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Abstract
Background Toward the late phase of laying, the production performance of laying hens decreases, egg quality 
deteriorates, lipid metabolism weakens, and hepatic lipid accumulation is exacerbated. Probiotics as an alternative to 
antimicrobials have been employed in poultry-related industries. Lactobacillus rhamnosus GG (LGG) is currently the 
most researched and clinically validated probiotic, showing promising effects in multiple application areas. However, 
few studies have been conducted on livestock (including poultry) production.

Results Compared with the CON group, the feed conversion ratio (P < 0.01) declined significantly in the LGG group. 
Eggshell strength (P < 0.001) and eggshell thickness (P < 0.001) were significantly increased by supplementation with 
LGG in the diet. The height (P < 0.001) and proportion (P < 0.05) of the effective layer and the mammillary knob density 
(P < 0.01) in the eggshell ultrastructure of the LGG group increased significantly, while the mammillary layer (P < 0.05) 
and knob width (P < 0.01) decreased significantly. The LGG-treated hens had significantly lower serum concentrations 
of low-density lipoprotein (P < 0.05), free fatty acids (P < 0.01), and liver triglyceride (P < 0.05) levels than those in the 
CON group.

Conclusions LGG supplementation significantly decreases the feed conversion ratio, improves eggshell quality by 
altering the ultrastructure, and improves lipid metabolism in the late laying period.

Keywords Lactobacillus rhamnosus GG, Laying hens, Production performance, Eggshell quality, Lipid metabolism, 
Eggshell ultrastructure

Effects of dietary Lactobacillus rhamnosus 
GG supplementation on the production 
performance, egg quality, eggshell 
ultrastructure, and lipid metabolism of late-
phase laying hens
Liming Liu1, Guoqing Zhang1, Ge Qu1, Bin Liu1,2, Xiufeng Zhang1, Gaoqian Li1, Ningyi Jin3, Chang Li3, Jieying Bai2,4 
and Cuiqing Zhao1*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12917-023-03719-9&domain=pdf&date_stamp=2023-9-6


Page 2 of 9Liu et al. BMC Veterinary Research          (2023) 19:150 

Background
Eggs, which contain a variety of fatty acids, vitamins, and 
minerals required for human health, are an important 
and inexpensive source of high-quality protein, and the 
demand for this popular and nutritious food is increasing. 
The industrialization of the poultry industry has resulted 
in longer feeding periods. Consequently, the metabolic 
capacity and physiological function of laying hens tend 
to gradually decline after their peak laying period, which 
requires a high metabolic output. As a result, the produc-
tion performance and egg quality of laying hens rapidly 
declines in the late laying period [1], which has serious 
financial impacts on farmers. Therefore, there is a need 
to improve egg production and quality in the late lay-
ing period to extend the production cycle and raise the 
breeding efficiency of laying hens [2, 3].

Probiotics are living microorganisms that are admin-
istered in feed to confer health benefits. They have been 
increasingly used in animal breeding following the prohi-
bition of antibiotics in feed (European Union since 2006 
and in China since 2020). At present, a variety of probi-
otics have been employed in poultry-related industries. 
Previous reports have demonstrated that probiotics can 
reduce ammonia emissions in chickens, inhibit pathogen 
colonization, and maintain the balance of the gastroin-
testinal microbiome [4, 5]. It has also been reported that 
dietary probiotics can enhance feed intake, energy utili-
zation, growth performance, egg quality, and immunity 
while maintaining the intestinal health of poultry [6–10]. 
In addition, probiotics are able to reduce fat deposition in 
the liver and to improve indicators of lipid metabolism in 
the serum of laying hens [11–14].

Lactobacillus rhamnosus GG (LGG) is currently the 
most researched and clinically validated probiotic around 
the world and is also the most functional probiotic. 
Clinical studies have shown that LGG exhibits beneficial 
effects such as balancing intestinal flora [15, 16], improv-
ing intestinal health [17], enhancing the intestinal muco-
sal barrier [18, 19], preventing and treating diarrhea [20], 

improving immunity [21], preventing and promoting 
allergic recovery [22], and regulating glucose and lipid 
metabolism [23, 24]. It is worth noting that in our previ-
ous studies, LGG significantly reduced hepatic lipid accu-
mulation and liver injury by regulating intestinal barrier 
function and improving lipid metabolism [25–27]. How-
ever, there have been no reports of the use of LGG in 
poultry production. Especially in the late stage of laying, 
the production performance of laying hens decreases, 
egg quality deteriorates, lipid metabolism weakens, and 
hepatic lipid accumulation is exacerbated. Hence, the 
current study aimed to determine the potential effects of 
LGG on the production performance, egg quality, egg-
shell ultrastructure, and lipid metabolism of laying hens 
in the late laying period.

Results
Production performance
All laying hens were healthy throughout the entire 
experimental period. No obvious differences in the total 
egg weight and daily laying rate were found between 
the CON and LGG groups in all three phases (Table 1). 
Compared to the CON group, the LGG group fed the 
diet containing LGG had lower feed conversion rates at 
31–45 days (P < 0.01). Nonetheless, no difference was 
found in the other phases (Table 1).

Egg quality
Table 2 shows the egg quality results. There were no dif-
ferences in the egg shape index, Haugh unit, or yolk color 
between the LGG and CON groups. Eggshell thickness 
(P < 0.01) and eggshell strength (P < 0.001) in the LGG 
group were markedly higher than those in the CON 
group.

Eggshell ultrastructure
To investigate the effect of LGG on eggshell ultrastruc-
ture, eggshell samples from each group were examined 
by scanning electron microscopy (Fig.  1) and analyzed 

Table 1 Effects of dietary supplementation of LGG on the production performance of laying hens
Item Phase of Experiment CON1 LGG2 Pooled SEM3 P-value
Total egg weight (g) 1–15 days 1317 1423 34.6 0.100

16–30 days 1378 1461 37.3 0.270
31–45 days 1371 1488 31.3 0.0600

Feed conversion ratio (Kg feed/ Kg egg) 1–15 days 2.20 2.21 0.0500 0.990
16–30 days 2.21 2.17 0.0500 0.900
31–45 days 2.30 2.10 0.0400 0.0100

Daily laying rate (%) 1–15 days 68.9 74.4 1.82 0.150
16–30 days 74.0 75.6 1.95 0.930
31–45 days 73.6 76.2 2.10 0.720

1CON: basal diet
2LGG: basal diet supplemented with 8 × 1010 CFU/Kg LGG
3Data are expressed as the means and pooled standard error of the mean (Pooled SEM)
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with ImageJ software (Table 3). The average diameter of 
the mammillary knob was smaller in the LGG group than 
in the CON group, indicating that the mammillary knob 
density was higher in the LGG group than in the CON 
group (Fig. 1A, B). Moreover, the presence of cracks on 
the outer surface was significantly reduced (Fig. 1C, D). 
In addition, the effective thickness of eggshells was sig-
nificantly increased in the LGG group (Fig.  1E, F). The 
ultrastructure of the eggshells was observed by electron 
microscopy. Compared to those of the CON group, the 
diameter (P < 0.001) and the average size of the mam-
millary knob (P < 0.01) of eggshells were significantly 
reduced in the LGG group. In addition, the effective layer 
thickness (P < 0.0001), effective layer ratio (P < 0.05), and 
total eggshell thickness (P < 0.0001) were significantly 
elevated, and the mammillary layer ratio (P < 0.05) was 
significantly decreased.

Lipid metabolism
The effects of LGG addition on laying hens’ serum and 
liver lipid metabolism indicators are shown in Table  4. 
The LDL (low-density lipoprotein) (P < 0.05) and FFA 
(free fatty acid) (P < 0.05) concentrations were markedly 
decreased by LGG supplementation in the serum. None-
theless, the serum concentrations of TG and T-CHO 
were not significantly different between the two groups. 
In addition, compared to that in the CON group, the 
hepatic level of TG was decreased (P < 0.05) in the LGG 
group. Similar to the liver TG content, there was a visible 
reduction in liver lipid droplets after dietary LGG supple-
mentation (Fig. 2).

Discussion
The laying rate of hens gradually declines in the late lay-
ing period, which accounts for approximately half of the 
laying period. The particular physiological characteris-
tics of laying hens give rise to a series of health problems 
in the late laying period, including declines in nutrient 
absorption capacity and antibody performance and dis-
orders of lipid metabolism. These changes in the physi-
ological state weaken production performance and egg 
quality, causing significant economic impacts on farm-
ers. This study showed that LGG added to the diet of 

hens in the late laying period significantly reduced the 
feed conversion rate, similar to a previous report show-
ing that Bifidobacterium spp. and Lactobacillus casei 
significantly improved the feed conversion rate [28]. It is 
also noteworthy that the feed conversion rate, egg yield, 
egg weight, and egg quality were all greatly enhanced by 
adding Enterococcus faecalis (order Lactobacillales) to 
the diet [29]. The beneficial effects of probiotics on egg 
production may be due to their ability to boost intestinal 
health, reduce the stress response, and improve immune 
function [30–32].

Approximately 10–15% of eggs are broken during col-
lection, storage, or transport due to eggshell quality 
problems [33]. Crucially, with older hens in the late lay-
ing period, egg weight increases, but eggshell weight does 
not, so the eggshell becomes thinner and its strength is 
decreased [34, 35]. Furthermore, in the late laying period, 
the weakened regeneration of endometrial cells, insuf-
ficient secretion of uterine fluid, and abnormal mineral-
ization disrupt the uniformity of calcium deposition in 
eggshells, affecting their thickness and uniformity and 
reducing their strength [36]. This significant decrease 
in eggshell quality in the late laying period remains an 
important problem in breeding laying hens [37]. Clostrid-
ium butyricum added to the diet in the late laying period 
is reported to greatly enhance eggshell strength [38]. 
Late-period dietary probiotics had no effect on eggshell 
strength but significantly reduced the eggshell breakage 
rate and nonshell egg yield [39]. The present study found 
that LGG significantly increased eggshell thickness and 
eggshell strength but had no significant effect on Haugh 
units and yolk color in the late laying period.

The factors influencing eggshell strength are highly 
complex. The ultrastructure of the eggshell is a key factor 
determining its quality [40], and microscopic ultrastruc-
tural observation is helpful to better understand eggshell 
structure. While the benefits of probiotics on eggshell 
strength have been reported, their effect on the ultra-
structure has rarely been studied. Eggshells have a highly 
ordered structure consisting of the inner and outer mem-
branes, mammillary layer, palisade layer, vertical crys-
tal layer, and cuticle. The effective thickness is the total 
thickness of the eggshell minus the effective mammillary 

Table 2 The effect of dietary LGG supplementation on egg quality traits
Item CON1 LGG2 Pooled SEM3 P-value
Egg shape index 1.43 1.42 0.0100 0.670
Eggshell thickness (mm) 0.380 0.400 0.0100 0.0060
Eggshell strength (N) 30.8 34.1 0.546 0.0003
Haugh units 61.2 63.6 0.915 0.103
Yolk color 10.4 10.8 0.159 0.130
1CON: basal diet.
2LGG: basal diet supplemented with 8 × 1010 CFU/Kg LGG.
3Data are expressed as the means and pooled standard error of the mean (Pooled SEM).
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Fig. 1 Scanning electron microscopy of the eggshell. The inner surface of the eggshells fed CON (A) or LGG (B), Scale bar: 500 μm. The outer surface of 
the eggshells fed CON (C) or LGG (D), Scale bar: 500 μm. Cross-section of the eggshells fed CON (E) or LGG (F), Scale bar: 200 μm. CON: basal diet; LGG: 
basal diet supplemented with 8 × 1010 CFU/Kg LGG; EL = Effective Layer, ML = Mammillary Layer
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thickness. In this study, LGG increased the effective layer 
thickness and density of the mammillary layer, reduced 
the width of the mastoid knot, and improved the surface 
cracking and pores of the eggshell. Generally, a higher 
density mammillary layer, smaller mastoid knot, and 
thicker palisade layer result in higher eggshell strength 
[41, 42]. An abnormally structured mammillary layer 
reduces its fracture resistance and can reduce the effec-
tive layer thickness or increase the porosity [41, 43], thus 
weakening the eggshell’s resistance to external forces. 
This study demonstrates that LGG can improve eggshell 
quality by altering its ultrastructure.

Serum biochemical indicators can be used to objec-
tively assess animal health and metabolism status. Laying 
hens are prone to lipid metabolism disorders and various 
diseases during the late laying period, which follows the 
peak laying period during which a high metabolic output 
is required [44]. Our pilot study demonstrated the capa-
bility of probiotics to ameliorate lipid metabolism disor-
ders in animals [25]. Probiotics play an important role in 
the regulation of lipid metabolism in poultry [45, 46]. It 
is particularly noteworthy that the probiotic Clostridium 
butyricum regulates the lipid metabolism of late-period 
laying hens by regulating the intestinal flora and the 

Table 3 The effect of dietary LGG supplementation on eggshell ultrastructure
Item CON1 LGG2 Pooled SEM3 P-value
Mammillary knobs density (mm2) 160 246 8.98 0.0003
The average diameter of the mammillary knob (µm) 77.2 63.4 2.63 0.0047
Effective Layer (µm) 252 295 4.78 < 0.0001
Mammillary Layer (µm) 72.3 70.4 2.88 0.670
Total thickness (µm) 324 366 3.35 < 0.0001
Effective Layer (%) 77.7 80.7 0.910 0.0400
Mammillary Layer (%) 22.3 19.3 0.900 0.0400
1CON: basal diet
2LGG: basal diet supplemented with 8 × 1010 CFU/Kg LGG
3Data are expressed as the means and pooled standard error of the mean (Pooled SEM)

Table 4 Effect of dietary LGG supplementation on serum lipid parameters of laying hens
Item CON1 LGG2 Pooled SEM3 P-value
Serum (mmol/L)
TG 21.8 18.0 1.96 0.190
T-CHO 3.98 3.46 0.300 0.240
LDL 1.76 1.11 0.210 0.0500
FFA 0.560 0.340 0.0500 0.0100
Liver (mmol/g)
TG 0.440 0.330 0.0300 0.0200
T-CHO 0.0300 0.0300 0.0020 0.510
Abbreviations: TG = Triglyceride; T-CHO = Total- cholesterol; LDL = low-density lipoprotein; FFA = free fatty acids
1CON: basal diet
2LGG: basal diet supplemented with 8?1010 CFU/Kg LGG
3Data are expressed as the means and pooled standard error of the mean (Pooled SEM)

Fig. 2 Effects of LGG on hepatic lipid in laying hens. Liver histology of CON group (A) and LGG group (B). Scale bar: 30 μm
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spectrum of bile acids [13] and that combining probiot-
ics greatly improves serum biochemical indicators [47]. 
Furthermore, dietary Lactobacillus acidophilus signifi-
cantly lowers the concentration of glycerol, total choles-
terol, and low-density lipoprotein in the peripheral blood 
of laying hens [12]. This study found that LGG could 
effectively reduce the content of low-density lipoprotein 
and nonesterified fatty acids in serum and the content of 
triglycerides in liver tissue. It is important to control the 
lipid metabolism of late-period laying hens for optimum 
animal welfare and breeding purposes. Therefore, this 
strategy may also be an effective way for LGG to improve 
both production performance and egg quality.

Conclusion
In conclusion, this study demonstrated that supplemen-
tation with 8 × 1010 CFU/kg LGG can improve hen per-
formance and eggshell quality of laying hens during the 
late laying period. The positive effect of LGG on eggshell 
quality may be associated with improvement in the egg-
shell ultrastructure. In addition, our study provides evi-
dence that dietary LGG also improves lipid metabolism 
indicators in laying hens. Therefore, dietary LGG supple-
mentation could be recommended to positively impact 
the performance and health of laying hens.

Methods
Bacterial strain and culture conditions
The LGG strains were purchased from American Type 
Culture Collection (ATCC) (53,103) and cultured for 
18 h in MRS broth medium at 5% CO2 and 37 °C.

Experimental Design.
The laying hens used in this experiment were self-bred 

and raised by the College of Animal Science and Technol-
ogy, Jilin Agricultural Science and Technology University. 
Sixty healthy, non-antibiotic-fed Jinghong No. 1 laying 
hens (63 weeks old) were randomly divided into the con-
trol (CON) and LGG groups, with 5 laying hens in each 
replicate and 6 replicates in each group. The CON groups 
were fed a basal diet, while the LGG group was fed a 
diet containing 8 × 1010 CFU/kg LGG. The experimental 
period was 45 days total, with phases of 1–15 days, 16–30 
days, and 31–45 days. Table 5 shows the nutritional level 
and composition of the basic diet.

Growth conditions of laying hens and sample collection
Food and water were ad libitum accessible throughout 
the whole experimental period. Chickens were raised 
under artificial and natural lights for 16  h/d. The room 
temperature was monitored at 17–23 °C. Eggs were col-
lected and weighed daily. At the end of the experiment, 
the chickens were fasted for 12 h prior to slaughter. Wing 
vein blood collection was performed. After stunning, cer-
vical dislocation was performed.

Table 5 Dietary composition and nutrient levels of the experimental diets (as fed basis)
Ingredients % Nutrient content 3 Value
Corn 59.0 Metabolizable energy 

(MC/kg)
2.60

Soybean meal (43) 18.2 Crude protein (%) 15.5
Stone grain (10–20 mesh) 9.73 fibre(%) 2.94
DDGS 8.47 Calcium (%) 3.70
Rice bran meal (15.1%) 2.00 Total phosphorus (%) 0.470
Corn germ cake (16.7%) 0.790 Salt (%) 0.360
Rice bran oil 0.600  K (%) 0.620
Bone Calcium hydrogen phosphate 0.500 Na (%) 0.200
NaCl 0.250 Cl (%) 0.200
Methionine 0.120 Lysine (%) 0.750
Lysine sulfate(70%) 0.100 Methionine (%) 0.370
Mineral premix 1 0.100 DL-Methionine (%) 0.630
Choline chloride(50%) 0.100 Threonine (%) 0.580
Vitamin Premix 2 0.0300 Tryptophan (%) 0.160
Thermostable phytase(20,000) 0.0100 Isoleucine (%) 0.600
Total 100 Valine (%) 0.720
Abbreviations: DDGS = Distillers Dried Grains with Solubles
1Mineral premix provided the following per kg of diets: Cu,7,000 mg; Fe, 78,000 mg; Zn, 65,800 mg; Mn, 85,000 mg; I, 550 mg; Se, 300 mg
2Vitamin premix provided the following per kg of diets: VA, 4,000 IU; VD3, 1,500 IU; VK3, 15,000 mg; VE, 95,000 mg; VB1,10,000 mg; VB2, 30,000 mg; VB6, 15,000 mg; 
VB12, 120 mg; Nicotinamide, 150,000 mg; D biotin, 500 mg; Folic acid, 8,000 mg; D pantothenic acid, 45,000
3The values of metabolizable energy, available phosphorus, and amino acids are calculated, and others are measured values
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Production performance
The laying rates and feed conversion ratios were calcu-
lated. The laying rate was measured as the rate of egg 
production (e.g., broken and normal eggs) from each hen 
daily. The feed conversion ratio = feed consumption (kg)/
total egg weight (kg).

Egg quality
At the end of 45 days, 20 eggs were collected from the 
two groups to evaluate egg quality. The weight of each 
egg was recorded. An egg shape determinator (FHK, 
Japan) was used to determine the egg shape index. An 
eggshell strength tester (FHK, Japan) was employed to 
measure eggshell strength. An eggshell thickness gauge 
(FHK, Japan) was applied to measure eggshell thickness 
at different locations (middle, lower and upper end), 
and the mean value was calculated. The height of the 
albumen was measured at the three locations using an 
egg white height tester (FHK, Japan). After separation, 
the yolk color was determined using a colorimetric fan. 
Based on these data, the Haugh units were calculated. 
Haugh unit = 100 × log (AH + 7.57–1.7×EW0.37), where 
AH and EW are the albumen height (mm) and egg weight 
(g), respectively. Egg shape index = egg long diameter 
(longitudinal diameter)/egg short diameter (horizontal 
diameter).

Eggshell ultrastructure
Three eggs from each group were randomly selected. The 
ultrastructure of an eggshell (0.5 ~ 1 cm2) was assessed 
using a scanning electron microscope. To facilitate mem-
brane removal, eggshells were boiled in 2% NaOH for 
10  min. Afterward, the shells were rinsed in water and 
dried for at least 24  h at room temperature. Thereafter, 
the eggshell samples were secured tightly on a conduc-
tive carbon film (double-sided adhesive) and analyzed 
using an ion sputter (Hitachi, Japan) for approximately 
30 s. Subsequently, the eggshell cross-sections and inner 
and outer surfaces were observed using a scanning elec-
tron microscope (Hitachi, Japan). The effective thickness, 
mammillary thickness, and width of the mammillary 
knob were measured and averaged. The mammillary 
thickness was measured as the length from the top of 
the membrane to the bottom of the palisade. The average 
size of the mammillary knob was determined as follows: 
width = the length of the mammillary knob/the number 
of mammillary knobs. The percentages of effective thick-
ness and mammillary thickness were calculated by mea-
suring the ratio of the thickness of each layer to the total 
thickness. The cross-sectional images of each group were 
visualized under 200× magnification. For the inner and 
outer surface analysis, the images for each group were 
visualized under 100× magnification.

Lipid metabolism parameters
The blood samples were stored at room temperature for 
2 h, followed by centrifugation (2500 rpm, 30 min). The 
serum samples were stored at -70  °C until subsequent 
analyses. Nine samples from each group were randomly 
selected for low-density lipoprotein (LDL), total choles-
terol (T-CHO), triglyceride (TG) and free fatty acid (FFA) 
measurement, which were measured by ELISA kits (Nan-
jing Jiancheng Institute of Bioengineering, China).

Then, nine liver samples were also randomly selected, 
and 0.1 g of liver tissue (1:9, w/v) was homogenized with 
0.9% sodium chloride buffer using a SCIENTZ-48  L 
homogenizer (Ningbo Scientz Biotechnology, China). 
After centrifugation (4000×g, 15  min, 4  °C), the super-
natant was subjected to measurement of the TG and 
T-CHO concentrations (Nanjing Jiancheng Institute of 
Bioengineering, China).

Liver morphology analysis
The liver tissues were fixed in paraformaldehyde (10%) 
embedded in paraffin, and three randomly selected fixed 
liver tissues were embedded in paraffin and sectioned at 
a thickness of 5 mm. Subsequently, the slides were sub-
jected to hematoxylin-eosin (H&E) staining. An Olympus 
BX43 microscope (Olympus Corp., Japan) was used to 
examine the stained sections.

Statistical analysis
All values are shown as the mean and pooled SEM and 
were analyzed statistically by T test using GraphPad 
Prism 9. If the data did not conform to normality and 
lognormality tests, the Mann‒Whitney test was used. A P 
value < 0.05 was deemed statistically significant.

Abbreviations
LDL  Low-density lipoprotein
T-CHO  Total cholesterol
TG  Triglycerides
FFA  Free fatty acids
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