosta-1,4-diene-3,17-dione, estradiol, pregnanetriolone, estrone 3-glucuronide, and venoterpine were the top 10 variations in metabolites in the P2 group, with FCs of 7.53, 2.09, 1.90, 1.81, 1.73, 1.69, 1.61, 1.49, 1.46, and 1.40, respectively. The characteristic metabolites with the higher change ratios were tetrahydroisoquinolines, glycerolipids, prenol lipids, steroids, and steroid derivatives (Figure 10B).
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FIGURE 10
Procrustes analysis to assess the consistency of donkey fecal microbiome and plasma metabolomics profile data. One line and one dot with an arrow represent one sample. Shorter lengths of the lines indicate greater consistency of the four datasets. NP, no pregnant period; P1, pregnant period 1; P2, pregnant period 2; P3, pregnant period 3.


As shown in Supplementary Table 4, 135 differentially metabolites between the NP and P3 groups were identified using a VIP threshold of 1 (P < 0.05). 26 metabolites were significantly increased and 8 were significantly decreased. The changing metabolites included steroids and steroid derivatives (n = 17), prenol lipids (n = 7), indoles and derivatives (n = 5), glycerophospholipids (n = 13), fatty acyls (n = 17), carboxylic acids and derivatives (n = 15), and isoflavonoids (n = 1; Supplementary Table 2). The levels of testolic acid, deoxycholic acid 3-glucuronide, 14-hydroxyandrosta-1,4-diene-3,17-dione, estradiol, oryzalide B, estrone 3-glucuronide, oryzalide A, estradiol-17beta 3-sulfate, pregnanetriolone, and 16-oxoestrone were increased in the P3 group, with FCs of 10.06, 2.08, 1.95, 1.82, 1.79, 1.72, 1.68, 1.68, 1.56, and 1.55, respectively. The top 10 characteristic metabolites with a higher shift ratio were steroids and steroid derivatives and prenol lipids.



Metabolic pathway enrichment analysis

The metabolites identified were assigned to the KEGG second-grade pathways. For the “metabolism” term, the top priority was “lipid metabolism,” followed by “amino acid metabolism,” “digestive system,” “nervous system,” “metabolism of cofactors and vitamins,” and “membrane transport” (Supplementary Figure 2). The metabolic KEGG pathways with p < 0.05 are considered the most relevant pathways involved in the present study (Figure 11). The enrichment analysis showed that such metabolic pathways as bile secretion, ABC transporters, histidine metabolism, purine metabolism, protein digestion and absorption, mineral absorption, aminoacyl-tRNA biosynthesis, and glutamatergic synapse were significantly changed between the NP and P1 groups. Only two metabolic pathways (tryptophan metabolism and fatty acid degradation) were altered between the NP and P2 groups. The metabolic pathways, including bile secretion, glycerophospholipid metabolism, steroid hormone biosynthesis, pyrimidine metabolism, regulation of actin cytoskeleton, and cGMP-PKG signaling pathway, were changed between the NP and P3 groups.
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FIGURE 11
Metabolic pathway enrichment of differential metabolites between (A) NP and P1 group, between (B) NP and P2 group, between (C) NP and P3 group. NP, no pregnant period; P1, pregnant period 1; P2, pregnant period 2; P3, pregnant period 3; OS, M, HD, GIP, EIP and CP are the class names of the metabolic pathways in the KEGG annotation. OS, Organismal Systems; M, Metabolism; HD, Human Diseases; GIP, Genetic Information Processing; EIP, Environmental Information Processing; CP, Cellular Processes. *p < 0.05; **p < 0.01; ***p < 0.001.




Correlation between fecal bacteria and plasma metabolomics

A Procrustes analysis was conducted to evaluate the consistency of the data from donkey fecal bacteria and plasma metabolomics profiling; the results showed that the similarity among the four datasets was low (p = 0.40, Figure 10).

The possible correlations between changed plasma metabolites and fecal bacterial phyla were determined based on Spearman’s correlation (Figure 12). The fecal Firmicutes was negatively correlated with lysophosphatidylcholine (LysoPC)[18:1(11Z)] and LysoPC(15:0)s (p < 0.05), whereas Bacteroidota was positively correlated with LysoPC[18:1(11Z)] (p < 0.05). Fecal Verrucomicrobiota was positively correlated with L-proline, L-glutamine, GPCho(18:2/18:3), phosphatidylcholine (PC)[18:2(9Z,12Z)/18:3(6Z,9Z,12Z)], and LysoPC[18:1(9Z)] (p < 0.05), whereas it was negatively correlated with L-beta-aspartyl-L-threonine (p < 0.05). There were significant correlations between Spirochaetota and isocitrate and between Synergistota and N-Methyl-a-aminoisobutyric acid (P < 0.05). In addition, Fibrobacterota was positively correlated with 3-hydroxypristanic acid, PC(16:0/0:0)[U], and LysoPC[18:1(11Z)] (p < 0.05).
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FIGURE 12
Correlation heatmap of differentially donkey fecal phylum and enriched metabolites. Each row in the graph represents a metabolite, each column represents a microbiota phylum, the color in the graph indicates the Pearson coefficient between the 10 bacterial phylum and the 20 metabolite, and the pale blue indicates positive correlation. The brick red is representative negative correlation. The darker color indicate the 16 greater the correlation. *Indicates a significant correlation at p < 0.05. PC, phosphatidylcholine; LysoPC, Lysophosphatidylcholine.





Discussion

The gestation length for donkeys is long, and it has been reported as 333–395 days (Miragaya et al., 2018); the gestation period is an important part of donkey reproduction stewardship. The pregnancy period is accompanied by gut microbiota remodeling that participates in modulating maternal physiology and metabolism (Koren et al., 2012). These modulations could be important in maternal health and fetal nourishment; however, little in-depth information from donkeys is available to understand the role of gut microbiota and related physiological metabolites during this critical time. In the present study, the remodeling of fecal microbiota and corresponding changes in plasma metabolites over the course of pregnancy were presented.

In the present results, it was found that the diversity of the bacterial community (Shannon index) increased throughout the gestation period, indicating a dramatic shift in fecal bacteria between pregnant and non-pregnant donkeys. The gut microbiota diversity is well known to improve the stability and performance of communities, and it has been proposed as an important biomarker of health and metabolic capacity (Clarke et al., 2014; Tap et al., 2015; Li et al., 2018). Therefore, diverse bacteria probably provide many metabolic capacities and functional redundancy in pregnant donkeys, ensuring the sufficient supply of nutrients for maternal health and fetal development. The beta-diversity results with NMDS and the PLS-DA analysis demonstrated significant differences in the bacterial composition among the stages of gestation, especially the early stage. The results were consistent with those of previous studies that reported obvious changes in microbiota composition during pregnancy in donkeys (Li et al., 2022). However, it is well known that gut microbiota can be affected by various host and environmental factors (Grzeskowiak et al., 2012). Host genetics, diet, and individual differences are difficult to control to understand the specific changes in the gut microbiota (Wu et al., 2011; Goodrich et al., 2014; Ji et al., 2019). The samples obtained in the present study were collected from different animals, and the variability derived from individual differences may not have been eliminated. As a result, less segregation in the NP and P2 groups was found in the current NMDS analysis. Further research with the same individuals is needed to assess changes in gut microbiota in the same individuals.

Gut bacterial communities generally play a significant role in the functioning and health of their hosts (Zhang et al., 2020). In the present study, Firmicutes and Bacteroidetes were prominent in the donkey fecal microbiota in all samples. This agrees with the results reported by Liu et al. (2020) to the effect that the two dominant bacteria in the domestic donkey hindgut came from the phyla Bacteroidetes and Firmicutes. Firmicutes is important for carbohydrate breakdown in the donkey gut, and this is correlated with the efficient hydrolysis of plant biomass and feed utilization (Myer et al., 2015). Bacteroides are the primary degraders of carbohydrate-based polysaccharides (Sonnenburg et al., 2010). They contribute to the release of energy from dietary fiber and starch, and they are likely to be a major source of propionate (Liu G. Q. et al., 2019). In the present study, both Firmicutes and Bacteroidetes remained remarkably stable throughout the gestation period, which is in line with the previous studies by Koren et al. (2012) and Jost et al. (2014), who observed no detectable shifts in the abundance of Firmicutes and Bacteroidetes during pregnancy in humans. The variation in the relative abundance of specific bacterial taxa is usually associated with dietary constituents (Carrothers et al., 2015). Thus, when the donkeys were fed a consistent diet in the current study, no alteration of Firmicutes and Bacteroidetes was observed.

Several other studies have reported pregnancy-induced alterations in gut bacterial composition (Dethlefsen and Relman, 2011; Khan et al., 2016; Li et al., 2022). The present results also demonstrated that the relative abundance of Spirochaetota and Fibrobacterota were promoted by pregnancy. The increased abundance of phyla Spirochaetota in pregnant donkeys might be mainly attributed to the enrichment of the genus Treponema. Until now, some Treponema species have been identified from the gastrointestinal tracts of mammal animals, including pigs and cows (Stanton and Canale-Parola, 1980; Ji et al., 2019). Treponema has been reported to be capable of digesting cellulose (Bekele et al., 2011). In addition, the phylum Fibrobacterota is recognized as a major bacterial degrader of lignocellulosic material in the herbivore gut (Ransom-Jones et al., 2012). In contrast, the present results revealed a decline in the abundance of Verrucomicrobiota and Proteobacteria as gestation progressed. Consistent with the decline in the phylum Verrucomicrobiota, the relative abundance of genera norank_f_norank_o_WCHB1-41 also decreased during pregnancy. In addition, the bacterial phyla Verrucomicrobiota and Proteobacteria belong to the members of aerobic methanotrophic capabilities (Hernandez et al., 2021). The reduction in Verrucomicrobiota and Proteobacteria may indicate less methane production in the donkey hindgut, but further study is needed to investigate this inference.

The LEfSe analysis performed in the present study showed that the classes related to plant cell wall breakdown increasing in the pregnancy period (P1, P2, and P3) included Fibrobacterota, Ruminococcus, Ruminococcaceae, Ruminococcaceae_ NK4A214_group, Ruminococcaceae_UCG-002, and Ruminococcaceae_UCG-010. This implies that dietary fiber compounds can be metabolized efficiently by the gut bacteria during the gestation period for the potential benefit of the donkeys and their fetuses. The present result is consistent with the previous study reported by Ji et al. (2019) in sows, which showed numerous changes during the pregnancy of sows, where most of the bacteria that increased in abundance with the progression of pregnancy could digest polysaccharides and lignocellulose materials.

In concordance with the lack of significant shifts in the predominant phyla Firmicutes and Bacteroidetes, the potential functional capacity of the gut microbiome predicted by PICRUSt also showed no obvious change among different gestation periods in donkeys. Bacteria related to metabolic pathways, biosynthesis of secondary metabolites, biosynthesis of amino acids, microbial metabolism in diverse environments, and carbon metabolism were the top five metabolic functions based on the results from the 16S rRNA gene sequencing at KEGG taxonomy. This implies that the functional capacity of donkey gut microbiota appeared to be relatively stable over different stages of gestation, probably providing an adequate supply of nutrients available for fetal growth and maternal health.

The physiological biochemical metabolites of the blood are significant biomarkers for monitoring donkey health and physiological responses (Liao et al., 2021; Li et al., 2022). To the best of our knowledge, the current study is the first integrative research report that has used the LC-MS-based metabolomics approach to investigate the plasma metabolic variations in donkeys throughout the pregnancy period. Compared with the NP, during the gestation period, the metabolites were enriched in pathways matched to bile secretion, mineral absorption, amino acid metabolism, protein digestion and absorption, purine metabolism, fatty acid degradation, glycerophospholipid metabolism, steroid hormone biosynthesis, and pyrimidine metabolism.

As the key regulator of metabolism, the important role of bile acids in gestational changes in metabolism is becoming apparent (Mcilvride et al., 2017). In the present study, the enrichment of bile secretion was detected at the early and late stages of pregnancy, suggesting a progressive rise in plasma bile acid synthesis with advancing gestation. The pathway for bile acid synthesis usually results in the production of primary bile acids, cholic acids, and deoxycholic acids (Mcilvride et al., 2017). Previous studies have reported that the conjugated bile acids are generally higher in the serum of pregnant women (Fulton et al., 1983; Brites, 2002; Castano et al., 2006). In agreement with the result, the metabolites of deoxycholic acid 3-glucuronide in donkey plasma were significantly increased in the pregnant groups. The present results provide evidence that bile secretion plays an important role in mediating host metabolism during the perinatal period.

The changed metabolites in the current study were also enriched in pathways matched to ABC transporters, amino acid metabolism (histidine and tryptophan), purine metabolism, protein digestion and absorption, mineral absorption, aminoacyl-tRNA biosynthesis, fatty acid degradation, glycerophospholipid metabolism, and pyrimidine metabolism. As high energy consumption is associated with fetal growth and development, these changes are advantageous to energy delivery and likely to support fetal growth during pregnancy in donkeys (Luan et al., 2014). Furthermore, the physiological changes that occur during pregnancy are the result of steroid hormone biosynthesis, which is necessary to support the developing fetus (Napso et al., 2018).

In the current study, the KEGG pathways of steroid hormone biosynthesis were also enriched, resulting in progressive rises in estradiol, estradiol-17-beta-3-sulfate, estrone, estrone-3-glucuronide and pregnanetriolone among pregnant donkeys. Pregnancy maintenance depends primarily on the interactions of neuronal and hormonal factors (Feldt-Rasmussen and Mathiesen, 2011). Maternal hormone alterations are critical in modulating the immunologic and metabolic changes required for a healthy pregnancy outcome (Tal and Taylor, 2021). Furthermore, the fetus and placenta both produce steroids into the maternal circulation, as well as stimulating the generation of maternal hormones (Tal and Taylor, 2021). It has been found that, as pregnancy progresses, the placenta produces more estradiol-17-beta from the conversion of circulating maternal and fetal dihydroepiandrostenediene sulfate (Siiteri and MacDonald, 1966). However, this is inconsistent with our finding that the metabolites of estradiol and estradiol-17-beta-3-sulfate in donkey plasma were higher in the P1, P2, and P3 groups than they in the NP group. Estradiol concentrations increased in a pattern indicating a definitive increase in intrauterine steroidogenesis. In general, estrone originates primarily from maternal sources, including the ovaries and adrenals (Lindberg et al., 1974). The placenta then produces increasing quantities of estrone from the conversion of circulating maternal and fetal dihydroepiandrostenediene sulfate (Tulchinsky and Hobel, 1973). In a previous study by Tulchinsky et al. (1972), the estrone usually remained within the luteal phase range at the early stage of gestation. Concentrations of estrone increase gradually as pregnancy progresses; therefore, in the present study, there was only a significant difference for the estrone metabolite between the NP and P3 groups. The presence of pregnanetriolone is characteristic of adrenal hyperplasia (Lahoud et al., 1976); however, the specific effect of pregnanetriolone increasing within the gestation period is unknown. This topic requires further investigation.

In this study, the metabolite–microbial relationships were assessed by correlation analysis, and a co-relationship between the plasma metabolites and fecal microbiota was presented. LysoPC is mainly derived from the oxidation of very-low-density lipoprotein and the hydrolysis of lecithin (Ismaeel and Qadri, 2021). LysoPCs are bioactive proinflammatory lipids that have been linked to organismal oxidative stress and inflammation (Sevastou et al., 2013; Liang et al., 2020). Phospholipids, such as PC, are major components of cellular membranes and play a key role in signal transduction; they also make up the majority of lipoproteins (Zeisel, 1993; Rauschert et al., 2019). In the present study, the donkey plasma metabolites of LysoPC[18:1(11Z)], LysoPC[18:1(9Z)], PC[18:2(9Z,12Z)/18:3(6Z,9Z,12Z)], and PC(16:0/0:0)[U] were positively correlated with the bacteria of Bacteroidota, Verrucomicrobiota, and Fibrobacterota. These results showed that both LysoPCs and PC play a key role in mediating host–gut microbiome interactions and shaping gut bacteria and host metabolism during the gestation period. Moreover, the present findings require prospective investigation in mechanistic studies before more definite conclusions on the relationship between LysoPC, PC, and gut bacteria in pregnancy can be drawn.

In summary, the present study suggested that the progression of pregnancy is associated with changes in the composition of donkey gut bacteria and the bacteria’s functional capacities. The bacteria involved in the degradation of carbohydrates, including bacteria in the phyla Spirochaetota and Fibrobacterota, were promoted by pregnancy. The host plasma metabolome was also significantly altered. Furthermore, we found a significant correlation between the changes in the donkey fecal microbiome and alterations in host plasma metabolite features. These results indicated that host–bacterial interactions during the gestation period influence host metabolism, leading to beneficial host alterations to provide a sufficient supply of nutrients and energy for fetal growth and maternal health. However, as a limitation of the study, the samples obtained from different animals may result in variability derived from individual differences. In addition, the causality and the underlying mechanisms of interaction between the changes in the gut microbiome and the shifts in host plasma metabolites have not been elucidated. Further investigation is needed to respond to these remaining questions.
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