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Abstract: This study was conducted to investigate the effect of Lactobacillus zeae LB2 on the gut microbiota
in piglets infected with enterotoxigenic Escherichia coli (ETEC). Thirty-two healthy 7-day-old piglets were ran-
domly divided into four treatment groups: control group (basal diet), LB2 group (supplemented with 1 x 103 CFU/
pig/day L. zeae LB2), ETEC group (infected with 1 x 10'° CFU/pig/day ETEC) and ETEC+LB2 group (LB2 sup-
plementation + ETEC infection). Intestinal contents were collected for DNA extraction and Illumina sequencing.
Significant result was observed for alpha diversity in the four intestinal sections, and both ETEC infection and
LB2 supplementation showed a higher Chaol alpha diversity. At the phylum level, Firmicutes and Bacteroidetes
were dominant in the healthy piglets, while Proteobacteria were dominant in the ETEC-infected piglets. At the
genus level, ETEC infection decreased the abundance of Prevotella, Ruminococcaceae, Lactobacillus, Alloprevo-
tella, Flavobacterium, and Sutterella and increased the abundance of Actinobacillus. The LB2 supplementation
reduced the abundance of Ruminococcaceae, Actinobacillus, Porphyromonas, and Alloprevotella, and increased
the abundance of Prevotella and Lactobacillus. Both ETEC infection and LB2 supplementation affected several
functional pathways associated with cellular processes, environmental information processing, genetic information
processing, diseases, metabolism, and organismal systems. In summary, ETEC infection induced dysbiosis of the gut
microbiome in piglets, while L. zeae supplementation could positively regulate the gut microbiome during ETEC
infection. Therefore, L. zeae LB2 may be an ideal probiotic for the prevention or treatment of ETEC infection.

Keywords: alpha diversity; ETEC; gut microbiota; L. zeae; pig

Microbial community is an essential determi- immune system, protect the intestine against path-
nant of the host health (Leser and Molbak 2009). ogen infection, and promote a healthy intestinal
The balanced gut microbiota provides metabolic  structure and an optimal intestinal function (Leser
and nutritional benefits to the host. It could regu- and Molbak 2009; Lyu et al. 2020a). On the oth-
late various signalling molecules involved in the er hand, the unbalanced microbiome could lead
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to gastrointestinal diseases such as inflammatory
bowel disease and colorectal cancer (Harris et al.
2012; Mondot et al. 2013). The gut microbiome
also plays a vital role in the pathologies that affect
the gut (Mondot et al. 2013; Wu et al. 2021a). Many
investigations have unravelled the shifts in the gut
microbiome during infection of several pathogens
in pigs, such as Salmonella enterica, Clostridium
difficile and Escherichia coli (Mon et al. 2015; Bin
etal. 2018). However, the relationship between gut
microbiota and diseases remains to be elucidated.

Enterotoxigenic Escherichia coli (ETEC) is
an important pathogen causing diarrhoea in both
humans and young animals (new-born piglets,
calves, lambs, and weaned piglets) (Lv et al. 2018;
Wu et al. 2018a). After being infected by ETEC,
young animals often die from severe watery diar-
rhoea and rapid dehydration, with high morbid-
ity and mortality (Wu et al. 2018a). About 35%
of piglet diarrhoeas in China is caused by ETEC,
which brings serious economic losses to the pig
breeding industry (Wu et al. 2018a). The mecha-
nism of ETEC-induced diarrhoea has been widely
revealed, which was associated with its adhesion,
enterotoxins, edema disease principle (EDP), en-
dotoxin and haemolysin, etc., particularly the pro-
duced heat-stable and heat-labile enterotoxins
(Nagy and Fekete 2005; Lv et al. 2018). Antibiotics
have long been used to treat ETEC and other bacte-
rial pathogens. However, due to their inappropriate
use in animals, antibiotic resistant pathogens are
rising sharply, and the ecology of animal micro-
biome gets heavily disrupted (Heo et al. 2013; Hu
and Cowling 2020). Herein, it is urgent to explore
possible alternatives to antibiotics against ETEC
infection.

Probiotics are defined as “live microorganisms
which when administered in adequate amounts
confer a health benefit on the host” (Hill et al.
2014). They have been considered as promising al-
ternatives to antibiotics, due to their natural activi-
ties against pathogenic bacteria (Silva et al. 2020).
Among them, Lactobacilli have been frequently
used as probiotic bacteria in humans and animals
(Lyu et al. 2020b). Their beneficial effects include
areduction in the colonization of pathogenic bacte-
ria in animal intestines, improvement of animal per-
formance, and enhancement of the animal immune
system (Sornplang and Piyadeatsoontorn 2016).
Several studies also reported that Lactobacilli sup-
plementation could positively regulate the micro-
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biota composition in mice (Park et al. 2017; Ni
et al. 2019; Yan et al. 2019). Our previous study
has demonstrated that the supplementation of
Lactobacillus zeae could alleviate diarrhoea, oxi-
dative stress and death induced by ETEC infection,
modulate immune system and biochemical indica-
tors of blood, and restore intestinal integrity (Wu
etal. 2021b). This makes L. zeae an ideal candidate
for piglets to alleviate the intestinal disorder during
ETEC infection, and we hypothesised that L. zeae
could positively regulate the porcine gut micro-
biome and alleviate dysbiosis induced by ETEC.
Therefore, this study was conducted to evaluate
the effect of L. zeae supplementation on the gut
microbiome in healthy and ETEC-infected piglets.
Findings of this research can contribute to unravel
the role of Lactobacillus in the microbiome and
provide vital clues for the treatment or prevention
of ETEC infection.

MATERIAL AND METHODS
Animal experiments and sample collection

The animal use protocol for this research was
approved by the Animal Care and Use Committee
of Wuhan Polytechnic University (1126-2018-
0053). Thirty-two 7-day-old crossbred (Duroc x
Landrace x Large White) healthy piglets with simi-
lar body weight (2.541 + 0.23 kg) were randomly
allocated into four treatment groups (eight pigs per
group): (1) control group, piglets fed basal diet; (2)
LB2 group, piglets supplemented with 1 x 108 CFU/
pig/day L. zeae LB2; (3) ETEC group, piglets orally
inoculated with 1 x 10'° CFU/pig/day E. coli K88;
(4) ETEC+LB2 group, piglets orally inoculated with
1 x 10'°CFU/pig/day E. coli K88 and supplemented
with 1 x 10® CFU/pig/day L. zeae LB2. All piglets
in each group were from different sows.

The trial lasted 10 days (day 0-9), inclusive
a three-day adaptation (day 0-2). A commercial
milk replacer (D80 Poly Milk; Anyou Feed Co.,
Ltd, Shanghai, China) was used as the basal diet
to meet the nutrition requirement for suckling pig-
lets. The nutrient components of the milk replacer
are listed in Table 1. Prior to feeding, the milk re-
placer (powder) was dissolved in warm water (45—
55 °C) to form a liquid feed (dry matter content
0f 20%), as described by Wang et al. (2017). L. zeae
LB2 was obtained from the Guelph Research and
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Table 1. Nutrient components of the milk replacer (as fed basis), 100%

Items Crude protein  Crude ash  Crude fiber

Moisture

Lysine NaCl Calcium Total phosphorus

Milk replacer >20.0 <9.0 <1.0

<10.0

214 0.3-15 04-1.1 >0.3

Development Centre, Agriculture and Agri-Food
Network, Canada. L. zeae LB2 was anaerobically
cultured in de Man, Rogosa and Sharpe liquid me-
dium at 37 °C for 16 hours. From day 3 to day 7
of the trial, L. zeae LB2 was mixed with 1 ml phos-
phate-buffered saline and then orally fed to piglets
at 15:00 each day. The ETEC (E. coli K88) was from
China Institute of Veterinary Drug Control, Beijing,
China (Xu et al. 2020), and prepared as described
previously (Wu et al. 2021a). From day 7 to 9 of the
trial, 2 ml ETEC was orally delivered to piglets
at 1 x 10'° CFU/pig each time at 8:00 and 20:00,
the same volume of sterile saline was inoculated
to the piglets in the control and LB2 groups. On
day 9 of the trial, all piglets were sacrificed under
diethyl ether anaesthesia to collect the intestinal
content from jejunum, ileum, colon, and caecum.
All samples were rapidly frozen in liquid nitrogen
and then stored at —80 °C until analysis.

DNA extraction

Total microbial DNA from 2.5 g intestinal con-
tent samples was extracted using the QIAampDNA
Stool Mini Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s protocol. The extracted
DNA was purified using the QIAamp spin col-
umn (Qiagen, Hilden, Germany), and the quantity
was determined with PicoGreen assay. The quality
of DNA was evaluated by 1% denatured agarose gel
electrophoresis.

Amplification and sequencing

The V3-V4 region of the 165 rRNA gene was am-
plified as described previously (Wu et al. 2021a).
Basically, it was amplified by two-stage polymer-
ase chain reaction (PCR). The first stage of PCR
was a setup using the HiFi HotStart ReadyMix
Kit (Kapa Biosystems, Wilmington, MA, USA).
The second stage attached dual index and Illumina
sequencing adapters using the Nextera XT Index
Kit (Illumina, San Diego, CA, USA) according to
the manufacturer’s protocol. The PCR products
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were purified using the Agencourt AMPure XP
purification system (Beckman, Brea, CA, USA)
and the concentrations were measured by the
SpectraMax i3X Multi-Mode Detection Platform
(Molecular Devices, San Jose, CA, USA). The puri-
fied DNA samples were sequenced using Illumina
MiSeq Platform (Illumina, San Diego, CA, USA).

Data processing and statistical analysis

The raw reads were outputs for quality control af-
ter base calling, then they were subjected to the pipe-
line Quantitative Insights into Microbial Ecology
(QIIME v1.8.0; https://qiime2.org/) for operational
taxonomic units (OTU) picking and taxonomy as de-
scribed by Huang et al. (2018). Briefly, the repetitive
sequences were removed using UPARSE software
(http://drive5.com/uparse/) to acquire representa-
tive sequences, which were subsequently ranked
in order of size and annotated using RDP classi-
fier v2.2 (http://rdp.cme.msu.edu/) and Greengenes
database v13.5 (http://greengenes.secondgenome.
com/. All the representative sequences were aligned
by using Multiple Protein Sequence Alignment
(MUSCLE) software v3.8.31 (https://www.ebi.ac.uk/
Tools/msa/muscle/) to determine the phylogenetic
relationships, and all data were then normalized and
subjected to alpha and beta diversity analysis.

The alpha diversity (Shannon, Simpson, and
Chaol) and beta diversity (Bray-Curtis index)
were calculated using QIIME as described by Fu
et al. (2019). The comparisons between differ-
ent groups were determined using the one-way
analysis of variance (ANOVA) with Turkey’s test
as post hoc and analysis of similarities (ANOSIM),
respectively. Dendrograms and collinear rela-
tion diagrams were generated using Majorbio
Cloud Platform (Shanghai Majorbio Bio-pharm
Technology, Shanghai, China). Relative abundance
of OTUs was compared by ANOVA using Majorbio
Cloud Platform, with Turkey’s test as post hoc and
P-values adjusted by false discovery rate (FDR).
Functional potentials of OTUs were evaluated
by Kyoto Encyclopaedia of Genes and Genomes
(KEGG) pathway enrichment using PICRUSt
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(http://huttenhower.sph.harvard.edu/galaxy/), and
the heatmap was generated using TBtools (https:
//github.com/CJ-Chen/TBtools). Significance
was set at P < 0.05 for all comparisons.

RESULTS
Sequencing data and extraneous clustering

A total of 9 291 475 reads were obtained with
an average sequence length of 457.89 bp. Among
them, 1 940 881 reads were from the jejunum,
246 332 reads from the ileum, 2 874 028 reads from
the colon, and 2 012 234 reads from the caecum.

Evenness, diversity, and richness were calculated
by Shannon, Simpson, and Chaol indices, respective-
ly. Results are presented in Table 2. ETEC infection
increased Chaol index in the colon (P = 0.001) com-
pared to the control group. Compared to the ETEC
group, the ETEC+LB2 group increased Chaol index
in the jejunum (P = 0.030), and decreased Shannon
(P =0.017) and Chaol (P = 0.001) indices in the colon.

Based on the Bray-Curtis index calculated by
PCoA, beta diversity was generated and it is shown
in Figure 1. Among the four treatments, distinct
bacterial communities were observed in the jeju-

Table 2. Alpha diversity of gut microbiota in piglets
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num (P < 0.001), ileum (P = 0.049), colon (P < 0.001),
and caecum (P = 0.003).

The structure of intestinal flora

The microbiota in all samples was composed
of four predominant bacterial phyla: Firmicutes,
Bacteroidetes, Proteobacteria, and Epsilonbacteraeota,
accounting for more than 98% of the total sequence
(Figure 2). In the jejunum and ileum, Firmicutes
were dominant in the control and LB2 groups, while
Proteobacteria were dominant in the ETEC and
ETEC+LB2 group. In the colon, the LB2 group dis-
played a higher proportion of Firmicutes and a lower
proportion of Epsilonbacteraeota compared to the
other three treatments. In the caecum, the ETEC
group had a higher proportion of Proteobacteria than
the other three groups.

A total of 12 genera were identified as the dominant
bacterial populations (> 3%) in all groups. In the jeju-
num, Lactobacillus, Actinobacillus, Eschericha-Shigella,
and Chloroplast were the most abundant genera
(Figure 3A). In the ileum, Actinobacillus, Lactobacillus,
Escherichia-Shigella, and Prevotella were the most
abundant genera (Figure 3B). In the colon, Prevotella,
Alloprevotella, Campylobacter, Prevotellaceae,

Item Control LB2 ETEC ETEC+LB2 P-value
Jejunum

Shannon 3.30 + 0.64 3.25 + 0.40 2.67 +0.74 3.50 + 0.56 0.061
Simpson 0.10 £ 0.06 0.09 + 0.02 0.21 £0.19 0.08 + 0.03 0.081
Chaol 555.2 + 127.8% 507.5 + 128.1% 400.4 + 155.3 617.1 + 141.2° 0.030
Ileum

Shannon 3.67 + 0.88 3.40 + 0.61 3.52 + 0.65 3.12 + 0.63 0.506
Simpson 0.08 + 0.06 0.11 £ 0.07 0.12 £0.11 0.10 + 0.05 0.751
Chaol 530.0 + 226.2 672.0 + 115.4 746.0 + 148.9 505.5 + 234.2 0.103
Colon

Shannon 3.92 + 0.32® 4.06 + 0.13% 4.13 +0.37° 3.61 + 0.37° 0.017
Simpson 0.04 + 0.02 0.03 + 0.01 0.04 + 0.03 0.06 + 0.02 0.163
Chaol 465.7 + 78.2° 490.4 + 57.5% 638.3 + 90.7° 377.2 + 161.5° 0.001
Caecum

Shannon 3.66 + 0.58 4.02 +0.23 3.84 + 0.45 3.72 £ 0.31 0.384
Simpson 0.06 + 0.05 0.04 + 0.01 0.06 + 0.05 0.05 + 0.02 0.589
Chaol 377.5 + 106.4 470.5 + 100.2 514.7 + 88.0 396.8 + 119.6 0.049

ETEC = enterotoxigenic Escherichia coli; LB2 = Lactobacillus zeae LB2
*bValues with different letters are significantly different (P < 0.05)
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Figure 1. Beta diversity of gut microbiota in piglets
(A) Jejunum, P < 0.001; (B) ileum, P = 0.049; (C) colon, P < 0.001; (D) caecum, P = 0.003
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Figure 2. Relative abundance of sequences at the phylum level (%)
ETEC = enterotoxigenic Escherichia coli; LB2 = Lactobacillus zeae LB2
Only sequences with relative abundance over 0.1% are presented

Lactobacillus, Roseburia, were the dominant genera  Prevotella-9, Roseburia, Prevotellaceae NK3B31-
(Figure 3C). In the caecum, Prevotella, Campylobacter, — group, and Lachnospiraceae, were the main genera
Alloprevotella, Prevotellaceae, Eschericha-Shigella,  (Figure 3D). Compared with the control group, ETEC
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Figure 3. Relative abundance of operational taxonomic units at the genus level (%)

ETEC = enterotoxigenic Escherichia coli; LB2 = Lactobacillus zeae LB2

(A) Jejunum, (B) ileum, (C) colon, (D) caecum. Only operational taxonomic units with relative abundance over 3% are presented

infection decreased the abundance of Lactobacillus,
while it was increased with LB2 supplementation in the
jejunum and ileum. Likewise, LB2 supplementation in-
creased the abundance of Prevotella in the ileum, colon
and caecum, which was decreased by ETEC infection.
Compared with the control group, the abundance
of Escherichia-Shigella was increased in the ETEC
group, while it was decreased in the ETEC+LB2 group.

Comparison of OTU abundance

The comparisons of OTU abundance between
all groups are presented in Table 3. In the jeju-
num, compared with the control group, the ETEC
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group significantly decreased the abundance
of Lactobacillus, Porphyromonas, and Prevotella
(P < 0.05), the amounts of Flavobacterium,
Alloprevotella, and Sutterella were decreased
as well with no statistical difference. Compared
with the ETEC group, the ETEC+LB2 group de-
creased the abundance of Porphyromonas and
Alloprevotella (P < 0.05). In the ileum, compared
with the control group, the ETEC group de-
creased the abundance of Prevotella and increased
the abundance of Porphyromonas (P < 0.05);
compared with the ETEC group, the ETEC+LB2
group decreased the abundance of Prevotella and
Porphyromonas (P < 0.05). In the colon, compared
with the control group, the LB2 group decreased



Original Paper

Czech Journal of Animal Science, 67, 2022 (1): 27-38

https://doi.org/10.17221/136/2021-CJAS

Table 3. Comparison of operational taxonomic unit abundance (%)

Taxonomy Control LB2 ETEC ETEC+LB2 P-value
Jejunum

o_Lactobacillales; f Lactobacillaceae; g_Lactobacillus 259+159 281+163* 028+042P 1.32 +1.74%  0.002
o_Bacteroidales; f_Porphyromonadaceae; g_Porphyromonas 048 +040*° 043 +0.33* 011+0.18" 001 £0.02° 0.005
o_Flavobacteriales; f_Flavobacteriaceae; g_Flavobacterium  0.14+0.12® 0.37+0.32*  0.01+0.02® 005+0.11° 0017
o_Bacteroidales; f_Prevotellaceae; g_Alloprevotella 1.76 £ 1.66° 231+240° 0.69+127° 0.03+007° 0.019
o_Bacteroidales; f_Prevotellaceae; g_Prevotella 0.50 + 0.44* 043 +0.46° 0.05+0.12° 0.05+0.08" 0.035
o_Betaproteobacteriales; f_Burkholderiaceae; g_Sutterella 0.02 +0.03®* 0.03+0.03* 0.003 +0.004° 0.006+0.01°> 0.039
Ileum

o_Bacteroidales; f_Prevotellaceae; g_Prevotella 0.95+1.00° 069+0.46® 0.38+0.45° 0.05 + 0.04¢ 0.021
o_Bacteroidales; f_Porphyromonadaceae; g_Porphyromonas 020+ 0.13> 049+045° 1.01+1.12°  0.04+005 0023
Colon

o_Bacteroidales; f_Prevotellaceae; g_Prevotella 395+341" 1112069 329+275" 13.82+823 0.004
o_Pasteurellales; f_Pasteurellaceae; g_Actinobacillus 0.01+001° 001+001°> 008+005 001+001° 0.019
o_Clostridiales; f_Ruminococcaceae; g_Ruminococcaceae 041 +044* 007 +£0.07° 0.17+0.11° 0.02 + 0.06° 0.025
Caecum

o_Bacteroidales; f_Prevotellaceae; g_Prevotella 6.16 £5.95% 327 +267° 276182 1073+552° 0014
o_Bacteroidales; f_Prevotellaceae; g_unclassified 1.01 £ 0.95% 1.26 +0.55*  0.36 + 0.38P 0.57 +0.75°  0.022
o_Clostridiales; f_unclassified; 035042 064+044° 043+039®° 009:023" 0048

ETEC = enterotoxigenic Escherichia coli; LB2 = Lactobacillus zeae LB2
abeyalues with different letters are significantly different (P < 0.05)

the abundance of Prevotella and Ruminococcaceae,
and the ETEC group increased the abundance
of Actinobacillus and decreased the abundance of
Ruminococcaceae (P < 0.05); compared with
the ETEC group, the ETEC+LB2 group increased the
abundance of Prevotella and decreased the abun-
dance of Actinobacillus and Ruminococcaceae
(P < 0.05). In the caecum, compared with the con-
trol group, the ETEC and the ETEC+LB2 groups
decreased the abundance of f_Prevotellaceae; g_un-
classified (an unclassified genus that belongs to the
family Prevotellaceae) (P < 0.05).

Functional potential of OTUs

Functional potential of the microbiome was eval-
uated by KEGG pathway enrichment, significant
differences were observed for a total of 40 func-
tional pathways between groups, inclusive of
functional sets associated with cellular processes,
environmental information processing, genetic in-
formation processing, diseases, metabolism, and
organismal systems (Figure 4). Profound changes
were observed for the functional pathways in the
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ileum and colon. Briefly, compared to the control
group, the ETEC group increased the abundance
of 38 pathways in the ileum; compared to the LB2
group, the ETEC group increased the abundance
of 39 pathways in the colon; compared to the
ETEC group, the ETEC+LB2 group increased
the abundance of 32 pathways in the ileum and
decreased the abundance of 39 pathways in the
colon (P < 0.05).

DISCUSSION

Diarrhoea is associated with dysbiosis of the gut
microbiota (Pop et al. 2014). As one of the most
common causes of diarrhoea in piglets, ETEC
thereby plays an important role in the dysbiosis
of porcine microbiota (Bin et al. 2018). Several
studies have revealed the dysbiosis of porcine gut
microbiome induced by ETEC infection (Pop et al.
2016; Bin et al. 2018; Chen et al. 2020; Zhao
et al. 2020), which was associated with the higher
proportion of pathogenic bacteria (e.g., Shigella,
Clostridium, and Enterococcus) and the lower
proportion of short-chain fatty acid (SCFA)-
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Figure 4. KEGG pathway enrichment of the gut microbiome in piglets

ETEC = enterotoxigenic Escherichia coli; LB2 = Lactobacillus zeae LB2

*Significant difference compared to the control group (P < 0.05); "significant difference compared to the LB2 group
(P < 0.05); *significant difference compared to the ETEC group (P < 0.05)
Different colours represent the values of log-transformed abundances of KEGG pathways

producing bacteria (e.g., Bacteroides, Prevotella,
and Butyricicoccus), as well as a lower microbiota
diversity. However, few studies investigated the
impact of the potential anti-ETEC substance on
the gut microbiota in piglets. L. zeae has been prov-
en to be one possible candidate for the prevention
and treatment of (ETEC-induced) post-weaning
diarrhoea as well as related intestinal disorder (Wu
et al. 2021b). The present study evaluated the ef-
fect of L. zeae on the gut microbiome in healthy
and ETEC-infected piglets.

Dissimilar bacterial community was observed
in this study, as illustrated by the significant re-
sults in the alpha diversity, indicating that the mi-
crobiota community was remarkably influenced
by the ETEC infection and LB2 supplementation.
Interestingly, an increased Chaol alpha diversity
was observed in the colon in the ETEC-infected
piglets, which is contrary to the previous studies
(Bin et al. 2018; Zhao et al. 2020), when a lower mi-
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crobiota diversity was observed in the jejunum and
faeces. Moreover, the ETEC+LB2 group decreased
Shannon and Chaol indices in the colon. In fact,
alower diversity of the bacterial community is often
associated with microbiota dysbiosis (Mosca et al.
2016). These results might be due to the massive
invasion of ETEC in the intestine, future study is
warranted to explain the mechanism and the impli-
cation of this increased alpha diversity during ETEC
infection. Nevertheless, the ETEC+LB2 group also
increased the Chaol index in the jejunum, implying
a positive effect of L. zeae on the jejunal microbiota.

The present study found remarkable shifts in the
structure of the gut microbiota by ETEC infection
and LB2 supplementation. The ETEC-infected pig-
lets displayed a higher proportion of Proteobacteria
in the jejunum, ileum, and colon than the healthy
piglets, while the healthy piglets showed a higher
proportion of Firmicutes and Bacteroidetes in the
jejunum and higher Firmicutes in the ileum.



Original Paper

Czech Journal of Animal Science, 67, 2022 (1): 27-38

The phylum Bacteroidetes is important for carbo-
hydrate fermentation, polysaccharide catabolism,
and amino acid utilisation (Sheridan et al. 2016).
The phylum Firmicutes, which ferments plant pol-
ysaccharides to produce SCFAs, has been shown
to be involved in energy resorption (Ley et al.
2006). Many studies suggested that Proteobacteria
are associated with imbalance of the microbiota,
inflammation, and various clinical anaerobic in-
fections (Swidsinski et al. 2011). These results
demonstrated that ETEC infection induced severe
variations in the microbiota composition in the pig-
lets, which could lead to the microbiota dysbiosis
and affect the host metabolism. However, the LB2
group showed a higher proportion of Firmicutes
and a lower proportion of Epsilonbacteraeota in the
colon. Firmicutes are very important for metabo-
lism as described above. Epsilonbacteraeota have
been reported to be increased in mice with dex-
tran sulphate sodium-induced colitis, which may
be associated with inflammatory bowel disease
and related intestinal disorder (Wang et al. 2020).
These results suggested that LB2 supplementation
plays a positive role in regulating metabolism and
microbiome dysbiosis.

Several distinct markers of the microbiome profile
were observed between the healthy and the ETEC-
infected piglets. Particularly, ETEC infection
was associated with the increase in the abundance of
Actinobacillus, and the decrease in the abundance
of Lactobacillus, Flavobacterium, Alloprevotella,
Prevotella, Sutterella, and Ruminococcaceae.
Previous studies have demonstrated that increased
Actinobacillus was found in human patients with
primary biliary cirrhosis and intestinal inflamma-
tion (Lv et al. 2016; Bercier et al. 2019). The in-
creased abundance of Actinobacillus implied
that ETEC infection could affect the microbiota
composition and may be involved in the intesti-
nal inflammation or even cancer. Lactobacillus
has been highlighted as a beneficial gut bacterium,
playing a very important role in nutrition and im-
mune system (Lyu et al. 2020b). Flavobacterium
is a well-known pathogen in fish, while its role
in mammals is rather unexplored (Bernardet
and Bowman 2006). Alloprevotella, Prevotella,
Sutterella, and Ruminococcaceae help the host
degrade diverse plant polysaccharides and pro-
duce SCFAs (Flint et al. 2012; Boutard et al. 2014;
Wu et al. 2018b; Smith et al. 2020), can provide
a higher energy harvesting and an adequate pre-
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vention strategy for pathogen infection (Dou et al.
2017). The decreased abundance in these bacteria
indicated that ETEC infection induced microbio-
ta dysbiosis and affected immune and metabolic
functions.

In this study, minimal change in the micro-
biome profile was observed for the LB2 sup-
plementation in the healthy piglets. However,
marked shifts by LB2 were found in the ETEC-
infected piglets. Interestingly, LB2 supplementa-
tion in ETEC-infected piglets was associated with
the decrease in the abundance of Porphyromonas,
Alloprevotella, and Ruminococcacea. Elevated
Porphyromonas was significantly associated
with intestinal inflammation and colorectal can-
cer (Rezasoltani et al. 2018), while the decrease
of Porphyromonas in the ETEC+LB2 group im-
plied that LB2 supplementation may play a posi-
tive role in the dysbiosis during ETEC infection.
Nevertheless, as described above, decreased
Alloprevotella, and Ruminococcaceae are associ-
ated with decline in carbohydrate metabolism.
Future study is needed to further investigate
the structural and functional changes in the micro-
biome under L. zeae supplementation and ETEC
infection.

One previous study has revealed changes in the
functional potential of microbiome in relation
to ETEC infection (Bin et al. 2018); the six most
abundant changed functional categories were cell
motility, biosynthesis of other secondary me-
tabolites, excretory system, immune system dis-
eases, immune system and circulatory system.
Interestingly, the present study demonstrated
a profound impact of LB2 supplementation in
the piglets during ETEC infection. Particularly,
in the ETEC-infected piglets, LB2 supplementa-
tion increased the abundance of 32 pathways in the
ileum and decreased the abundance of 39 pathways
in the colon, associated with cellular processes, en-
vironmental information processing, genetic in-
formation processing, diseases, metabolism, and
organismal systems. These results reflected a re-
markable anti-ETEC effect of L. zeae, and the ileum
and colon might be the most active site of L. zeae
against ETEC infection. Nevertheless, PICRUSt
inferences depend on microbial gene annotations
which are occasionally inaccurate (Langille 2018),
and these PICRUSt derived conclusions should be
treated as hypotheses. Future studies are need-
ed to in-depth unravel the functional changes
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by ETEC infection and L. zeae supplementation
using combinatorial tools like metabolomics and
metatranscriptomics.

In conclusion, this study evaluated the effects
of dietary L. zeae LB2 supplementation on the gut
microbiota in healthy and ETEC-infected piglets.
ETEC infection caused severe dysbiosis of the gut
microbiome, as indicated by the dissimilar bacterial
community (alpha diversity), the altered composi-
tion at the phylum level (higher Proteobacteria,
and lower Firmicutes and Bacteroidetes) and at the
genus level (increased Actinobacillus; decreased
Prevotellaceae, Ruminococcaceae, Lactobacillus,
Flavobacterium, Alloprevotella, and Sutterella).
The supplementation of LB2 played a positive ef-
fect on regulating the gut microbiome during ETEC
infection, as demonstrated by the community vari-
ation (alpha diversity), composition shifts at the
phylum level (higher Firmicutes and Bacteroidetes
and lower Proteobacteria) and at the genus lev-
el (decreased Porphyromonas, Alloprevotella,
Ruminococcaceae, and Actinobacillus, increased
Prevotella and Lactobacillus). Moreover, both
ETEC infection and LB2 supplementation remark-
ably influenced the functional potentials of the
microbiome, which was associated with several
functional pathways in relation to cellular pro-
cesses, environmental information processing,
genetic information processing, diseases, metab-
olism, and organismal systems. Therefore, regu-
lating the gut microbiome by probiotics could be
taken as a promising candidate for the prevention
or treatment of ETEC infection, and L. zeae could
be used as such.
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