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Fecal microbiota transplantation
iImproves Sansui duck growth
performance by balancing the cecal
microbiome

Yong Yue®%245 Bingnong Yao?, Fuyou Liao'?, Zhigiang He'?,
Papungkorn Sangsawad®*> & Shenglin Yang%:3**

Improving growth performance is vital in poultry production. Although several studies have
established associations between gut microbiota and growth, the direct impacts remain unclear. A
total of 120 1-day-old Sansui ducks were randomly assigned to the FMT and CON groups. From the

1st day, ducks in the FMT group were orally administrated with 0.5 mL fecal microbiota suspension
for three consecutive days, while sterile PBS solution was used as a substitute in the CON group.

The results revealed that FMT improved average daily gain (ADG) (P <0.001) and body weight (BW)
(P<0.001), with a tendency for a better feed conversion rate (FCR) (P=0.062). LEfSe analysis indicated
a significant increase in the abundance of the Lactobacillus (P <0.001), Bifidobacterium (P =0.006),
Megamonas (P=0.008), and Subdoligranulum (P=0.005) in the FMT group. Similarly, the phyla
Firmicutes/Bacteroidetes ratio was higher in the FMT group compared to the CON group. Additionally,
the ACE, Chao, and Shannon indices were also significantly higher in the FMT group (P <0.001). To sum
up, FMT enhanced growth performance, which could be associated with reducing proinflammatory
pathogen colonization in the duck cecum. This modulating effect likely results from increased microbial
diversity and the enrichment of beneficial bacteria.
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In recent years, the gut microbiome, frequently called a “microbial organ,” has garnered significant research
attention due to its symbiotic relationship with host health and critical roles in nutrient digestion and absorption,
immune system development, and protection against pathogens'~>. Maintaining a balanced intestinal microbiota
benefits the host by inhibiting pathogen colonization, enhancing intestinal barrier integrity, supporting normal
nutrient metabolism, and fostering the proliferation of commensal microbes*. Moreover, the gut microbiota plays
a crucial role in breaking down various food components and nutrients and synthesizing a range of metabolites
that interact with the host™®. The gut microbiota is a diverse and complex community of microorganisms that
colonizes ducks’ gastrointestinal (GI) tract, with the cecum exhibiting the highest microbial diversity and dynamic
population”®. Research on the duck cecum has consistently emphasized the role of gut microbiota in enhancing
feed digestion, nutrient absorption, host defense, and immune function®’~%. A stable gut microbiota supports
the host by preventing colonization, facilitating pathogen clearance, and enhancing growth performance!’.
Notably, over the past decade, fecal microbiota transplantation (FMT) and probiotic supplementation
have emerged as promising therapeutic and preventive approaches for reestablishing intestinal microbiota,
mitigating inflammatory responses, and promoting growth and development!!2. For instance, transferring
fecal microbiota from healthy chickens could influence the early establishment of gut microbiota in recipient
chicks, potentially leading to long-term effects on host-microbe interactions and development'. It is reassuring
that FMT has shown potential in enhancing weight gain and pathogen resistance in broilers'*. Glendinning et
al.'> demonstrated that transplanting cecal microbiota from Roslin broilers to different chicken breeds during
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the first week of life increased the richness and diversity of microbiota in the recipients. Furthermore, early
colonization of harmful bacteria induces intestinal inflammation through the TLR4 and NF-«xB pathways, while
FMT could reduce inflammation and improve bird growth performance®®.

Manipulating gut microbiota through FMT or probiotics has been demonstrated to influence chicken
growth and development. For instance, transferring fecal microbiota from 30-day-old chickens with high feed
efficiency to newly hatched chicks has increased feed intake and body weight in female chickens!”. Similarly,
administering fecal microbiota from chickens with high feed conversion ratios affects early gut microbiota
colonization, intestinal permeability, gut morphology, and innate immune responses in recipients'®. Probiotic
supplementation, comprising strains such as Lactobacillus reuteri, Bacillus subtilis, and Saccharomyces cerevisiae,
has improved plasma immunoglobulin levels and enhanced growth performance in chickens'.

Moreover, gut microbes produce diverse metabolites derived from dietary components or endogenous
substrates, which mediate host-microbiota communication, particularly at the microbiota-mucosal interface?",
Alterations in gut microbiota composition are often accompanied by changes in microbial metabolites and their
interactions with gut epithelial cells. For example, dietary fiber supports the growth of short-chain fatty acid
(SCFA) producing bacteria, and the SCFAs, especially butyrate, serve as an energy source for gut epithelial cells,
promoting their growth and function?!. This study investigated the effects of fecal microbiota on the growth
performance of Sansui ducks using 16S rRNA gene amplicon sequencing. We aimed to integrate FMT into the
management of duck production, presenting a novel approach to improving duck growth performance.

Materials and methods

Experimental conditions

A total of 120 1-day-old Sansui ducks were selected and randomly divided into two groups: a control (CON)
group (n=60) and a fecal microbiota transplantation (FMT) group (n = 60); each group comprised four replicates.
The ducks were distributed into ten cages (0.65 m Hx0.8 m W x 1.2 m D), and the experiment lasted 42 days.
The initial temperature was maintained at 37 +1 °C, with a systematic weekly reduction of 2 °C until ambient
room temperature was achieved. Humidity levels were sustained between 65-70%, and a light-dark cycle of
23:1 was implemented. The duck house was cleaned each morning and disinfected daily with a 5% sodium
hypochlorite solution. From the 1st day, ducks in the FMT group orally received fecal suspension with 0.5 mL
every afternoon for 3 days. Ducks in the CON group orally received PBS with 0.5 mL, and the ducks had free
access to feed and water during the experiment. The ingredients and nutrient composition of the experimental
diets are shown in Table 1.

Preparation of fecal microbiota suspension

Six 42-day-old healthy female Sansui ducks with the same genetic background (Purchased from Sansui County,
Guizhou) were selected as fecal donors. Once the donor ducks defecated in the morning, the excreta’s white part
was removed immediately because it mainly comprised of uric acid. Feces with 15 g were collected daily in a
sterile tube (50 mL), homogenized in 150 mL of sterile PBS, and centrifuged for 5 min at 2000 r.p.m., 4 °C. The
mixture was kept on ice until the precipitates were fully settled, and the supernatant was collected and filtered
with sterile gauze to get fecal suspension. The microbial suspensions were stored at -80 °C until used for FMT.

Ingredients, % Content, %
Corn 63.85
Soybean meal 27.83
Wheat bran 1.50
RaPeseed cake 4.00
CaHPO, 1.50
Limestone 0.85
NaCl 0.25
Premix® 0.22
Total 100.00

Nutrient levels®

Crude protein 18.92
Metabolizable energy, MJ/kg | 11.78
Calcium 0.81
Total phosphorus 0.42
Lysine 0.95
Methionine 0.292

Table 1. Ingredients and chemical composition of the experimental diets. *The premix provided the following
per kg of diets: Vitamin A 4 000 IU; Vitamin 20 mg; Vitamin K32 mg; Vitamin B1 3. 5 mg; Vitamin B12

0.01 mg; Folic acid 1.0 mg; Copper 10 mg; Iron 80 mg; Manganese 60 mg; Zinc 60 mg; Deng 0.4 mg; Selenium
0.2 mg; Niacin 50 mg; Biotin 0.1 mg; Calcium pantothenate 10 mg; Pyridoxine 2.5 mg. 10 mg; pyridoxine

2.5 mg. ®Crude protein was measured values; while the others were calculated values.
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Sample collection and growth performance

Feed consumption was monitored on experimental days 1, 14, and 28 for each group. The average daily feed
intake (ADFI), body weight (BW), average daily gain (ADG), and feed conversion rate (FCR) for each replicate
were then computed. At 42 days into the feeding study, we randomly selected two birds from each replicate,
which were euthanized through cervical dislocation following a 12 h feed deprivation, and their cecal contents
samples were collected, frozen in liquid nitrogen, and stored at —80 °C for subsequent analysis.

Microbial genomic DNA extraction and 16S rRNA gene sequencing

The cecal contents were used from 200 mg samples using the QIAamp DNA Stool Mini Kit (QIAGEN,
Hilden, Germany) following the manufacturer’s instructions. A total of 16 samples were used for 16S rDNA
sequencing, eight samples per group. The hypervariable regions V3-V4 of the bacterial 16S rRNA gene were
amplified with the forward primer 357F (5-ACTCCTACGGRAGGCAGCAG-3) and reverse primer 806R
(5-GGACTACHVGGGTWTCTAAT-3"). DNA sequencing was performed on a Novaseq sequencer (Illumina)
with services from TinyGene Bio-Tech.

The PCR reaction was set up in a 50 pL mixture containing 1-2 uL of DNA, 200 uM dNTPs, 0.2 uM primers, 10
uL of 5X buffer, and 1 U Phusion DNA Polymerase. The amplification program included an initial denaturation
at 94 °C for 2 min, followed by 25 cycles (94 °C for 30 s, 56 °C for 30 s, 72 °C for 30 s), and a final extension
at 72 °C for 5 min. After PCR, barcoded products were purified using a DNA gel extraction kit (Axygen) and
quantified with an FTC-3000 PCR system. For the second PCR, dual barcodes were added, and amplification
conditions were as follows: denaturation at 94 °C for 3 min, followed by eight cycles (94 °C for 30s, 56 °C for 30's,
72 °C for 30 s), and final extension at 72 °C for 5 min. The library was purified and sequenced with paired-end
reads on the Novaseq platform.

Sequencing data analysis

The raw 16S rRNA gene sequencing reads were demultiplexed according to their barcodes. All paired-end (PE)
reads were processed with Trimmomatic (version 0.35) to eliminate low-quality bases, applying the parameters
(SLIDING WINDOW: 50:20, MINLEN: 50). Subsequently, the trimmed reads were merged using the FLASH
program (version 1.2.11) with default settings. Low-quality contigs were discarded via the screen.seqs command,
using the following criteria: maxambig =0, minlength =200, maxlength =485, and maxhomop =8.

For 16S sequence analysis, a combination of software tools was employed: Mothur (version 1.33.3), UPARSE
(search version v8.1.1756, http://drive5.com/uparse), and R (version 3.6.3). The demultiplexed reads were
clustered into operational taxonomic units (OTUs) at 97% sequence identity, and singleton OTUs were removed
using the UPARSE pipeline (http://drive5.com/usearch/manual/uparse_cmds.html). With the classification, the
taxonomic assignment of OTU representative sequences was performed against the Silva 128 database, using a
confidence threshold of > 0.6. Seqs command in Mothur. OTU taxonomies, ranging from phylum to species, were
determined based on the NCBI database. For the analysis of alpha diversity, indices including Shannon, Chao,
ACE, and rarefaction curves were calculated using Mothur and visualized with R. Beta diversity was assessed by
calculating the weighted and unweighted UniFrac distance matrices using Mothur, with visualization performed
through Principal Coordinate Analysis (PCoA) using the ape package in R, Non-metric multidimensional
scaling (NMDS) was performed using the vegan package in R and hierarchical clustering using the end extend
package in R. The Bray-Curtis and Jaccard metrics were calculated with the vegan package in R and visualized
similarly to the UniFrac analysis. R and hierarchical clustering via the end extend package in R. Additionally,
Bray-Curtis and Jaccard metrics were calculated with the vegan package in R and visualized in the same manner
as the UniFrac analysis. Lastly, the bacterial taxonomic differences between the FMT and CON groups were
analyzed using linear discriminant analysis effect size (LEfSe) analysis.

Statistical analysis

Data were collected and tabulated separately for each treatment. First, a normality test was performed to assess
the distribution of the data. Statistical analysis was conducted using SPSS software for Windows (Version 19.0;
SPSS Inc., Armonk, NY, USA). One-way ANOVA was applied to compare more than two groups, followed by
Tukey’s post-hoc multiple comparison test. An unpaired two-tailed t-test was used to compare the two groups.
Data are expressed as the mean + standard error (SE). Statistical significance was set at P<0.05.

Results

FMT improves the growth performance of Sansui ducks

The growth performance of ducks was significantly enhanced following FMT treatment compared to the
CON group. Specifically, during 1-14 days, the ADG in the FMT group was significantly increased (P<0.001)
compared to the CON group (Fig. 1a,b), and this improvement continued during the 15-28 day period, with a
similarly significant increase (P<0.001). Moreover, BW in the FMT group was markedly higher (P<0.001) than
that of the CON group during both the 1-14 and 15-28 days (Fig. 1c,d). Although the feed conversion rate was
not significant (P>0.05), there was a linear increasing trend in which the FMT group exhibited a lower FCR (P
=0.062) over the entire 1-28 day period (Fig. le).

FMT changes the composition of cecal microbiota

To investigate the effects of FMT on the community composition of cecal microbiota in ducks, we utilized
16S rRNA sequencing and comprehensive microbiome analysis. Microbiome analysis revealed changes in the
composition of the phylum and genus in the cecum (Fig. 2). Specifically, at the phylum level (Fig. 2a), Firmicutes
and Bacteroides were the two phyla that accounted for the proportions, and Actinobacteria were an enriched
bacterium in the FMT group (P=0.039). In contrast, the average abundance of Proteobacteria was lower than
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Fig. 1. Effects of FMT on the growth performance in Sansui ducks. (a) Average daily gain from 1 to 14 days,
(b) Average daily gain from 15 to 28 days, (c) Body weight from 1 to 14 days (d) Body weight from 15 to

28 days, (e) Feed conversion rate from 1 to 28 days. Abbreviations: ADG = Average daily gain, BW = Body
weight, FCR = Feed conversion rate. *P<0.05, **P<0.01, **P<0.001.

that of the CON group (P> 0.05). Remarkably, the phyla Firmicutes / Bacteroidetes ratio in the FMT group was
higher than in the CON group (P>0.05). At the genus level (Fig. 2b), the top 3 abundant bacteria in the FMT
group were Bacteroides (25.71%), Fusobacterium (7.42%), and Alistipes (3.18%). In comparison, the CON group
was Bacteroides (30.20%), Fusobacterium (5.48%), and Alistipes (4.74%). Additionally, as demonstrated through
principal component analysis (PCA) analyses, the beta diversity in the FMT group had no significant differences
in the cecum compared with the CON group (Fig. 2¢).

FMT alters the alpha diversity of the cecal microbiota and enriches specific bacterial
populations

As illustrated in Fig. 3a, FMT significantly enriched the alpha diversity of the cecum microbiota, as evidenced by
significantly higher values in the FMT group of the ACE (P<0.001), Chao (P<0.001), and Shannon (P<0.001)
indices compared to the CON group. Notably, FMT significantly enriched core bacterial genera (Fig. 3b),
including Lactobacillus (P<0.001), Bifidobacterium (P=0.006), Megamonas (P=0.008), and Subdoligranulum
(P=0.005). Likewise, evident from the taxonomic cladogram obtained by linear discriminant analysis effect size
(LEfSe) (Fig. 3¢,d), LEfSe identified signature genera associated with FMT treatment, which include Peptococcus,
Faecalitalea, Streptococcus, and Turicibacter. In addition, FMT increased the abundance of the class Coriobacteriia.
Particularly, the orders of Lactobacillales, Bifidobacteriales, Selenomonadales, and Coriobacteriales were
spotlighted, with an increase in the families Bifidobacteriaceae, Peptococcaceae, Coriobacteriaceae, and
Enterococcaceae. Similarly, at the species level, FMT significantly augmented the abundance of Lactobacillus
influviei, Ruminococcaceae bacterium, Enterococcus cecorum, Faecalococcus pleomorphus, and Veillonella magna.
Conversely, FMT led to a decrease in the abundance of the genera Rikenella, Epsilonproteobacteria, Sutterella,
Collinsella tanakaei, Helicobacteraceae, Mucispirillum, and Deferribacterales. These differences were evident in
the core microbiota compositions in the FMT and CON groups.
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Fig. 2. FMT changes the composition of the cecal microbiota. (a) The phyla were in the top 5 abundance
and average abundance, (b) Relative abundance of genus (c) Principal component analysis in FMT and CON
groups. *P<0.05, **P<0.01, **P<0.001.

Correlations between cecal microbiota and growth performance

To explore the correlation between the abundance of the genus in the cecum and duck growth performance,
a Spearman correlation analysis was performed to evaluate the potential link between alterations in gut
microbiota composition and growth performance in ducks (Fig. 4). The genera Megamonas (r=0.633; P=0.009),
Subdoligranulum (r=0.668; P=0.005), and Lactobacillus (r=0.553; P=0.026) were positively correlated with
growth performance, but genera Oscillospira (r=—-0.505; P=0.046), Mucispirillum (r=—-0.638; P=0.008),
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Fig. 3. FMT alters the alpha diversity of the cecal microbiota and enriches specific bacterial populations.
(a) Alpha diversity analysis of cecal microbiota, including ACE, Chao, and Shannon indices, (b) Differential
analysis of core microbial genera in cucum, (c,d) The taxonomic cladogram obtained by linear discriminant

analysis effect size (LEfSe). *P<0.05, **P<0.01, ***P<0.001.

Sutterella (r= —0.548; P=0.028), and Anaerobiospirillum (r
growth performance.

Discussion

0.581; P=0.018) were negatively correlated with

Fecal microbiota transplantation (FMT) is an emergent technique that reshapes the gut microbiome of the
recipient in birds?2. Several studies demonstrated that the intestinal microbiome is closely associated with duck
growth performance!**’. Nevertheless, the available data regarding the effects of FMT on the cecal microbiota
of ducks remain relatively limited. The intestinal microbiota is rapidly established and evolves continuously after
hatching due to environmental exposure in poultry by approximately 42 days of age. The intestinal microbial
community achieves a stable state characterized by increased structural diversity?*. Further investigations were
carried out to analyze the cecal microbiota of ducks in the FMT and CON groups to elucidate the beneficial
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Fig. 4. Correlations between cecal microbiota and average daily gain in ducks. *P<0.05, **P<0.01,
P*P<0.001.

effects of fecal microbiota transplantation (FMT). The diversity of gut microbiota is a reliable indicator of host
health, and higher microbial diversity is generally associated with improved host health outcomes.?. Notably, in
this study, the FMT group differed significantly in cecum alpha diversity from the CON group; FMT may have
distinctly altered the microbial community diversity and abundance, as seen by the elevated Ace, Chao, and
Shannon indices.

Also, it was reported that various Firmicutes and Bacteroidetes phyla members contribute positively to host
health and growth performance?>2%. For example, an elevation in Firmicutes has been associated with enhanced
nutrient absorption and increased body weight (BW) gain?”?%. It is worth mentioning that the Firmicutes/
Bacteroidetes ratio is a crucial indicator of microbiota functionality, with a higher ratio favoring the reduction of
pathogenic organisms?. Our findings showed that FMT raised the Firmicutes/Bacteroidetes ratio, which aligns
with results from a previous study. Given the observed increase in the Firmicutes/Bacteroidetes ratio alongside
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improved average daily gain (ADG), we postulated that the alterations in the Firmicutes/Bacteroidetes ratios
induced by FMT treatment might contribute to the enhanced growth performance observed in ducks.

Several studies have indicated that FMT could modulate the gut microbiome of birds by reconstituting
their intestinal microecology. This process alters host phenotypic traits by regulating nutrient metabolism and
increasing feed intake and body weight, positively impacting bird growth performance.*!*2. Differential analysis
data from the taxonomic cladogram obtained by LEfSe revealed that FMT treatment increased the abundance of
several beneficial bacteria, such as Lactobacillus, Bifidobacterium, Subdoligranulum, and Lactobacillus influviei,
which contributes to the maintenance of the overall microbiota structure. These findings are partially consistent
with the results reported in previous studies?**. Subdoligranulum is known as a butyrate-producing bacterium?®.
Microbially derived butyrate has been revealed to improve intestinal epithelial barrier function in poultry™®.
Correspondingly, the Subdoligranulum benefits necrotizing enterocolitis (NEC) by modulating the bacterial
phage population and enhancing butyrate production, which is crucial for maintaining gut health and reducing
inflammation®. In our study, the relative abundances of the Subdoligranulum were positively correlated with
average daily gain (ADG).

In addition, SCFAs produced by gut microbiota play a vital role in enhancing ducks’ antioxidant and
anti-inflammatory capacities”’. Lactobacillus ingluviei, a novel strain of probiotic lactic acid bacteria, has
demonstrated several beneficial effects on birds, such as anti-Salmonella activity and growth promotion®®. Studies
also revealed that L. ingluviei is associated with significant weight gain in ducks®. Recent studies have shown
that a decrease in Lactobacillus abundance caused a reduction in bird growth performance because optimal
levels of stable Lactobacillus indicate a balanced gut microbiome-mediated higher growth and vice versa’-*2.
Previous studies also reported that increased Lactobacillus abundance in the intestine significantly improves bird
growth performance. Conversely, decreased Lactobacillus levels allow harmful bacteria to proliferate, negatively
impacting growth performance**4,

How the increased abundance of Lactobacillus in the cecum enhances duck growth performance is highly
intriguing. Remarkably, the gastrointestinal (GI) tract of newly hatched birds is almost entirely non-colonized
by microorganisms, and a diverse range of bacteria begins to colonize it as the bird develops*’. We hypothesized
that increased Lactobacillus could be suppressed via multiple mechanisms, including competitive exclusion
and pathogen antagonism. The pathogenesis and colonization of harmful bacteria begin when they bind to
the host’s gut epithelium, triggering immune responses, disrupting the epithelial barrier, and enabling bacterial
proliferation, leading to infection and inflammation?®*’. However, owing to their competitive advantages
over other bacteria, if Lactobacilli successfully colonized the duck gut, they could prevent the colonization of
pathogenic bacteria by avoiding their binding to the adhesion sites of the gut epithelium?. In agreement with
these reports, our study demonstrated a significantly higher abundance of Lactobacillus in the FMT group than
in the CON group. Thus, combined with the improvement in body weight gain of ducks, we can further speculate
that FMT treatment could stimulate intestinal development and improve cecum health in ducks by facilitating
the relative abundance of Subdoligranulum, Lactobacillus, and L. ingluviei. Nonetheless, the specific Lactobacillus
strains that play a crucial role in enhancing duck growth performance remain to be further investigated.

Currently, the role of Megamonas in animal health is unclear. Interestingly, a cluster dominated by Megamonas,
resembling an enterotype-like structure, is significantly associated with human obesity*®. Growing evidence
suggests that Alistipes are often viewed as harmful bacteria, with their increased abundance closely associated
with inflammatory responses®. In the present study, FMT reduced the abundance of Alistipes and decreased
the overall abundance of the phylum Proteobacteria, which is known to contain potential pathogenic bacteria.
It should be noted that Anaerobiospirillum, Mucispirillum, and Sutterella, which are negatively associated with
duck growth performance, could be potential pathogens.

FMT showed an exciting prospect in improving the gut health of birds. Regrettably, our study has certain
limitations that should be acknowledged. Firstly, identifying the composition of core microbiota in fecal
suspensions through 16S rRNA or metagenomic sequencing techniques is crucial before FMT treatment.
Secondly, conducting in vitro experiments simulating gastrointestinal digestion before FMT would be
necessary, although in vitro experiments cannot ultimately reveal the complex interaction mechanism between
the gastrointestinal microbiome and host in vivo®®>!. Overall, these results indicated that the improved growth
performance through FMT could be associated with reducing proinflammatory pathogen colonization in the
duck cecum. This protective effect likely results from increased microbial diversity and enhanced cecal health.

Conclusions

Taken together, this study highlights the potential of fecal microbiota transplantation (FMT) as an emerging
technique to reshape the recipient cecal microbiome substantially in ducks. An early FMT could persistently
improve duck growth performance by maintaining beneficial bacteria abundance at a higher level in the cecum,
such as Lactobacillus, Bifidobacterium, and Subdoligranulum, which could contribute to maintaining cecal health.
These findings contribute to an understanding that facilitating the bacterial diversity in the cecum by early
microbiota transplantation is an effective way to improve duck growth performance. Future research should
focus on optimizing FMT protocols for duck production by utilizing a more defined and precise microbiota
consortium rather than relying on crude fecal microbes and exploring the long-term impacts on immune
function and metabolism.

Data availability

Raw data have been deposited to the National Center for Biotechnology Information (NCBI) under the BioPro-
ject number PRJNA1210849 (https://dataview.ncbi.nlm.nih.gov/object/PRJNA1210849¢reviewer = 51kj28jecn65
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