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Abstract

The present study was aimed to investigate the effects of 3D8 scFv-secreting Probiotic Lactobacillus reuteri (L. reuteri) on
growth performance, inflammatory responses, and intestinal microbial flora in chickens. To this end, a total of 14 healthy
wild-type chickens were divided into two experimental groups. Each group was orally administrated with a daily dose of
10° colony-forming units (CFU) of 3D8 scFv-producing L. reuteri or wild-type (WT) for 35 days. Administration of L.
reuteri/3D8 scFv significantly improved the body weight of chickens when compared to L. reuteri/WT group. The bacterial
taxonomic composition of the fecal microbiota was determined by pyrosequencing of 16S rRNA gene amplicons. Firmicutes,
Actinobacteria, and Proteobacteria were dominant phyla in two experimental groups. However, in 3D8 L. reuteri treatment
groups at genus level, the Lactobacillus was highly abundant, being represented by 18.12%. In addition, serum levels of
primary cytokines such as IL-6, IL-8, TNF-a, IFN-y, IL-4, and IGF1 were markedly reduced in the probiotic L. reuteri 3D8
group. In summary, our results indicate that the administration of L. reuteri expressing 3D8 scFv has a modulatory effect
on inflammatory responses, improves weight gain while not affecting the common microbial composition of the chicken

intestine.
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Introduction

Due to the rapid development of the poultry industry, high
accumulation densities and high-yield requirements have
induced broiler chickens to have higher immunological
stress reactions and increased the hazard of disease out-
breaks in commercial poultry flocks (Wu et al. 2018). Griev-
ous stress conditions are a major epidemiological factor that
disturb immune homeostasis and induce immunological
stress responses, followed by inflammation of intestine and
mortality. Hence, immunological stress indirectly causes
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huge economic burden due to production losses and higher
expenses for treatment and disease prevention. Consider-
ing the economic impact, our investigation involved explor-
ing alternative substances that could modulate the chicken
immune system and reduce the immune stress conditions,
which is of great significance. Previously, Mappley et al.
(2013) reported that Lactobacillus-based probiotics are well
known to protect against infection by common enteric patho-
gens in the livestock industry. Similarly, Balamuralikrishnan
et al. (2017)reported that bacterial probiotics are most com-
monly used in poultry because of their ability to sporulate.

Lactobacillus is a predominant genus of Gram-positive
lactic acid bacteria in the avian alimentary tract that pos-
sesses nonsporulating, catalase-negative, and acid-tolerant
characteristics and is devoid of cytochromes (Hill et al.
2005). Previous literature has reported that Lactobacillus
paracasei-(L. paracasei) secreting 3D8 single-chain variable
fragment (3D8 scFv) provides a basis for the development of
ingestible antiviral probiotics that are active against gastro-
intestinal viral infection (Hoang et al. 2015). However, many
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studies have focused on the impact of probiotic administra-
tion on the normal microbiota. As some alterations of the
microbial population are connected with intestinal disorders
similar to inflammatory disease and obesity, it is important
to know whether probiotics could alter the composition or
activity of the host microbiota (Fiocchi 1998; Ley 2010).
Along with this imperative, there is a consequential desire
to carry out similar studies using different known probiotic
microorganisms to increase our knowledge of the impact
of novel Lactobacillus strains on the normal microbiota,
to evaluate the efficiency with which Lactobacillus species
deliver 3D8 scFv in the gut of chickens, and to enumerate
their effect on metabolic processes after excretion.

Earlier findings of our laboratory showed the nonspecific
nuclease activity of 3D8 scFv towards DNA and RNA (Byun
et al. 2017). The 3D8 scFv protein purified from Escheri-
chia coli was subsequently shown to penetrate the cytosol of
HelL a cells via caveolae-mediated endocytosis. As an illus-
tration, the treatment of porcine kidney cells with 3D8 scFv
confers resistance against classical swine fever viral infec-
tion (Jun et al. 2010). Lee et al. (2014) suggest the antiviral
effects of 3D8 scFv against DNA viruses in a human cell line
and in mice that are based on the detection of DNase activity
in the nucleus and RNase activity in the cytoplasm. Hence,
3D8 scFv antiviral activity against various viral infections
is broad spectrum, and our study primarily aimed to investi-
gate the prospect of using Lactobacillus reuteri (L. reuteri)
(GenBank accession number CP029615) as a delivery sys-
tem for 3D8 scFv to enhance the growth performance and
microbial composition production of healthy chickens. L.
reuteri strains were isolated from chicken small intestine and
identified based on the 16 SRNA gene sequencing (Kim et al.
2018). The Lactobacillus species carrying 3D8 scFv was
administered orally to chickens and tested for its beneficial

and functional effects. To further explore the effect of the
Lactobacillus strain, we measured growth performance,
cytokine levels, and bacterial communities from feces of
chickens.

Materials and methods

Construction of recombinant L. reuteri expressing
3D8 scFv

The pSLP111.3 expression vector for Lactobacillus was
provided by Dr. Jos Seegers (Falcobio, Netherland). To
induce 3D8 scFv protein expression, codon-optimized 3D8
scFv was cloned into pSLP-LDH that was slightly modi-
fied from the original vector as previously described (Hoang
et al. 2015) (Fig. 1). Wild-type (WT) L. reuteri (SKKU-
OGDONS-01) was cultured at 37 °C for 2—-3 h before trans-
formation. At the early log phase, L. reuteri was harvested
and washed twice using PBS. 3D8 scFv expression vectors
were transformed into L. reuteri by electroporation using a
Bio-Rad Gene Pulser Xcell electroporator (Bio-Rad Labo-
ratories, Hercules, CA, USA). After electroporation, trans-
formed L. reuteri was incubated anaerobically on MRS
plates containing chloramphenicol.

Assessment of 3D8 scFv expression in recombinant
L. reuteri

To analyze the expression level of 3D8 scFv protein
in recombinant L. reuteri, a recombinant L. paraca-
sei ATCC 334 strain (Hoang et al. 2015) that had pre-
viously been confirmed for protein expression was used
(Bioneer Co, Daejeon, Republic of Korea) according to

_J BamHI
pLDH //nm
ss
Cm L ¥ \
\  Hindll 3
sall ‘,:::l ! ‘//H‘n”m” 0\0‘ é\go ,bQ,
Anchor \ ‘0(0 ‘,\30(\ QQ (\?:\ 975b
| | Q <@ PO p—
pSLP111.3 SIS &7 &
I O 0 S
fjs\BstEl\ - - _'."_
Secret form

Fig. 1 Cloning strategy for cell wall secretion of 3D8 scFv via the
pSLP-LDH expression vector in Lactobacillus reuteri (a). L. reu-
teri designed to secrete 3D8 scFv (b). P, py Lactobacillus dehydro-
genase promoter, Ss SIpA secretion signal, Pro A protein A tag to
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prevent fusion of 3D8 scFv with the cell wall-anchoring domain of
PrtP (anchor sequence). For 3D8 scFv protein expression, a codon-
optimized 3D8 scFv gene (975 bp) was cloned into the pSLP-LDH
vector (c¢)
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the manufacturer’s protocols. Quantitative real-time PCR
to analyze the expression level of 3D8 scFv in transformed
L. reuteri was conducted with SYBR Premix Ex Taq
(TaKaRa, Otsu, Shinga, Japan) and a Rotor-Gene Q system
(Qiagen, Chadstone, Victoria, Australia). The universal
16S rRNA gene as an internal control and 3D8 scFv gene
were amplified with the indicated primers: 16S rRNA (for-
ward 5'-CAYRCCGTAAACGATGARTGCTA-3'; reverse
5'-TAAGGTTCTTCGCGTWGCWTC-3") and 3D8 scFv
(forward 5'-GGCAGTATCTGCTGGTGAGA-3'; reverse
5'-CAGTGCCTGAACCACTACCA-3") (Fig. 2).

Experimental design, birds and husbandry

All experiments were performed following an approved
animal-use document and according to the guidelines
of the Institutional Animal Care and Use Committee
(IACUC) of the National Institute of Animal Science
(Approval No: 2018-273), South Korea. A total of 14 nor-
mal, healthy 10-week-old male wild-type chickens were
used for a 35-day feeding trial period. Chickens were
housed individually in a 38 x50 x40 cm wire cage and
provided a 16 h light program with 8 h of dark/day. During
the experimental period, the chickens were observed daily
to measure the mortality rate. All chickens were identi-
fied using individual tags; water and feed were supplied
ad libitum. Chickens were randomly separated into two
experimental treatment groups. Chickens were oral admin-
istrated 10° colony-forming units (CFU) (per chicken per
day) of L. reuteri/WT and L. reuteri/3D8 using a syringe
and blunt-end catheter. The basal diet was formulated to
exceed the nutritional requirement of the chickens accord-
ing to the NRC (1994) experimental recommendations.
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Fig.2 The expression level of 3D8 scFv protein in recombinant L.
reuteri and recombinant L. paracasei ATCC 334 strains. The expres-
sion level of 3D8 scFv in transformed L. reuteri was determined with
SYBR Premix Ex Taq by real-time RT-PCR

Growth performance and determination of cytokine
levels by ELISA

In this experiment, we first checked the body-weight gain
in chickens every week and recorded the body-weight gain
individually. At the end of the experiment, we collected
serum samples to determine cytokine levels by enzyme-
linked immunosorbent assay (ELISA) experiments. Serum
concentrations of IL-6, IL-Ip, IL-8, TNF-a, IFN-y, IL-4,
and IGF1 were determined using commercial chicken
ELISA kits (Genorise Scientific, Glen Mils, USA, and
Wuhan Abebio Science, Co., Ltd., Wuhan city, China).

Sample preparation and 16S ribosomal RNA gene
sequencing

At the end of the experiment, fecal samples were collected
from chickens, and genomic DNA was extracted using an
Extra Master™ Fecal DNA extraction kit according to the
manufacturer’s protocol (Epicentre, Madison, WI, USA).
An Illumina 16S rRNA sequencing library was prepared
for the V3 and V4 regions, and paired-end sequencing
using a 2 X 300 bp paired-end protocol was conducted on
the MiSeq platform (Illumina, San Diego, CA, USA) at
Macrogen (Seoul, Republic of Korea). Sequencing reads
of samples were assigned to a specific sample by their
endemic bar codes. PCR primer sequences, barcodes, and
linkers were then removed from the original sequence
analysis. For the subsequent analysis, the pyrosequenc-
ing reads were selected based on a quality-filtering pro-
cess with reads containing more than 300 base pairs
and with an average quality score of more than 25. The
EzTaxon-e database was used with the BLAST search tool
to perform taxonomic alignment of high-quality bacterial
sequence reads. Sequences that could not be matched to
the EzTaxon-e database, which was set at a 97% iden-
tity species level, were used in a second-order UCHIME
program to identify unmatched sequences. Operational
taxonomic units (OTUs) were generated using a CD-HIT
program at a similarity level of 97% according to protocol
procedures designated by (Edgar 2010). Microbial com-
munity richness and diversity indexes were analyzed by
the Shannon—Weaver diversity index, and Chaol, Shan-
non, and Good’s library coverage were determined by the
mothur program.

Statistical analysis
Data analyses were conducted using GraphPad Prism statis-

tical software (GraphPad Software version 5.03). Student’s
t test was used for supplementation group comparison, and
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a P-value less than 0.05 was considered statistically signifi-
cant. The data are presented as mean + SE or SD.

Result

Growth performance and cytokine levels in serum
To analyze the expression level of 3D8 scFv in recombinant

L. reuteri and recombinant L. paracasei ATCC 334 strain,
gPCR experiment was performed. As expected, the relative
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Fig.3 Effect of L. reuteri secreting 3D8 scFv on growth performance
traits in chickens. Statistical comparisons were made between chick-
ens that received WT or 3D8 scFv-expressing L. reuteri administra-
tion once/day for 35 days. The results are expressed as the mean + SE
or SD
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expression of 3D8 scFv in L. reuteri was significantly higher
than the L. paracasei ATCC 334 (Fig. 2).

All the chickens were in very good health during the
5-week experimental period. Oral administration of pro-
biotics L. reutrti expression of 3D8scFv showed improved
body-weight gain compared with that in the wild-type L.
reuteri (Fig. 3). In addition, chicken serum levels of the pri-
mary cytokines IL-6, IL-8, TNF-a, IFN-y, IL-4, and IGF1
were markedly reduced in the 3D8 L. reuteri administration
experimental group. However, IL-1f levels in the serum of
chickens were profoundly increased by the oral administra-
tion of L. reuteri/3D8 (Fig. 4).

Bacterial taxonomic composition

This molecular bacterial typing represents 269 bacterial
species, of which 176 species were found to be unique. Of
the 269 bacterial species, 148 and 121 species were iden-
tified from the WT-and 3D8-producing L. reuteri groups,
respectively, indicating the existence of differential micro-
bial communities between the two groups. The 176 unique
bacterial species mostly comprise members of the phylum
Firmicutes, followed by those of Proteobacteria and Bacte-
roidetes. Out of the 176 unique bacterial species, 93 species
were commonly present, including 22 Lactobacillus spe-
cies in two treatment groups. However, 28 and 55 species
were specific to the WT L. reuteri and 3D8 L. reuteri oral
administration groups, respectively. When compared with
the 3D8 L. reuteri treatment group, the WT L. reuteri group
exclusively contained Lactobacillus kitasatonis and Lacto-
bacillus rodentium. We examined the bacterial taxonomic
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Fig.4 Effects of L. reuteri secreting 3D8 scFv on serum cytokine levels in chickens. Statistical comparisons were made between chickens that
received WT or 3D8 scFv-expressing L. reuteri once/day for 35 days. The results are expressed as mean + SE or SD
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Fig.5 Bacterial taxonomic composition for the fecal microbiota of
the chickens that received L. reuteri dietary treatment at the phylum
level, in which each bar in the stacked bar charts represents the clas-
sifications of the total sequences
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Fig.6 Bacterial taxonomic composition from the fecal microbiota of
the L. reuteri dietary supplementation groups at the genus level, in
which each bar in the stacked bar charts represents the classifications
of the total sequences

abundance in chicken fecal samples after oral administration
of L. reuteri was showed differences at the phylum and genus
levels (Figs. 5 and 6).

The fecal microbial data for the two experimental groups
were analyzed to determine the percentage of relative abun-
dance (taxon reads/total reads in a sample). At the phylum
level, Firmicutes (79.08%), Proteobacteria (8.05%), Actino-
bacteria (6.71%), and Bacteroidetes (3.35%) showed differ-
ences in abundance between the L. reuteri/3D8 oral admin-
istration group and the L. reuteri/WT group. Determination
of the microbiota composition in the L. reuteri/3D8 group
revealed that the chicken fecal microbiota was composed
mostly of the phylum Firmicutes. Interestingly, Lactobacil-
lus species were more abundant in the WT L. reuteri treat-
ment group (19%) than in the L. reuteri/3D8 group (18.12%).
Furthermore, continuous administration of L. reuteri the
abundance of Bacteroides, Enterococcus, and Eubacterium

was increased, while that of Blautia, Ruminococcus, and
Clostridium was decreased, in the 3D8 L. reuteri treatment

group (Fig. 6).

Discussion

The genus Lactobacillus comprises nonpathogenic Gram-
positive residents of livestock intestinal microbiota widely
used as probiotics. Although the behavior of this genus
is not fully understood, using these beneficial bacteria in
both humans and livestock animals is an area of thorough
research (Callaway et al. 2008; Brisbin et al. 2010). Previ-
ously, Angel et al. (2005) and Awad et al. (2009) reported
these bacteria to improve production constraints and reduce
food-borne pathogens. However, they treated animals with
various members of the Lactobacillus genus shown to influ-
ence various aspects of the immune response. The current
data from this study showed that the oral administration
of 3D8 L. reuteri treatment group significantly improved
body-weight gain in the overall experiment. Our results
were in agreement with Hofacre et al. (2003) and Zulkifli
et al. (2000) who observed that Lactobacillus administra-
tion in chicken feed improved average daily gain (ADG).
Previous study indicates that sex affects performance traits
of chicken. Benyi et al. (2015) reported that growth perfor-
mance and morality rate is higher in male chicken compared
to female chicken. In agreement with these studies we used
male chicken for this experiment. Similarly, Liu et al. (2005)
suggested that dietary supplementation with transformed L.
reuteri Pg4 improved body-weight gain during the growing
phase of the chicken.

A previous study by Jia et al. (2010) reported that the
fecal microbiota plays an important role in host health in
the small and large intestines, including the energy intake
from diet, growth performance, response to gastrointesti-
nal diseases, and improved immune function. Lactobacil-
lus administration provided several health benefits ensuing
from improved digestion of chickens (Deeth and Tamime
1981). In the present study, Firmicutes (79.08%), Proteo-
bacteria (8.05%), Actinobacteria (6.71%), and Bacteroidetes
(3.35%) were the most common phyla identified in chicken
fecal samples from 3D8 L. reuteri administration group.
These results are consistent with Lamendella et al. (2011)
who reported that the most abundant major phyla in chicken
fecal are Firmicutes and Bacteroidetes. Similarly, Yan et al.
(2015) have reported that Firmicutes and Proteobacteria
maximum bacterial taxonomic composition for the fecal
microbiota from the L. reuteri treatment group at the phylum
level. In addition, Montalban-Arques et al. (2015) previously
reported that L. reuteri supplementation has many physi-
ological effects on birds, including microbial interference,
antimicrobial effects, and dietary supplementation as well as
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reduction in serum cholesterol and antitumor effects. Lac-
tobacillus species are commonly found in the chicken small
intestine, and bacterial density generally quickly improves
animal growth performance (Konstantinov et al. 2004; Hill
et al. 2005). Microbial communities in the small and large
intestines play an important role in managing the host’s
health, including the energy intake from food, immune sys-
tem function, generation of important metabolites, and the
response to gastrointestinal diseases (Barnes et al. 1972; Lu
et al. 2003). The present data may indicate that the 3D8 scFv
secreted by L. reuteri to chicken using oral administration
increases beneficial intestinal microflora and improves body-
weight gain. Yu et al. (2007) have reported that inclusion
of L. reuteri Pg4 in the diet can increase the balance of gut
health and microflora, and improve crypt depth and villous
height, thereby improving chicken health. Lactobacillus spe-
cies administration is known to stimulate the secretion of
mucus, promote growth of intestinal microflora (Estienne
et al. 2005; Yu et al. 2008). The effective clarification has
been proposed to restore and expand the microbial balance
in the intestine and improve growth promotion of the host.
Interleukins are composed of cytokines, an important com-
ponent of the immune system. According to Tayal and Kalra
(2008), cytokines exhibit an important function, and patho-
logical disorders occur in response to imbalances in cytokine
production. Th1 cells primarily produce IFN-y, TNF-a, IL-6,
and IL-2, which are identified as pro-inflammatory cytokines.
However, Th2 cells secrete anti-inflammatory cytokines such
as [L-4 and IL-8 (Romagnani 1995). A lack of activated AP-1
may result in reduced levels of TNF-a gene expression and
diminished pro-inflammatory cytokine secretion. Previously,
Lamprecht et al. (2012) reported that IL-6 and TNF-a have
independent pathways and that IL-6 had no influence after
Lactobacillus supplementation, IL-6 cytokines were not
affected by chronic exercise, and they mildly decreased gut
barrier function. In addition, Meyer et al. (2007) described that
probiotic supplementation promoted increased IL-1f produc-
tion in chicken serum compared with that of chickens receiv-
ing a basal diet. In our data, IL-1 cytokine levels increased
more in the L. reuteri/3D8 group than they did in the L.
reuteri/W'T experimental group. Our findings from this study
showed that the chicken serum levels of the primary cytokines
IL-6, IL-8, TNF-a, IFN-y, IL-4, and IGF1 were reduced after
oral administration of L. reuteri/3D8, indicating that 3D8
could regulate the humoral immunity of chickens. IFN-y plays
an important role in the activation of macrophages for nitric
oxide production and in the conversion of native T cells to Th1
cells (Schoenborn and Wilson 2007; He et al. 2011; Sun et al.
2018). In addition, Deng-sheng reported that dietary Yucca
schidigera supplementation improved immune status, includ-
ing decreasing IL-4 production, in broilers (Sun et al. 2018).
Scanes (2009) and Boschiero et al. (2013) reported that IGF1
is involved in growth hormone secretion and regulation. IGF1
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is known as one of more predominant hormones necessary to
support normal growth in chicken.

Huang and Lee (2018) reported the possibility of cinnamal-
dehyde regulating the expression of pro-inflammatory media-
tors in the nuclear factor kappa B (NF,B) signaling pathways,
inflammation, and the immune response in chickens. Brisbin
et al. (2010) reported that Lactobacillus species reduce anti-
gen-specific [IFN-y production by chicken spleen mononuclear
cells. Although the fundamental mechanism for this phenome-
non is unknown, it can be speculated that the decrease in [IFN-y
production by the splenocytes of chicken-fed Lactobacillus
species may reflect a selective decrease in Th1 cell activation.
In the present study, the decreased cytokine levels produced in
L. reuteri/3D8-administered chickens are likely related to the
anti-inflammatory potential of 3D8 scFv through the repres-
sion of T cell immune responses. Together these results indi-
cate that improved body-weight gain of the chicken is due to
the synergetic effect of increased efficiency of digestion and
immune homeostasis due to L. reuteri expressing 3D8 scFv
administration.

Conclusion

In summary, our result indicates that administration of L.
reuteri expressing 3D8 scFv reduces inflammatory responses
thereby improves the growth performance of the chickens.
Moreover, these observations suggest that administration of
L. reuteri expressing 3D8 scFv would not affect the microbial
composition in the chicken intestine. Therefore, addition of the
3D8 scFv-expressing recombinant L. reuteri as a feed addi-
tive might be a best solution to improve growth performance
and health of the chickens which will improve the profits of
livestock industry.
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