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Abstract

:

Necrotizing enterocolitis (NEC) is the leading cause of death caused by gastrointestinal disease in preterm infants. Major risk factors include prematurity, formula feeding, and gut microbial colonization. Microbes have been linked to NEC, yet there is no evidence of causal species, and select probiotics have been shown to reduce NEC incidence in infants. In this study, we evaluated the effect of the probiotic Bifidobacterium longum subsp. infantis (BL. infantis), alone and in combination with a human milk oligosaccharide (HMO)—sialylactose (3′SL)—on the microbiome, and the incidence of NEC in preterm piglets fed an infant formula diet. We studied 50 preterm piglets randomized between 5 treatments: (1) Preterm infant formula, (2) Donor human milk (DHM), (3) Infant formula + 3′SL, (4) Infant formula + BL. infantis, and (5) Infant formula and BL. infantis + 3′SL. NEC incidence and severity were assessed through the evaluation of tissue from all the segments of the GI tract. The gut microbiota composition was assessed both daily and terminally through 16S and whole-genome sequencing (WGS) of rectal stool samples and intestinal contents. Dietary BL. infantis and 3′SL supplementation had no effect, yet DHM significantly reduced the incidence of NEC. The abundance of BL. infantis in the gut contents negatively correlated with disease severity. Clostridium sensu stricto 1 and Clostridium perfringens were significantly more abundant in NEC and positively correlated with disease severity. Our results suggest that pre- and probiotics are not sufficient for protection from NEC in an exclusively formula-based diet. The results highlight the differences in microbial species positively associated with both diet and NEC incidence.
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1. Introduction


Necrotizing enterocolitis (NEC) is the leading cause of death resulting from gastrointestinal disease in premature infants, with a mortality rate of 15–40% [1] and an incidence of up to 12% among neonates born with a very low birth weight (<1.5 kg). The etiology of NEC is not completely understood, which limits current approaches to prevent and treat this disease. The most widely known preventive approach against NEC is feeding human breast milk. In the absence of their mother’s own milk, infants receive pasteurized donor human milk (DHM) that is usually obtained from human milk banks. Although human breast milk has been shown to reduce the risk of NEC significantly [2,3], the mechanisms through which it does so remain partially unknown. Currently, treatment for NEC includes broad-spectrum antibiotics, bowel rest, parenteral nutrition, and surgical resection of necrotic sections of the bowel. A more detailed understanding of the pathogenesis of NEC is the key to developing more specific prophylactic and treatment approaches for this disease. The three major risk factors associated with NEC are prematurity, formula feeding, and microbial colonization of the gastrointestinal (GI) tract [4]. Experimental evidence from human and animal studies suggests that the severe intestinal inflammation observed in NEC reflects an immature immune system reacting to the bacterial colonization of an underdeveloped gut [5,6,7]. While is insufficient evidence to implicate a sole species in the pathogenesis of NEC, the identification of distinct fecal microbiota signatures in healthy and diseased infants suggests the gut microbiota might be a target to prevent the morbidity and mortality associated with NEC [8,9,10]. Recent research has highlighted the potential of human milk oligosaccharides (HMOs) [11,12] and probiotics [13] to alter the gut microbiome composition and reduce the risk of NEC. Studies evaluating the effectiveness of HMOs in preventing NEC in animal models have yielded promising results in rat pups while being unsuccessful in preterm piglets, suggesting that further investigation is needed to ascertain the benefits of HMOs in the context of NEC [14,15,16,17]. The administration of certain probiotic formulations has resulted in a reduction in NEC cases in infant cohorts. Among the probiotics tested for the prevention of NEC, Lactobacillus spp. and Bifidobacterium spp. have been associated with a significantly reduced incidence of severe NEC [18,19,20,21,22]. Similar to the use of HMOs, further investigation concerning the effect of probiotics on the infant microbiome and risk for NEC is needed due to the published infant cohort studies having confounding factors that limit the generalizability of the results, including wide ranges in probiotic dosage, gestational ages, enteral feeding regimes, and the particularities of clinical care.



There is a need to comprehensively evaluate the effectiveness of HMOs and probiotics and their effect of gut microbiome composition in a controlled experimental setting, while reducing confounding factors that may affect the outcomes of the study. The probiotic Bifidobacterium longum subsp. infantis (BL. infantis) has been regarded as effective in the prevention of NEC incidence in several studies [22]. Given that HMOs are well known substrates that enhance the growth and health benefits of Bifidobacterium species, in the present study we evaluated the effects of the dietary supplementation of human infants using formula with BL. infantis and the HMO 3-sialyllactose (3′SL), both alone and in combination, on the taxonomic composition of the intestinal microbiome and the incidence of NEC in a controlled setting using preterm piglets. We also included a group of piglets fed donor human milk to serve as a positive control, given the well-established evidence that preterm infants fed human milk are protected against the development of NEC.




2. Materials and Methods


2.1. Delivery, Clinical Care, and Nutrition


The animal protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Baylor College of Medicine and was conducted in accordance with the National Institutes of Health (NIH) guidelines. Five pregnant mixed-breed sows were brought to our facility and allowed to acclimate one week before surgery. Preterm piglets were delivered through cesarean section at 104 days of gestation (full term = 114 days), as described previously [23]. A few hours after birth, the piglets were surgically implanted with a jugular venous catheter (0.03″ ID, silastic) and an orogastric tube (6 French Tygon) to facilitate parenteral nutrition and enteral feeding. The piglets received 50% of their total nutritional requirements through total parenteral nutrition (TPN) (120 mL/kg*d, 410 kJ energy/(kg*d), 12.5 g dextrose/(kg*d), 6.5 g AA/(kg*d), 2.5 g fat/(kg*d) (Intralipid) (Sigma-Aldrich St. Louis, MO, USA) at a rate of 5 mL/kg*h via the jugular venous catheter from day 1 until the end of the study on day 7. Beginning on day 2, every 4 h the piglets were fed enterally through their orogastric tube. Enteral feeding began at 20% of the total nutritional requirement (8 mL/kg*4 h) and progressed gradually to 30, 40, and 50% (12, 16, and 20 mL/kg*4 h) (See Figure 1). Passive immunity was provided to the piglets 6, 12, and 24 h after birth through the administration of sow plasma (at a rate of 4, 5, 7 mL/kg) collected at the time of the cesarean section.



A total of 50 piglets were randomly assigned into five feeding groups. Piglets in the formula (Form) (n = 10) group were fed Enfamil Premature High Protein Liquid Formula (Mead Johnson, Chicago, IL, USA). Piglets in the Bifidobacterium infantis (FormBI) (n = 11) group were fed formula (as described above) and 109 colony forming units (CFU)/day. To obtain this mixture, 1 × 109 CFU of BL. infantis (0.16 g) was mixed with 3 mL of formula every day. Piglets in the Form3SL (n = 10) group were fed infant formula supplemented with a daily dose of 1.2 g/kg of the human milk oligosaccharide (HMO) sialyllactose (3′SL) while piglets in the FormBoth (n = 10) group were fed the same diet as Form3SL piglets with the addition of a daily oral dose of 1 × 109 CFU of BL. infantis. Finally, piglets in the donor human milk (DHM) (n = 9) group were fed pasteurized human milk (Prolacta Bioscience, Duarte, CA, USA). To equalize the carbohydrate content of the formula-fed groups, the diet of both the Form and FormBI groups was supplemented with 1.2 g/kg carbohydrate consisting of 60% corn syrup solids (Grain Processing Corporation, Muscatine, IA, USA) and 40% lactose (Sigma-Aldrich, St. Louis, MO, USA). The piglets that received the probiotic treatment (BL. infantis) were housed in separate rooms from the pigs that did not receive probiotic treatment. In order to prevent probiotic contamination, the piglets that received no probiotic treatment were always fed before the piglets that were given probiotic treatment following an appropriate change of personal protective equipment.




2.2. NEC Monitoring


During the 7-day study, piglets were monitored for clinical symptoms of necrotizing enterocolitis (NEC), namely abdominal distension, lethargy, cyanosis, or bloody diarrhea. When piglets developed signs of NEC, the SpO2 was monitored every 3 h, and if the readings dropped below 80% for more than 3–4 h, the piglets were euthanized. Otherwise, the piglets were euthanized at the end of the study on day 7.




2.3. Sample Collection


Upon euthanasia, tissue sections of the stomach, proximal jejunum, distal ileum, and colon were collected and frozen or fixed using both formalin and OCT for further analysis. Plasma samples were collected from each piglet at the time of euthanasia. All tissue was assessed at necropsy macroscopically for the generation of a gross NEC score of 1 to 6. The NEC score is determined through the assessment of damage to the major gastrointestinal (GI) regions (stomach, jejunum, ileum, and colon) based on the pathological signs of NEC, as previously described [24]. A score of 1–2 indicates normal healthy tissue, 3–4 indicates moderate redness and inflammation, and 5–6 indicates visible pneumatosis and necrosis (Supplementary Figure S3). A total NEC score is generated by adding the severity scores from the stomach, jejunum, ileum, and colon (4–24).



Tissues from all the sections of the same major GI regions were fixed and stained using hematoxylin and eosin (H&E) stain for the generation of a histological NEC score and analysis of villus height and crypt depth, as previously described [24]. A histological NEC score from 1 to 5 was assessed through a microscopic evaluation of the tissue damage. In the small intestine (jejunum and ileum sections), a score of 1 indicates no damage, a score of 2 indicates epithelial cell lifting/separation, a score of 3 indicates necrosis of epithelial cells and blunting villi, a score of 4 indicates villi necrosis and some pneumatosis, and a score of 5 indicates transmural necrosis, scant villi, and widespread pneumatosis. In the colon sections, a score of 1 indicates healthy tissue, a score of 2 indicates minimal mucosal breakage, a score of 3 indicates mucosal sloughing with cellular infiltration, a score of 4 indicates pneumatosis with mild mucosal necrosis, and a score of 5 indicates pneumatosis with transmural necrosis. Histological NEC scores were determined by a single observer who was blinded to the treatment groups. Morphometry metrics, including villus height and crypt depth, were measured using ZEISS ZEN Microscopy Software 3.3.



For the analysis of the stool microbiome, rectal, fecal swabs were collected daily and frozen at −80 °C for microbial profile sequencing of the 16S rRNA gene and qPCR assay of BL. infantis. When the pigs were euthanized, samples of the small intestine and colon contents were collected for the assessment of the microbial composition through 16S rRNA gene sequencing. The colon content samples were used for whole-genome sequencing (WGS).




2.4. Microbiome Analysis


Approximately 200 mg of stomach, small intestinal, and colon contents, as well as the rectal swabs, were transferred to bead bashing tubes with beads and 750 µL of ZYMOBiomics Lysis Solution (Zymo Research, Irvine, CA, USA). The samples were processed in sets of 12 using a Disruptor Genie TM FastPrep24 set to 6.5 m/s. Each sample was beaten for 5–60 s intervals with five minutes on ice between intervals. The samples were pelleted at 10,000× g for 1 min and stored at 4C until a set of 96 samples was prepared. Later, 200 µL of the supernatant was transferred to a 96-well plate, with one sample per well. DNA was extracted using the KingFisher Flex (Thermo Fisher Scientific, Waltham, MA, USA) and the ZYMOBiomics 96 MagBead DNA kit (Zymo Research). A total of 75 µL of MagBeads was used per sample; otherwise, DNA extraction was performed according to the manufacturer’s instructions.



For 16S rRNA gene amplicon sequencing, the V4 region was amplified as described in Huda et al. [25]. Bioinformatic processing was completed using DADA2 [26] as implemented in QIIME2-2018.11 [27]. Whole metagenome sequencing and trimming were performed on the colon content samples as previously described by Liu et al. [28]. Species’ identification was completed using metaphlan2 [29]. The raw sequence data files have been submitted to the NCBI BioProject database under the accession number PRJNA948045.




2.5. Bifidobacterium Longum Quantification in Colon Content Samples


The DNA extracted from the colon content samples as described above was used to quantify the amount of B. longum present in the colon using quantitative real-time PCR using PowerUp SYBR Green Master Mix (Applied Biosystems, Waltham, MA, USA). To calculate the colony forming units (CFU) per milligram (mg) of contents, a culture of B. longum was diluted 1:10 until a final concentration of 105 CFU/mL was achieved. A standard curve was generated using the DNA from the standard samples. See Table 1 for the primer sequences used.




2.6. Evaluation of Pro-Inflammatory Cytokine Expression in Distal Ileum Tissue


A quantitative real-time PCR was performed on the samples of distal ileum tissue. Total RNA was extracted from the tissue using TRIzol (Invitrogen, Waltham, MA, USA) and a commercial RNA extraction kit (Qiagen, Hilden, Germany). Total RNA at a concentration of 350 ng/µL was used to perform reverse transcription to obtain cDNA using a commercially available kit (Applied Biosystems). Both reverse transcription and qRT-PCR were performed on a BioRad CFX96 instrument. qPT-PCR was performed using PowerUP SYBR Green Master Mix (Apploed Biosystems) and primers specific for swine IL-1β, TNF-α, IL-8, and IL-17A. The relative mRNA expression was determined relative to the constitutively expressed β-actin using the 2ΔΔCT method.




2.7. Statistical Analysis


The results were analyzed using both GraphPad Prism 9 and R software programs for statistics and graphical presentation. The following statistics were used to determine the significance of a given observation: For NEC incidence, a Fisher’s exact test was used to assess the differences between the groups; for NEC severity, a one-way ANOVA was used to assess the differences between the groups; for the survival curve analysis, a log-rank test for trend was used; for gross and histological severity scores, Tukey’s multiple comparisons test was performed to assess the differences in the severity score of each section of the GI tract per group. Comparisons of relative abundance of bacterial species across groups and diagnosis were performed using non-parametric Kruskal-Wallis with a Benjamin-Hochberg p-value adjustment and Wilcoxon Rank Sum Test, respectively. The codes used for the data analysis and figure generation can be accessed via https://github.com/valeriamelendezhebib/Probiotics-NEC.git (accessed on 12 April 2023).





3. Results


3.1. SL and BL. infantis Supplementation Did Not Confer Protection against NEC Incidence or Severity


Piglets fed formula exhibited a higher (p ≤ 0.01) incidence of NEC (90%) (9/10 animals) than those fed donor human milk (DHM) (33%) (3/9 animals) (Figure 2a). Supplementing formula with sialyllactose (3′-SL) alone resulted in a NEC incidence of 70% (7/10 animals), whereas supplementation with BL. infantis alone resulted in a NEC incidence of 72.7% (8/11 animals). Pigs fed formula supplemented with both 3′SL and BL. infantis exhibited a lower NEC incidence of 60% (6/10 animals), but this was not statistically different from formula alone.



Measurement of the expression of pro-inflammatory cytokines using distal ileum tissue through qPCR (Supplementary Figure S2a) revealed a significant increase in the expression of IL-1β and TNF-α in NEC compared to healthy animals. Although we observed no significant differences in the expression of all cytokines tested between treatment groups, we observed that the DHM-fed piglets exhibited a lower expression of IL-1β, IL-8, and IL-17A. An assessment of the gross pathology in major GI regions (stomach, jejunum, ileum, and colon) at the time of necropsy revealed that the DHM piglets had a significantly lower NEC severity score than the piglets in the Form group in the colon. There were no other significant differences in the gross NEC severity score between the groups (Figure 2b and Supplementary Figure S1a). A histological assessment of the tissue damage (Figure 2d and Supplementary Figure S1b) in the jejunum, ileum, and colon sections revealed no significant differences in the NEC severity scores. The histological measurements showed similar villus height and crypt depth in the distal ileum of all the animals across the treatments groups (Figure 2d,e). In contrast, a significant increase in the crypt depth of the colon between the DHM- and 3SL-fed piglets (p ≤ 0.05) was observed (Figure 2f). The representative images shown in Figure 3a demonstrate the average differences in villus height and crypt depth between all the treatment groups. The images shown in Figure 3b illustrate the difference in tissue damage in the distal ileum between the healthy and severely diseased piglets.




3.2. Relative Abundance of Top 10 Taxa by Treatment and Diagnosis


Analysis of the 16S rRNA gene sequences from the stomach, small intestinal, and colon contents of all the piglets revealed differences in the gut microbiome composition in the piglets by their treatment and diagnosis (Figure 4, Supplementary Figures S4 and S5). In colon contents, the piglets of all the treatment groups exhibited different relative abundances of the top 10 genera present (Figure 4a). Namely, we observed that the DHM-fed piglets possessed an abundance of the genera Clostridium sensu stricto 1 while all formula-fed piglets (Form, Form3SL, FormBI, and FormBoth) exhibited a higher abundance of this genus. The abundance of Clostridium sensu stricto 1 seems to decrease when the genus Bifidobacterium is introduced into the diet. The comparison between healthy and diseased piglets (Figure 4b) shows a higher relative abundance of the genus Escherichia-Shigella in the healthy piglets, while the NEC-afflicted piglets exhibit a high relative abundance of Clostridium sensu stricto 1 and Enterococcus genera. Similar patterns in relative abundance are also observed in the small intestinal content samples (Supplementary Figure S5). In the stomach contents, we observed a higher relative abundance of Escherichia-Shigella in healthy piglets, while we did not observe any striking differences in the abundance of the top 10 genera between the treatment groups (Supplementary Figure S4).



Analysis of the gut microbiome through whole-genome sequencing (WGS) of the colon contents to obtain species resolution revealed that the healthy animals possessed a high abundance of Escherichia coli (E. coli) and an unclassified Escherichia, while NEC-afflicted animals exhibited a higher abundance of Enterococcus faecalis, Clostridium perfringens, and Clostridium_so_7_2_43FAA (Figure 5a). WGS confirmed the presence of the probiotic Bifidobacterium longum in the FormBI and FormBoth groups, while revealing no other striking differences in the abundance of the top 10 most abundant species between the treatment groups (Figure 5a).




3.3. Bifidobacterium Genus and B. longum Are Significantly More Abundant in FormBI and FormBoth Groups and Negatively Correlate with Disease Severity


Sequencing of the stomach, small intestine, and colon contents showed that the piglets fed the probiotic BL. infantis (animals in the FormBI and FormBoth groups) had significantly (p ≤ 0.01) more Bifidobacterium than the remaining groups (Figure 6b and Supplementary Figures S6b and S7b). There was no increase in the abundance of Bifidobacterium in the piglets that received both BL. infantis and 3′SL compared to the piglets that received only BL. infantis in any of the intestinal segments.



WGS of colon contents revealed that the relative abundance of B. longum is significantly higher in the FormBI and FormBoth groups, consistent with probiotic administration (Figure 6e). Both 16S sequencing and WGS revealed that the abundance of Bifidobacterium and B. longum, respectively, were modestly negatively correlated with disease severity in the colon (Figure 6c,F), small intestine (Supplementary Figure S7c), and stomach (Supplementary Figure S6c). A quantitative real-time PCR of the colon contents, used to confirm the presence of B. longum, demonstrated that the piglets in the FormBI group had significantly (p < 0.05) greater levels of B. longum compared to the piglets that were not given the probiotic (Figure 6g). The level of B. longum in the FormBoth group was higher but was not significantly different from either the FormBI or the other untreated groups. The correlation between the Log CFU/mg and total NEC severity score revealed a significant negative correlation between the abundance of the probiotic and disease severity (Figure 6h).




3.4. Escherichia-Shigella Is Significantly More Abundant in Healthy Piglets and Negatively Correlates with Disease Severity


Analysis of 16S rRNA gene sequences from the stomach (p ≤ 0.01), small intestinal (p ≤ 0.01), and colon (p ≤ 0.01) contents showed a significantly higher relative abundance of the genus Escherichia-Shigella in the healthy piglets compared to the piglets with NEC (Figure 7a and Supplementary Figures S6a and S7a). A Spearman correlation between the relative abundance of Escherichia-Shigella and NEC severity score in all the piglets and revealed a significant negative correlation in all three tissue sites (Figure 7c and Supplementary Figures S6c and S7c). No significant differences in relative abundance of this genus were observed between the treatment groups (Figure 7b and S6b and S7b).




3.5. Clostridium sensu stricto 1 Is Significantly More Abundant in Diseased Piglets and Correlates with Disease Severity


Analysis of 16S rRNA gene sequences from the stomach (p ≤ 0.01), small intestinal (p ≤ 0.01), and colon (p ≤ 0.01) contents showed a significantly higher relative abundance of the genus Clostridium sensu stricto 1 in the piglets that developed NEC compared to the healthy piglets (Figure 7a and Supplementary Figures S6a and S7a). A Spearman correlation between the relative abundance of Clostridium sensu stricto 1 and NEC severity score in all the piglets revealed a significant positive correlation in all three tissue sites (Figure 7c and Supplementary Figures S6c and S7c).




3.6. Enterococcus Is Significantly More Abundant in the Colon of Diseased Piglets and Correlates with Disease Severity


Analysis of 16S rRNA gene sequences from the stomach, small intestinal, and colon (p ≤ 0.01) contents showed a significantly higher relative abundance of the genus Enterococcus in the colons of the piglets that developed NEC compared to the healthy piglets (Figure 7a). No significant difference in the abundance of this genus through diagnosis was observed in the small intestine (Supplementary Figure S7a). No significant differences were found between the treatment groups in all the segments of the intestine (Figure 7b and Supplementary Figures S6b and S7b). A Spearman correlation between the relative abundance of Enterococcus and NEC severity score in all the piglets revealed a significant positive correlation in both the small intestine and colon (Figure 7c and Supplementary Figure S7c).




3.7. Donor Human Milk-Fed Piglets Exhibited Lower Abundance of Clostridium sensu stricto 1


Analysis of 16S rRNA gene sequences from the small intestine and colon contents also revealed that the DHM-fed piglets had significantly lower levels of Clostridium sensu stricto 1 in the colon compared to the formula fed piglets that were not fed BL. infantis, Form (p ≤ 0.01) and Form3SL (p ≤ 0.01) (Figure 7b).




3.8. Clostridium Perfringens Is Significantly More Abundant in Piglets with NEC and Positively Correlates with Disease Severity


Whole-genome sequencing of the colon contents revealed that Clostridium perfringens (C. perfringens) species was significantly more abundant in the piglets with NEC than in the healthy piglets (p ≤ 0.01) (Figure 8a). However, there were no significant (p > 0.05) differences in the abundance of C. perfringens between the treatment groups (Figure 8d). A Spearman correlation revealed that the abundance of C. perfringens was significantly positively correlated with disease severity (Figure 8c).




3.9. Escherichia coli Is Significantly More Abundant in Healthy Piglets and Negatively Correlates with Disease Severity


Whole-genome sequencing of the colon contents revealed that E. coli species were significantly more abundant in the healthy piglets than in the NEC piglets (p ≤ 0.01) (Figure 8a). There were no significant differences in the abundance of this species between the treatment groups (p ≤ 0.01) (Figure 8n). A Spearman correlation revealed that the abundance of E. coli was negatively correlated with disease severity (Figure 8c).




3.10. 16S Sequencing Shows Daily Patterns of Abundance of the Top 5 Genera in the Stool


Sequencing of the daily rectal stool samples collected from all the piglets revealed that the most abundant genera in the stool were Bifidobacterium, Clostridium sensu stricto 1, Enterococcus, Escherichia-Shigella, and Staphylococcus (Figure 9). The piglets from the Form, Form3SL, and FormBI groups exhibited a high relative abundance of a Bifidobacterium at day 1, before probiotic supplementation began (Figure 9a).





4. Discussion


In this study, we used a clinically relevant animal model to evaluate not only the effectiveness of a pre- and probiotic treatment in reducing the incidence of NEC, but also how these interventions shape the gut microbiota composition under controlled feeding regimens. Several clinical studies have reported that the use of BL. infantis alone or within probiotic mixtures, correlates with reductions in NEC incidence and gastrointestinal morbidity [19,20,21,22]. Interpreting the results of most infant studies is complicated by the differing probiotic mixtures and feeding regimes used. Therefore, we sought to evaluate the effectiveness of BL. infantis as a singular probiotic in infant formula-fed preterm piglets since this diet is associated with the greatest risk for NEC. The preterm piglets used in this study reflect the stage of gastrointestinal development of an infant born at 28–30 weeks gestation [30], a very at-risk population for NEC. Aside from the metabolic, nutritional, and immunological similarities, the preterm piglet spontaneously develops NEC when fed a commercially available infant formula, but not human milk, much like the preterm infant [31,32,33,34,35]. We also employed repeated fecal sampling and dual sequencing approaches to more rigorously and comprehensively characterize the microbiota and assess how well the preterm piglet models the human preterm infant. Here, we confirmed previous findings that donor human milk (DHM) confers protection against NEC in piglets [35], as it does in preterm infants [2,3]. We also found that supplementing BL. infantis, alone or together with 3′SL, increased the abundance of B. longum, which is believed to represent BL. infantis in this study, and this was correlated with lower disease severity in the colons of the formula-fed piglets.



Our results show that supplementing preterm infant formula with BL. infantis, with and without 3′SL, modestly decreased the severity of NEC. We found that the abundance of B. longum was marginally higher in the healthy piglets. Human infant studies have reported a wide range of probiotic dosages (CFU/day), and it is not currently known if there is an optimal number of bacteria needed to obtain maximum benefits from probiotic species. It is possible that a higher dose of BL. infantis would yield definitive protective effects against NEC in this model. However, as previously mentioned, it is difficult to ascertain, based on human infant studies, if the beneficial effects of BL. infantis administration stem from the probiotic alone or are aided by confounding factors such as the feeding of human milk which is known to significantly decrease the risk of NEC.



We show that the provision of 3′SL as a representative HMO does not increase the abundance of B. longum or its ability to prevent NEC. This suggests that this particular HMO alone was not sufficient to increase the effectiveness of BL. infantis. Both 3′SL and BL. infantis have been shown to have beneficial effects on the host [36]. Administration of 3′SL alone has been reported to exert remarkable anti-inflammatory effects on the host and can even confer protection against a pathogenic infection in vitro [37,38,39,40,41]. It is possible the B infantis feeding or its combination with a single HMO were not sufficient to combat the detrimental effects of exclusive formula feeding and prematurity of the intestinal barrier and the immune system [31]. It was notable that we did not find a significant increase in the abundance of bifidobacteria in the DHM-fed piglets, despite the presence of a more complex HMO profile. This could be because the DHM used in this study was pasteurized and thus did not contain any live bifidobacteria. Our results suggest that a single HMO fed with formula or pasteurized DHM feeding alone may not be a sufficient dietary approach to enable robust colonization with bifidobacteria.



We sought to examine whether the microbiota community composition measured in our preterm pigs was similar to that reported in human preterm infants using rigorous sampling and analytical approaches. This was also unique in that it enabled us to characterize the evolution of the bacterial community in cesarean-derived, preterm piglet in the first week after birth. It was evident from the daily 16S rRNA gene sequencing of the rectal stool samples that there was a relatively small number of dominant bacterial taxa in the first week of life. Several of the dominant bacterial genera (Escherichia-Shigella, Clostridium sensu stricto 1, Enterococcus, Bifidobacterium, and Staphylcoccus) and species (E. coli, C. perfringens, Klebsiella pneumoniae, B. longum, and Enterococcus faecium) that we measured in our piglet rectal samples and small intestine and colon contents have been reported in various human preterm infant studies [1,6,9,42,43]. This finding was reassuring in the context of how well the preterm piglet models the human preterm infant. However, it raises the important question of the source of the bacteria that colonize the newborn gut, especially in conditions of cesarean-delivery. It also highlights the opportunity to use therapeutic intervention to shape what seems to be a simple microbial community at birth.



We have previously reported discrepancies in the gut microbiota composition of healthy and diseased piglets and differences in diet composition [24]. The discrepancies in the gut microbiota reported in healthy infants and those with NEC have provided insight into how various bacteria may contribute to the pathogenesis of NEC [6,8]. Here, we observed remarkable differences in the relative abundance of Clostridium sensu stricto 1. The piglets that developed NEC had a significantly higher abundance of this genus, and this abundance exhibited strong positive correlations with disease severity. Importantly, DHM-fed piglets had a marked reduction in the abundance of this taxa. This suggests that diet can influence the microbial composition in significant ways and that exclusive formula-based feeding may lead to the growth of these potentially harmful bacteria. Moreover, we observed no significant differences in the abundance of Clostridium sensu stricto 1 between the groups fed BL. infantis and the DHM-fed pigs. This finding suggests that probiotics have the potential to decrease colonization by other bacterial taxa that we found to be associated with NEC. Human milk possesses a plethora of bioactive molecules that are thought to, among many other things, shape the gut microbiome, aid in the maturation of the intestinal epithelium, and possess antimicrobial properties [44]. Our results suggest that one of the ways that human milk protects against NEC is by modulating the gut microbiota. The mechanisms through which it does so warrant further study.



Clostridium species are often found to colonize the gut of preterm infants and are capable of inflicting substantial damage to the gastrointestinal epithelium and cause diseases like enteritis and enterotoxemia through the production of harmful toxins [45]. Moreover, Clostridium spp. have been implicated in NEC based on culture and sequence-based analyses of infant stool samples [46,47,48,49]. Clostridium perfringens (C. perfringens), a notable member of the Clostridium sensu stricto 1 genus capable of inflicting such diseases, was identified in this study through whole-genome sequencing (WGS) of colon contents. Our analysis showed that C. perfringens, like Clostridium sensu stricto 1, was present in significantly higher levels in the piglets with NEC and correlated with disease severity. Daily sampling of the stool microbiome showed that the relative abundance of Clostridium sensu stricto 1 was at its highest starting at day 2 of life and remained relatively stable throughout the duration of the study. This suggests that colonization with Clostridium sensu stricto 1 begins very early after birth in preterm piglets and may precede and contribute to the pathogenesis of NEC, which has been observed in infant studies [46]. It is notable that a number of human clinical studies have implicated other bacterial taxa in the pathogenesis of NEC, namely Enterobacteriaceae, which includes species such as Klebsiella and E. coli [6,8]. Consistent with studies on humans, we found that Escherichia-Shigella, specifically E. coli, was abundant in the small intestine and colon in our preterm piglets, but surprisingly the relative abundance was higher in the healthy piglets than in those that developed NEC, and it was negatively correlated with NEC severity, suggesting the specific strains present were not pathogenic.




5. Conclusions


Our results show that the administration of BL. infantis with and without 3′SL resulted in a marginal reduction in the incidence of NEC in a preterm piglet model but did not achieve the protective effects observed with DHM. We showed that the intestinal abundance of B. longum negatively correlated with disease severity, suggesting that although it did not yield robust protection, it might exert beneficial effects in the host, even when fed in the context of exclusive formula feeding. We also showed that the gut microbiota composition in preterm piglets has similarities to that reported in human preterm infants and revealed novel insights into the possible links between NEC severity and specific taxa, namely Clostridium perfringens. Our findings also point to important questions about how diet composition shapes the structure of the gut microbiota and the risk for NEC.
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Figure 1. Piglet feeding and sampling regime. 
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Figure 2. Phenotypic study outcomes. (a) NEC incidence per treatment group (%). p-value was determined using a Fischer’s Exact Test; **: p-value ≤ 0.01 between DHM and Form. (b) Total gross NEC severity score. (c) Survival curve per treatment group. (d) Distal ileum villus height (e) Distal ileum crypt depth. (f) Colon crypt depth; p-value was determined using a Two-way ANOVA, Tukey’s multiple comparisons test; *: p-value ≤ 0.05 between DHM and Form3SL. (g) Gross severity score of ileum and colon; p-value was determined using a Two-way ANOVA, Tukey’s multiple comparisons test; *: p-value ≤ 0.05 between DHM and Form. (h) Histological severity score of ileum and colon. DHM = donor human milk (n = 9), Form = Formula (n = 10), Form3SL = Formula + 3′SL (n = 10), FormBI = Formula + BL. infantis (n = 11), FormBoth = Formula + BL. infantis + 3′S (n = 10). 
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Figure 3. Representative images of distal ileum by treatment group and diagnosis. (a) Representative images of distal ileum showing villus and crypt morphology of all treatment groups. (b) Representative images of damage to distal ileum in NEC and no NEC. Image illustrating severe NEC represents a tissue severity score of 5. 
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Figure 4. Relative abundance by 16S sequencing of top 10 genera in colon contents. (a) Relative abundance of top 10 genera present in colon contents in NEC (n = 31) vs. healthy piglets (n = 15). (b) Relative abundance of top 10 genera present in colon contents in all treatment groups (DHM (n = 9), Form (n = 8), Form3SL (n = 9), FormBI (n = 11), and FormBoth (n = 10)). 
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Figure 5. Relative abundance by WGS of top 10 genera in colon contents. (a) Relative abundance of top 10 genera present in small intestinal contents in NEC (n = 31) vs. healthy piglets (n = 15). (b) Relative abundance of top 10 genera present in small intestinal contents in all treatment groups (DHM (n = 9), Form (n = 8), Form3SL (n = 9), FormBI (n = 11), and FormBoth (n = 10)). 
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Figure 6. Bifidobacterium longum abundance dynamics and correlation with disease severity in colon contents through whole-genome sequencing (WGS), 16S sequencing, and qPCR. (a) Relative abundance of Bifidobacterium genus in colon contents in NEC vs. Healthy by 16S sequencing. (b) Relative abundance of Bifidobacterium genus in colon contents in all treatment groups by 16S sequencing; p-value was determined using Kruskal-Wallis multiple comparisons followed by p-value adjustment with the Benjamin-Hochberg method; **: p-value ≤ 0.01; *: p-value ≤ 0.05 FormBI and FormBoth vs. all other treatments (b). (c) Spearman correlation of the relative abundance of Bifidobacterium in colon contents and total NEC severity score. (d) Relative abundance of Bifidobacterium longum species in colon contents in NEC vs. Healthy by WGS. (e) Relative abundance of Bifidobacterium longum species in colon contents in all treatment groups by WGS; p-value was determined using Kruskal-Wallis multiple comparisons followed by p-value adjustment with the Benjamin-Hochberg method; **: p-value ≤ 0.01; *: p-value ≤ 0.05 FormBI and FormBoth vs. all other treatments (e). (f) Spearman correlation of the relative abundance of Bifidobacterium longum species in colon contents and total NEC severity score. (g) Log CFU/mg of B. longum in NEC vs. healthy piglets in colon contents measure by qPCR; p-value was determined by two-way ANOVA **: p-value ≤ 0.01; *: p-value ≤ 0.05. (h) Spearman correlation of Log CFU/mg of B. longum in colon contents and NEC severity score by qPCR. Orange represents piglets in groups FormBI and FormBoth. Blue represents piglets in groups DHM, Form, and Form3SL. For panels (a) and (d), NEC (n = 31) and Healthy (n = 15). For panels (b), (e) and (g), DHM (n = 9), Form (n = 8), Form3SL (n = 9), FormBI (n = 11), and FormBoth (n = 10). For panels (c) and (f), n = 46. For panels (h), no B. infantis (n = 25), B. infantis (n = 22). 
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Figure 7. Relative abundance and correlation with disease severity of top 3 most abundant genera in colon contents by 16S sequencing. (a) Relative abundance of Escherichia-Shigella, Clostridium sensu stricto 1, and Enterococcus genera in colon contents by diagnosis; p-value was determined using a Wilcoxon rank sum exact test; **: p-value ≤ 0.01 healthy (n = 15) vs. NEC (n = 31) (a). (b) Relative abundance of Escherichia-Shigella, Clostridium sensu stricto 1, and Enterococcus genera in colon contents by treatment group; p-value was determined using Kruskal-Wallis multiple comparisons followed by p-value adjustment with the Benjamin-Hochberg method; **: p-value ≤ 0.01 Form and Form3SL vs. DHM (b). (DHM (n = 9), Form (n = 8), Form3SL (n = 9), FormBI (n = 11), and FormBoth (n = 10)). (c) Spearman correlation of relative abundance of Escherichia-Shigella, Clostridium sensu stricto 1, and Enterococcus with total NEC severity score (n = 46). 
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Figure 8. Relative abundance and correlation with disease severity of Escherichia coli and Clostridium perfringens in colon contents through whole-genome sequencing (WGS). (a) Relative abundance of Escherichia coli (E. coli) and Clostridium perfringens in NEC (n = 31) vs. healthy (n = 15) piglets. p-value was determined using a Wilcoxon rank sum exact test, ** p-value ≤ 0.01 healthy vs. NEC. (b) Relative abundance of E. coli and C. perfringens in all treatment groups. (DHM (n = 9), Form (n = 8), Form3SL (n = 9), FormBI (n = 11), and FormBoth (n = 10)), (c) Spearman correlation of the relative abundance of E. coli and C. perfringens with total NEC severity score (n = 46). 
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Figure 9. Daily relative abundance of top 5 taxa in stool by 16S sequencing. (a) Daily abundance of Bifidobacterium in all treatment groups. (b) Daily abundance of Clostridium sensu stricto 1 in all treatment groups. (c) Daily abundance of Enterococcus in all treatment groups. (d) Daily abundance of Escherichia-Shigella in all treatment groups. (e) Daily abundance of Staphylococcus in all treatment groups. Data points represent mean relative abundance of all piglets of the same group. Shaded area represents standard error of the mean. For all panels, DHM (n = 9), Form (n = 8), Form3SL (n = 9), FormBI (n = 11), and FormBoth (n = 10). 
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Table 1. Forward and reverse primers used for quantification of B. longum.
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	Direction
	Organism
	Taxa Level
	Gene Target
	Amplicon Size
	Sequence (5′-3′)





	Forward
	Bacteria
	B. longum

group
	16S rRNA
	106
	CAGTTGATCGCATGGTCTT



	Reverse
	Bacteria
	B. longum

group
	16S rRNA
	106
	TACCCGTCGAAGCCAC
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