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Abstract
Background Epidermal growth factor (EGF) is a multifunctional polypeptide, which could be utilized to
solve problems in the industry such as increasing growth performance of commercial broilers or
enhancing resistance to diseases under adverse conditions. Thus far, very few studies have focused on
the gallus epidermal growth factor (gEGF) despite the availability of a plethora of studies on mammalian
EGF. The aim of this study was to express gallus epidermal growth factor (gEGF) using a food-grade
Lactococcus lactis expression system and to investigate its biological effects on broiler chickens.

Results A recombinant Lactococcus lactis, which produced the secretary form of bioactive gEGF at 2.67
μg/mL in culture supernatant, was generated. In vitro testing denoted that gEGF promoted the
proliferation of UMNSAH/DF-1 cells. Sixty-three 5-day-old broiler chickens were divided into three groups
and treated with either M17 medium (C, as control), supernatant of LL-pNZ8149 fermentation product (P-
LL), or supernatant of LL-pNZ8149-gEGF fermentation product (gEGF-P-LL). Body weight (BW), average
daily gain (ADG), and the gain:feed ratio of the gEGF-P-LL group were signi�cantly higher than those of
the other groups during the two-week study. In addition, two weeks after therapy, the indices of spleen and
thymus gland, levels of serum IgA, IgG and duodenum mucosal sIgA were all signi�cantly higher in the
gEGF-P-LL group than in the other groups. Moreover, the villus height of the duodenum, jejunum and
ileum and crypt depth of the jejunum of the gEGF-P-LL group were signi�cantly higher than those of the
other groups, while the crypt depth of the duodenum showed the opposite pattern during the two-week
study.

Conclusions The bioactive gEGF could be expressed with Lactococcus lactis expression system.
Furthermore, gEGF has the potential to enhance growth performance, immune function, and intestinal
development in broiler chickens.

Background
Epidermal growth factor (EGF) is a small polypeptide that can promote cell proliferation and
differentiation [1]. EGF has been shown to play an important role in gastrointestinal repair [2], gastric acid
secretion [3], the regulation of embryo development [4,5], and the regulation of ion transport [6,7]. Recent
studies have shown that EGF and EGFR may also be involved in tumorigenesis [8,9], and EGFR has been
utilized as a target for cancer therapy. Thus, EGF is an in�uential molecule involved in multiple biological
processes. Epidermal growth factor is produced using genetic techniques, such as expression in E. coli
[10,11], Bacillus brevis [12,13], or Pichia pastoris [14,15].

The biological effects of EGF on animals have also been investigated. The growth performance of early-
weaned pigs was enhanced by feeding them with a fermentation product of EGF-expressing Lactococcus
lactis [16]. Dietary supplementation with pEGF enhanced daily weight gain for 0‒7 days postweaning,
signi�cantly increased IgA serum levels at day 18 postweaning, and signi�cantly increased both mucosal
IgA levels and crypt depth in the jejunum at day 28 postweaning, indicating that EGF can promote growth
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performance and immune function [17]. Further, piglet diets supplemented with EGF can enhance
protection against intestinal pathogens [18,19] and promote intestinal repair after rotavirus infection [20].
EGF can also improve growth prior to challenge with Eimeria and improve gut function indices upon
Eimeria challenge [21].

However, very few studies have focused on gallus epidermal growth factor (gEGF) and its biological
activity. In the current market, it is imperative to improve the growth performance of young commercial
broilers in the absence of antibiotics, as these drugs have recently been banned from production. Further,
it is important to improve the resilience of chickens to adverse conditions, such as temperature or stress.
Moreover, based on the positive effects of EGF in early-weaned piglets [16] and rats [2], it is important to
investigate the biological effects of gEGF on chickens. In this study, a recombinant L. lactis strain that
secretes gEGF (LL-pNZ8149-gEGF) was constructed. Due to concerns regarding the risk associated with
the use of genetically modi�ed organisms, the supernatant of the LL-pNZ8149-gEGF fermentation
product was used to treat broilers instead of the direct use of EGF (without LL-pNZ8149-gEGF), and the
growth performance, immune function, and intestinal development of these broilers were assessed. This
study serves as a reference for the application of gEGF in broiler breeding.

Results

Expression of gEGF protein in a bacterial culture supernatant

Both LL-pNZ8149 and LL-pNZ8149-gEGF transformants were induced with 10 ng/mL nisin for 6 h, and

the supernatants were collected for western blot analysis. Figure 1 depicts the protein from the LL-

pNZ8149-gEGF fermentation product hybridized with the His-tag monoclonal antibody (Abbkine Scienti�c

Co., Ltd.), indicating that it contained the target protein.

 

The expression of gEGF in the supernatant of the LL-pNZ8149-gEGF fermentation product induced with

different concentrations of nisin and different induction times is shown in Figure 2 and Figure 3,

respectively. As nisin concentration increased from 0‒40 ng/mL, the expression of gEGF initially

increased but then decreased at 10 ng/mL. A similar pattern was observed as induction time increased

from 0‒24 h, with the expression of gEGF initially increasing and then decreasing at 12 h.

 

Figure 4 depicts the results of an SDS-PAGE analysis of the puri�ed protein from the supernatant of the

LL-pNZ8149-gEGF fermentation product. The band near 7 kDa corresponded to the computed MW of
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gEGF. The protein concentration of the 5 mL puri�ed protein was 0.16 mg/mL, as determined by the BCA

protein assay kit; in other words, the concentration of gEGF in the supernatant of LL-pNZ8149-gEGF

fermentation product was 2.67 μg/mL, and Figure 5 depicts the standard curve for bovine serum

albumin.

gEGF promotes UMNSAH/DF-1 cell proliferation

Figure 6 shows the effect of 1‒20 μg/mL of gEGF on UMNSAH/DF-1 cell proliferation. UMNSAH/DF-1

cell proliferation was signi�cantly enhanced after treatment with 1, 5, and 10 μg/mL of gEGF. The

strongest effect was observed for 5 μg/mL of gEGF.

 

gEGF promotes the growth performance of broilers

In contrast to the Control group and the P-LL group, the body weight (BW) in the gEGF-P-LL group

signi�cantly increased after 1 week (gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,) and 2 weeks (gEGF-P-LL v.s.

C,gEGF-P-LL v.s. P-LL,), as did the average daily feed intake (ADFI; gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-

LL,gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,) and the average daily gain (ADG; gEGF-P-LL v.s. C, P<0.01;

gEGF-P-LL v.s. P-LL,gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,. Further, in contrast to the Control group, the

gain:feed ratio in the P-LL group and the gEGF-P-LL group increased signi�cantly in the �rst week gEGF-P-

LL v.s. C,P-LL v.s. C,, although there were no signi�cant differences between these two groups . At the

conclusion of the two-week study, the gain:feed ratio of the gEGF-P-LL group signi�cantly increased

compared with that of the other two groups gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,.

 

Table 1. Effects of gEGF on the growth performance and feed e�ciency of broilers.
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Item   Treatment SEM P-value

  C P-LL gEGF-P-LL

IBW (g)   91.43 92.00 91.42 1.79 0.930

BW (g) Week 1 210.47a 225.52a 238.62b 5.62 0.018

  Week 2 395.14a 390.19a 442.10b 12.46 0.006

ADFI (g) Week 1 30.43a 31.12a 33.57b 0.71 0.011

  Week 2 33.12a 32.65a 36.40b 1.02 0.020

ADG (g/d) Week 1 17.01a 19.10a 21.03b 0.67 0.007

  Week 2 26.59a 26.08a 29.87b 1.32 0.018

Gain:feed (g/g) Week 1 0.56a 0.61b 0.63b 0.17 0.016

  Week 2 0.80a 0.80a 0.82b 0.06 0.027

SEM: Standard Error of Mean;

Data represented mean of 3 replications per treatment with 7 broilers per replication (n=3).

Means within a row without superscripts are of no signi�cant difference (p > 0.05).

 a,bMeans within a row without common superscripts differ signi�cantly (p < 0.05).

IBW: initial body weight; BW: body weight; ADFI: average daily feed intake; ADG: average daily gain.

 

gEGF improves the immune function of broilers

Table 2 shows the effect of gEGF on the index of different immune organs from the treated broilers.

Compared with those of the Control group and the P-LL group, the indices of spleen gEGF-P-LL v.s.

C,gEGF-P-LL v.s. P-LL,Table 2 and thymus gland gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,Table 2 in the gEGF-

P-LL group increased signi�cantly after two weeks Further, the BF Index of the gEGF-P-LL group was

signi�cantly higher than that of the P-LL group Table 2, and the BF Index of the gEGF-P-LL group was
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higher than that of the Control group, although this difference was not statistically signi�cant for the two-

week study Table 2.

 

Table 2. Effect of gEGF on the index of immune organs of treated broilers following two weeks of

treatment.

Item Treatment SEM P-value

C P-LL gEGF-P-LL

Spleen weight (g) 0.38a 30.38a 0.57b 0.28 0.001

BW (g) 397.11a 395.34a 446.67b 4.29 < 0.001

Index of spleen

pleen weight (mg)/BW (g))

0.95a 0.97a 1.28b 0.06 0.002

BF weight (g) 1.43a 1.31a 1.69b 0.62 0.002

BW (g) 397.11a 395.34a 446.67b 4.29 < 0.001

Index of BF

(BF weight (mg)/BW (g))

3.59ab 3.30a 3.78b 0.14 0.040

TG weight (g) 2.18a 2.24a 2.86b 0.77 < 0.001

BW (g) 397.11a 395.34a 446.67b 4.29 < 0.001

Index of TG

(TG weight (mg)/BW (g))

5.50a 5.66a 6.40b 0.20 0.008

SEM: Standard Error of Mean; BF: bursa of Fabricius; TG: Thymus gland.

Data represented mean of 3 replications per treatment with 3 broilers per replication (n=3).

Means within a row without superscripts are of no signi�cant difference (p > 0.05).

a,bMeans within a row without common superscripts differ signi�cantly (p < 0.05).
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Table 3 shows the effect of gEGF on serum and mucosa immunoglobulins of the treated broilers after

two weeks. The concentration levels of serum IgA gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,Table 3 and IgG

gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,Table 3 in the gEGF-P-LL group were signi�cantly higher than those

in the Control and P-LL groups. Further, duodenum mucosa sIgA increased signi�cantly in the gEGF-P-LL

groupgEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,Table 3.

 

Table 3. Effect of gEGF on serum and mucosal immunoglobulins of treated broilers after two weeks of

treatment.

Item   Treatment SEM P-value

  C P-LL gEGF-P-LL

Serum IgA (mg/mL) 0.27a 0.23a 0.30b 0.01 0.004

  IgG (mg/mL) 4.07a 3.96a 5.09b 0.34 0.010

             

Mucosa sIgA (ng/mg) Duodenum 197.20a 193.80a 371.34b 8.13 < 0.001

  Jejunum 226.65 247.90 219.22 26.27 0.559

  Ileum 619.85 603.26 640.77 26.82 0.428

SEM: Standard Error of Mean;

Data represented mean of 3 replications per treatment with 3 broilers per replication (n=3).

Means within a row without superscripts are of no signi�cant difference (p > 0.05).

a,bMeans within a row without common superscripts differ signi�cantly (p < 0.05).

 

gEGF promotes the intestinal development of broilers
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Table 4 illustrates the effect of gEGF on the mucosal morphological traits of the small intestine of

broilers after two weeks of treatment. The villus heights of the duodenum gEGF-P-LL v.s. C,gEGF-P-LL v.s.

P-LL,Table 4, jejunum gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,Table 4 and ileum gEGF-P-LL v.s. C,gEGF-P-LL

v.s. P-LL,Table 4 in the gEGF-P-LL group were signi�cantly higher than those in the Control and P-LL

groups. The crypt depth of the jejunum gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,Table 4 in the gEGF-P-LL

group was signi�cantly higher than that of the other groups, while the crypt depth of the duodenum in the

gEGF-P-LL group were lower than those in the P-LL group Table 4Table 4. Further, the gEGF treatment

signi�cantly increased the VH/CD of the duodenum gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,Table 4, but not

that of the jejunum gEGF-P-LL v.s. C,gEGF-P-LL v.s. P-LL,Table 4 and ileum gEGF-P-LL v.s. C,gEGF-P-LL

v.s. P-LL,Table 4.

 

Table 4. Effect of gEGF on the mucosal morphological traits of the small intestine of treated broilers after

two weeks of treatment.
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Item Treatment SEM P-value

C P-LL gEGF-P-LL

Duodenum          

Villus height1116.11a 1210.01a 1333.72b 41.85 0.006

Crypt depth 97.17ab 97.08a 84.79b 6.32 0.016

VH/CD 11.59a 12.47a 15.73b 0.64 0.001

Jejunum          

Villus height 763.91a 757.41a 951.30b 16.90 < 0.001

Crypt depth 97.63a 100.03a 130.51b 7.31 0.007

VH/CD 7.87 7.62 7.29 0.47 0.504

Ileum          

Villus height 652.11a 648.67a 695.15b 13.72 0.026

Crypt depth 82.94 85.01 88.47 6.07 0.673

VH/CD 7.86 7.72 7.87 0.50 0.949

SEM: Standard Error of Mean;

Data represented mean of 3 replications per treatment with 3 broilers per replication (n=3).

Means within a row without superscripts are of no signi�cant difference (p > 0.05).

a,bMeans within a row without common superscripts differ signi�cantly (p < 0.5).

Discussion
EGF has been considered a powerful bioactive molecule since it was �rst discovered in 1962; however,
initial extraction methods resulted in low yields. Today, this is no longer the case as EGF is mass
produced by utilizing a variety of expression systems. However, results from other studies [10, 12-16, 22]
have revealed that different types of systems yield remarkably different expression levels of EGF, and
even when utilizing the same system, levels of EGF can vary depending on the conditions. In addition,
protein production in nisin-induced L. lactis expression systems could be increased by optimizing various
factors [23]. In the present study, gEGF was expressed with a nisin-induced L. lactis expression system,
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and nisin concentration and induction time were optimized for yield. Our results showed that both the
concentration of nisin and induction time could affect the expression level of gEGF. As the concentration
of nisin increased, the gEGF yield increased initially, followed by a decrease at 10 ng/mL. While a
threshold concentration of nisin is required for complete induction, excess concentrations could inhibit
the growth of the host strain due to innate antibacterial properties. Further, as the induction time
increased, the expression level of EGF increased gradually before decreasing at 12 h, perhaps due to
excess lactate accumulation, which disrupts cell metabolism, during cell growth [24,25]. The
concentration of gEGF in the supernatant was 2.67 μg/mL, which was similar to or higher than the results
of other studies [12, 14, 16, 22].

 

EGF promotes cell proliferation and differentiation. Despite minor differences in the amino acid
sequences of EGF from different species, similarity of the EGF receptor (EGFR) structure ensures that EGF
is not highly species-speci�c. For example, hEGF has been shown to function in rats [26], mEGF in pigs
[27], and pEGF in chickens [21], although some anomalies have been reported. Lax et al. showed that the
binding ability of mEGF to chicken EGFR was 100 times lower than that to human EGFR; further, the
binding ability of TGF-alpha to chicken EGFR was equal to or higher than that to human EGFR. These
results highlight the differences in the binding ability of EGF compared to that of EGFR in different
species [28], indicating that EGF of a given species may have different effects for another species. The
proliferation of human dermal �broblasts has been shown to be promoted by hEGF [29]. Therefore, in the
current study, a chicken embryo �broblast line, UMNSAH/DF-1, was used to detect the biological activity
of gEGF in vitro. Our results showed that gEGF could promote the proliferation of DF1 cells. Moreover, the
ability to promote proliferation increased initially with gEGF concentration before decreasing at 5 μg/mL,
indicating that the proliferation-promoting effect of gEGF was concentration-dependent.

 

EGF has been reported to promote growth performance, improve immune function, and stimulate
intestinal development or repair in animals [16, 17, 30, 31]. Wang et al. showed that 14 days of rearing
early-weaned piglets with LL-pEGF signi�cantly increased the �nal body weight and average daily gain of
these piglets, compared to the control group [31]. Bedford et al. showed that the supernatant of
recombinant Lactococcus lactis could promote growth performance in early-weaned piglets, while the
fermentation product, which expressed EGF, could not, possibly due to bacterial overload [16]. However,
since previous researches have focused on EGF in mammals [17, 32, 33], there are no studies concerning
gEGF or its biological activity. Therefore, it was necessary and meaningful to investigate these activities
in relation to growth performance, immune function, and the intestinal development of broilers.

 

The effect of gEGF on the immune function of broilers was evaluated by measuring the immune organ
index, serum IgA and IgG, and intestinal mucosal sIgA. Very few studies have investigated the effects of
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EGF on immune function. Dietary supplementation of recombinant pEGF was shown to effectively
increase the level of IgA in the jejunum mucosa of weaned piglets [34-36]. Further, the level of serum IgA
in weaned piglets increased signi�cantly after 18 days of treatment with pEGF, while the same treatment
signi�cantly increased levels of IgA in the jejunum mucosa after 28 days [17]. In our study, serum IgA
increased signi�cantly during 2 weeks of gEGF treatment, which was similar to the effect of pEGF in
piglets. However, the level of sIgA only increased in the mucosa of the duodenum, and not in the mucosa
of the jejunum or ileum. This result may be due to degradation of gEGF along the gastrointestinal tract as
degradation rates of EGF in the small intestinal lumen of weaned pigs has been shown to increase from
the proximal to the mid and distal regions [37], which resulted in relatively high levels of gEGF in the
proximal intestinal tract. In addition, we found that the thymus and spleen indices increased signi�cantly
in broilers treated with gEGF for 2 weeks, indicating that immune function improved compared to the
phenotype. Overall, these results suggest that gEGF could improve immune function in broilers.

 

The effect of gEGF on the intestinal development of broilers was evaluated by measuring villus height,
crypt depth, and VH/CD in the mucosa of the duodenum, jejunum, and ileum. Intestinal villus with greater
height has a larger area for nutrient absorption, leading to enhanced absorption, while shallower crypts
lead to higher maturation rates of intestinal epithelial cells and better absorption. The VH/CD value could
thus re�ect the function of the small intestine, with higher values implying better nutrient absorption in
the intestine [38]. Our results clearly showed that gEGF promoted the development of the intestinal villus
in the duodenum, jejunum, and ileum following 2 weeks of gEGF treatment; however, in the case of crypt
depth, gEGF could only promote development in the duodenum. Thus, gEGF effectuated a pronounced
effect on the villus, in contrast to the �ndings of Thompson et al. indicating that EGF had greater effects
on the crypt [39]. Moreover, gEGF was found to be strongly associated with the development of the
duodenum, which could also be due to varied degradation rates within different regions of the intestine
[36].

 

This study evaluated growth performance by measuring the body weight, average daily gain, daily feed
intake, and the gain:feed ratio. Most indices of growth performance were improved during the �rst week
of gEGF treatment. The current study found that an increase in the gain:feed ratio occurred both in the P-
LL and gEGF-P-LL groups compared with that in the Control group within the �rst week, suggesting that
there may be some components of the fermentation product of LL-pNZ8149 affecting growth
performance. However, the gain:feed ratio of the gEGF-P-LL group was signi�cantly higher than that of
the other two groups following 2 weeks of gEGF treatment, indicating that gEGF was an important factor
in the growth of broilers. In addition, these results indicated that gEGF signi�cantly improved the growth
performance of broilers via increasing the gain:feed ratio. Kim et al. showed that mEGF exerted bene�cial
effects on the growth performance of broiler chickens prior to challenge with Eimeria, while enhancing the
expression of the nutrient transporter gene xCT1 [21]. Bedford et al. found that the supernatant of the
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EGF-LL fermentation product increased levels of sucrase and alkaline phosphatase by day 8 of treatment
[16]. Wang et al. reported that sucrase in 3 intestinal segments, aminopeptidase A in the duodenum and
jejunum, and aminopeptidase N and dipeptidase  in the duodenum were signi�cantly higher in the group
treated with LL-pEGF than in the control group [30]. Thus, enhanced expression of nutrient transporters
and increased levels of digestive enzymes caused by EGF may have contributed to the improved growth
performance of broilers and early-weaned piglets. Bedford et al. showed that the gain:feed ratio of early-
weaned piglets did not increase following 2 weeks of treatment with the supernatant of recombinant
bacteria [16]. Therefore, further study will be required to investigate if the growth- promoting effect of
gEGF is transient. However, overall, our results suggested that gEGF may be utilized as a growth
promotant in broiler chickens.

 

Antibiotics such as virginiamycin have been used as growth promotants in broiler chickens for decades
[40] because initially, they inhibited pathogenic bacteria; reduced the use of nutrients by bacteria;
increased the synthesis of vitamins and other growth factors; and promoted nutrient absorption by
reducing the thickness of intestinal epithelial cells [41]. However, long-term use of antibiotics resulted in
reduction of sensitivity to the drug, often leading to complete resistance to this therapy [42, 43]. Moreover,
continual use of antibiotics destroyed normal microbiota along with the targeted �ora, causing serious
damage to intestinal microecology [44, 45]. In addition, abuse of antimicrobials in commercial animals
could lead to �nished livestock and poultry products containing antibiotic residue in the form of
prototypes or metabolites, which might alter the intestinal �ora of consumers or result in allergic
reactions, threatening the health of consumers. At the same time, overuse of antibiotics increased the
incidence of drug-resistant bacterial diseases in both humans and animals. Thus, the current study trialed
gEGF as an alternative to antibiotics and found that this therapy signi�cantly promoted the growth
performance of broiler chickens, via increased food intake and weight gain, improved nutrient absorption,
and enhanced intestinal and immune functioning. Therefore, gEGF should be trialed as an alternative
growth promotant because it exhibited non-toxic side effects and did not elicit an antibacterial effect that
could in�uence the natural intestinal �ora of consumers, and thereby might avoid some of the problems
associated with chicken and food safety. However, the limitation of this study was that the chickens were
only grown for two weeks and therefore further research should be conducted by following similar birds
to harvest age to see if this therapy does ultimately yield larger healthier birds.

Conclusions
The recombinant gEGF-expressing Lactococcus lactis could produce the secretory form of gEGF and the
expression level of gEGF was associated with the concentration of inducer (nisin) and different induction
time. Besides, gEGF stimulated the proliferation of UMNSAH/DF-1 cells, increased growth performance,
promoted intestinal development, and improved the immune functioning of broiler chickens. This study
may be an indication for the application of gEGF as a growth promotant in commercial broiler breeding.
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Methods

Bacterial strains, plasmids, medium for bacterial growth

Lactococcus lactis NZ3900 (NIZO food research B.V., Netherlands) was grown in M17 (Qingdao Hope Bio-

Technology Co., Ltd.) supplemented with 0.5% (wt/vol) glucose at 30 ℃ without vibration. The plasmid

pNZ8149 was obtained from NIZO food research B.V., The Netherlands. Transformed L. lactis cells were

selected on M17 without glucose.

 

Construction of the recombinant plasmid pNZ8149-gEGF and transformation procedures

The sequence of the mature gEGF peptide was deduced by aligning the amino acid sequence of pro-

gallus epidermal growth factor (pro-gEGF; NCBI Reference Sequence: NP_001001292.1) with that of the

mature EGF of other species using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and and

the general sequence of EGF-like molecules referred previously [46]. Afterwards, a codon-optimized fusion

gene fragment of gEGF and SPusp45 carrying the Nco /Sac  restriction sites and a 6× His-tag was

synthesized by AuGCT Co., Ltd. (Wuhan, China), consisting of 287 base pairs (the sequence can be found

in the supplemental information). The synthesized gene was digested with Nco /Sac  restriction

enzymes (Thermo Fisher Scienti�c, USA) and inserted into the digested pNZ8149 to construct the

recombinant plasmid pNZ8149-gEGF. L. lactis transformation was performed by electroporation at 2.0 kV

for 4.0 ms using a Micropulser (Bio-Rad, USA), producing an L. lactis strain that could produce gEGF (LL-

pNZ8149-gEGF). The recombinant plasmid was veri�ed by PCR with the upstream primer pNZ8149-F: 5 -

GATTTCGTTCGAAGGAACTAC-3  and the downstream primer pNZ8149-R: 5 -

ATCAATCAAAGCAACACGTGC-3  as well as by restriction enzyme digestion, and the cloned fragments

were veri�ed by sequencing at TIANYI HUIYUAN Co., Ltd. (Wuhan, China), with pNZ8149-F and pNZ8149-

R.

 

Expression of recombinant gEGF protein in L. lactis

The LL-pNZ8149-gEGF strain was inoculated into 5 mL fresh M17 medium (Qingdao Hope Bio-

Technology Co., Ltd.; 1:25 dilution). When the 600 nm optical density of the bacterial cultures reached 0.4,

expression of gEGF-His6 fusion protein (gEGF) was induced by adding 10 ng/mL nisin (Sigma-Aldrich

Co., Ltd.). The culture was incubated at 37 °C without vibration for an additional 6 h. To investigate the

https://www.ebi.ac.uk/Tools/msa/clustalo/
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optimal conditions required for induction, we induced the recombinant strain with different

concentrations of nisin (0, 1, 2.5, 5, 10, 20, and 40 ng/mL) for 9 h and at different times (0, 3, 6, 9, 12, 15,

18, 21, and 24 h) with 10 ng/mL nisin. Afterwards, the cultures were centrifuged at 7500 × at 4 ℃ for 15

min and the cell pellets were discarded. To inhibit proteolysis in the supernatant, 1 mM

phenylmethylsulfonyl�uoride (PMSF; Thermo Fisher Scienti�c, USA) and 10 mM dithiothreitol (DTT;

Thermo Fisher Scienti�c, USA) were added. Loading buffer (10 μl, 5×; Beijing Solarbio Science &

Technology Co., Ltd.) was added to 40 μl of the supernatant, which was then denatured at 100 ℃ for 8

min. Western blot was performed on 20 μl of the supernatants.

 

Puri�cation of recombinant gEGF protein from L. lactis

Protein samples were prepared from 300 mL of the recombinant L. lactis cultures after 6 h of induction at

30 ℃ without vibration. Supernatants obtained by centrifugation at 7500 ×g for 20 min at 4 ℃ were

subjected to precipitation with ammonium sulfate (80%, w/v; Sinopharm Chemical Reagent Co. Ltd.). The

sample was incubated at 4 ℃ with automatic stirring for 2 h and then centrifuged at 12,000 × g for 30

min at 4 ℃. The resultant pellet and �oating materials were harvested and dissolved in a binding buffer

comprising 500 mM NaCl, 20 mM Na3PO4, and 30 mM imidazole at pH 7.4 and dialyzed overnight using

a 1.0-kDa cut-off membrane against the same buffer at 4 ℃. The supernatant was centrifuged at 10,000

×g for 15 min and passed through a 0.45-μm �lter (Merck Millipore Ltd.) to remove insoluble debris. The

supernatant was loaded into a HisTrap HP (GE Healthcare Co., Ltd., UK) column pre-equilibrated with

binding buffer and shaken gently at 4 ℃ for 60 min. The column was then washed with the native wash

buffer (500 mM NaCl, 20 mM Na3PO4, and 60 mM imidazole at pH 7.4). Finally, the bound protein was

eluted with native elution buffer (500 mM NaCl, 20 mM Na3PO4, and 500 mM imidazole at pH 7.4) and

analyzed using Tricine-SDS-PAGE. The puri�ed protein was then dialyzed against phosphate-buffered

saline (PBS). The concentration of the puri�ed protein was determined using a bicinchoninic acid (BCA)

protein assay kit (Thermo Fisher Scienti�c, USA).

 

In vitro experiment

UMNSAH/DF-1 cells, a chicken embryo �broblast line (BeNa Culture Collection Co., Ltd.), were cultured for

24 h in Dulbecco's modi�ed Eagle’s medium (DMEM; Thermo Fisher Scienti�c, USA) containing 10% fetal

http://www.solarbio.com/
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bovine serum (Thermo Fisher Scienti�c, USA) until they attained a full monolayer, after which they were

diluted at 1:10. Next, 100 μl of the diluted cell culture was added into each well of a 96-well Cell Culture

Cluster (Corning Inc., China) and cultured for 12 h and then starved for 12 h in DMEM without fetal bovine

serum ℃. Afterwards, cell cultures were washed with 100 μl PBS before being treated with 100 μl DMEM

containing 1‒20 μg/mL of gEGF for 12 h, while the control was treated with 100 μl DMEM without gEGF.

Finally, 10 μl Cell Counting Kit-8 (Dojindo Laboratories) was added to the cell cultures and incubated for 1

h. The OD450 of the cultures was then measured using a MULTISKAN MK3 (Thermo Electron Corporation,

USA).

 

In vivo Animal experiment

The experimental protocols and the method of euthanasia used were reviewed and approved by the

Animal Care Ethics Committee of Huazhong Agricultural University (approval number 42000400002483).

The housing, treatment, husbandry, and slaughtering conditions complied with Republic of China

guidelines. Sixty-three 5-day-old broilers (Wuhan CP Co., Ltd.) were randomly divided into three groups,

each containing 3 replications of 7 broilers (each replication was an experimental unit), and allocated to

three different treatments for 14 days: 1) M17 medium (C, as control), 2) supernatant of the LL-pNZ8149

fermentation product (P-LL), and 3) supernatant of the LL-pNZ8149-gEGF fermentation product (gEGF-P-

LL). The initial average body weight of each group was 91.43±2.65 g , 92.00±1.98, 91.42±1.51,

respectively (data was presented as mean±SD). The supernatant was prepared by centrifuging the

fermentation product at 10,000 ×g for 15 min and discarding the bacterial pellet. Thereafter, all broilers in

three groups were orally gavaged with 1 mL each of their respective treatment agent: either M-17 Control,

P-LL, or gEGF-P-LL (2.6 μg gEGF) once a day. All chickens were separately fed in a metal cage with

enough corn-soybean meal and were provided ad libitum access to water and feed for the 14-day

experimental period. Chickens were reared in an environmentally regulated nursery house in Huazhong

Agricultural University. Table 5 provides a list of the exact feed formulation and nutrient composition.
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Feed intake and body weights were recorded every 7 days. All of the broilers were healthy throughout the

trial. On day 15, 3 broilers from each cage were randomly selected (9 broilers from 3 cages for each

treatment) for the collection of samples to evaluate the effect of gEGF on their immune function and

intestinal development. Blood was collected from the wing vein of all randomly selected broilers before

they were euthanized for the sample collection of intestinal tissues and immune organs. Care and

maintenance of all animals were in line with the standards of Institutional Animal Care.

 

Table 5. Composition of experimental diets.
Items Content (%)
Ingredients (%)  
Corn, yellow 58.10
Soybean meal, dehulled (CP, 48%) 30
Fish meal 4.94
Soybean oil 3.0
Calcium bicarbonate 1.4
Limestone 1.4
Salt 0.25
L-Lysine-HCl 0.03
DL-methionine 0.2
Choline chloride 0.13
Antioxidant 0.05
Mineral and vitamin premixa 0.05
Total 100
   
Analyzed nutrition value  
Crude protein (%) 21
Crude �ber (%) 4.95
Calcium (%) 0.95
Phosphorus (%) 0.62
Lysine (%) 1.30
Methionine (%) 0.55
Met+Cys (%) 0.90
ME (kcal/kg) 3100

aSupplied per kilogram.

Diet: zinc, 60 mg; iron, 95 mg; copper, 10 mg; iodine, 0.35 mg; selenium, 0.3 mg; manganese, 80 mg; vitamin A, 12,000 IU; vitamin D3,

2,750 IU; vitamin E, 30 IU; vitamin K3, 2 mg; vitamin B12, 12 μg; ribo�avin, 6 mg; nicotinic acid, 40 mg; pantothenic acid, 12 mg;

pyridoxine, 3 mg; biotin, 0.2 mg.
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The collected blood samples were centrifuged at 260 ×g at 4 ℃ to obtain cell pellets. Thymus, spleen,

and bursa of Fabricius were collected from the animals after they were euthanized. The intestinal tract

samples of the duodenum, jejunum, and ileum were opened longitudinally, �ushed with precooled PBS,

and blotted to remove excess �uid. Dissected samples were �xed with 4% paraformaldehyde (Biosharp

Co., Ltd.) for para�n section preparation to evaluate villus-crypt morphology. A 5-cm section of each

tissue from the intestinal tract was scraped with a scalpel to obtain mucosal samples. Mucosal

scrapings were placed on pre-weighed cryovials, weighed, and frozen in liquid nitrogen for identi�cation

of mucosal sIgA. Intestinal samples were embedded in para�n, sectioned (3 μm thickness), stained with

hematoxylin and eosin for panoramic scanning, and imaged with a Panoramic MIDI slide scanner (3D

HISTECH Co., Ltd, Hungary). Villus height and crypt depth were measured from 8 appearance-intact villi

with Image-pro plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA). Frozen mucosa samples were

homogenized on ice in saline using a Pro 200 homogenizer (PRO Scienti�c Co., Ltd., USA). Serum IgA and

IgG and small intestinal mucosa (sIgA) were measured using ELISA kits (Shanghai Bogoo Biotechnology

Co., Ltd.).

 

Statistical analysis

The in vivo experimental model used was a completely randomized design with 3 treatments, each

containing 3 replications of 7 broilers. Each replication containing 7 broilers was an experimental unit.

Data from table 1 represented mean of 3 replications per treatment with 7 broilers per replication and

data from table 2, 3 and 4 represented mean of 3 replications per treatment with 3 broilers per replication.

All data were analyzed using the statistical program SPSS 19 (IBM Corp., Armonk, NY). The data were

analyzed by 1-way ANOVA using Fisher's protected LSD test for multiple comparisons. Results were

regarded as signi�cant when P < 0.05.

Abbreviations
gEGF: gallus epidermal growth factor; LL-pNZ8149: Lactococcus lactis transformed with plasmid
pNZ8149; LL-pNZ8149-gEGF: Lactococcus lactis that secretes gEGF; P-LL: treatment group fed
supernatant of LL-pNZ8149 fermentation product; gEGF-P-LL: treatment group fed supernatant of LL-
pNZ8149-gEGF fermentation product; EGFR: epidermal growth factor receptor; pEGF: porcine epidermal
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growth factor; mEGF: mouse epidermal growth factor; hEGF: human epidermal growth factor; IBW: initial
body weight; BW: body weight; ADG: average daily feed intake.
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Figures

Figure 1

Analysis of gEGF produced by the recombinant strain. Lanes 1‒2: 20 μl/well of the supernatant from the
LL-pNZ8149 fermentation product and the supernatant from LL-pNZ8149-gEGF fermentation product,
respectively. The recombinant gEGF is marked by an arrowhead.

Figure 2

Analysis of gEGF expression by LL-pNZ8149-gEGF induced with different concentrations of nisin for 9 h.
The LL-pNZ8149-gEGF cultures were induced with 0, 1, 2.5, 5, 10, 20, 40 ng/ml nisin for 6 h when the
optical density of 600 nm of the bacterial cultures reached 0. 4. Lanes 1‒7: 20 μl/well of supernatant
from each of the induced cultures, respectively.
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Figure 3

Analysis of gEGF expression by LL-pNZ8149-gEGF induced for different induction times with 10 ng/ml
nisin. The LL-pNZ8149-gEGF was induced with 10 ng/ml nisin for 0, 3, 6, 9, 12, 15, 18, 21, 24 h when the
optical density of 600 nm of the bacterial cultures reached 0.4. Lanes 1-9: 20 μl/well of the supernatant
from each of the induced cultures, respectively.

Figure 4

Analysis of the puri�ed gEGF by Tricine-SDS-PAGE. Lane 1: Spectra Multicolor Low Range Protein Ladder.
Lane 2: 20 μl/well of protein puri�ed from the supernatant of 300 mL LL-pNZ8149-gEGF cultures. The
recombinant gEGF is marked with an arrowhead at 7 kDa.
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Figure 5

The standard curve for bovine serum albumin (BSA).

Figure 6

Effect of gEGF of 1‒20 μg/mL on DF-1 proliferation. Values are mean ± SD (n = 5). Bars with different
letters are signi�cantly different (p < 0.05).
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