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Abstract

Background: Probiotics have been used in livestock production for many years, but information on their benefits
during the early life of calves is inconsistent. This study aimed to assess the effects of probiotics on the performance of
pre-weaning dairy calves and identify the factors influencing their effect sizes.

Results: Forty-nine studies were selected for meta-analysis based on the inclusion and exclusion criteria. The study
qualities were evaluated using a predefined risk assessment tool following GRADE guidelines. Meta-analysis results
showed that probiotics increased the growth performance (body weight by 1.988 kg and average daily gain by
40.689 g/d), decreased digestibility and feed efficiency (feed conversion rate by 0.073), altered rumen parameter
(decreased acetate by 2.815 mmol/L and increased butyrate by 0.788 mmol/L), altered blood parameter (decreased
AST by 4.188 U/L, increased BHBA by 0.029 mmol/L and IgG by 0.698 g/L), increased faecal parameter (faecal bacte-
ria counts by 0.680 log,, CFU/g), based on the strict criteria (Pgyp < 0.05, F < 50%). Additionally, probiotics increased
digestibility and feed efficiency (starter dry matter intake by 0.034 kg/d and total dry matter intake by 0.020 kg/d),
altered blood parameter (increased IgA by 0.313 g/L, IgM by 0.262 g/L, and total antioxidant capacity by 0441 U/mL,
decreased MDA by 0.404 nmol/mL), decreased faecal parameter (faecal score by 0.052), based on the loose criteria
(Poyp <0.05, > 50%).

Regression and sub-group analyses showed that probiotic strains, supplementation dosage, and methods signifi-
cantly affected the performance of calves. The probiotics supplied with more than 9.5 log;, CFU/d significantly
increased IgA and IgM contents (P, < 0.05). Additionally, the compound probiotics significantly increased TDMI,

IgA, and IgM (Pgp < 0.001). Furthermore, probiotics supplemented in liquid (whole milk or milk replacer) significantly
increased TDMI and decreased faecal score (Pq,n < 0.05), while in whole milk, they significantly increased body weight,
IgA, and IgM (Psyp < 0.001).

Conclusions: Probiotics could improve the growth performance, feed intake and efficiency, rumen fermentation,
immune and antioxidant capacity, and health of pre-weaning calves. However, the effect sizes were related to the
dosage, composition, and supplementation methods of probiotics.
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Introduction

Most modern intensive rearing systems for dairy cows
require that the calves are immediately separated from
dams after birth and then artificially fed on whole milk
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imbalanced microbial flora in the digestive tracts of the
calves [1]. Further, it may negatively affect the growth
rate and health status of calves and even production per-
formance if proper feeding and management strategies
are not adopted during this critical life stage [2]. Feed
additives have been extensively studied and commer-
cially explored in livestock production. Probiotics are
one of the most popular feed additives due to their ben-
eficial effect on domestic animals [3]. Probiotics are live
microorganisms that modulate the balance and activities
of the gastrointestinal microbiota and thus can enhance
the host’s health and growth if administered in adequate
dosages [4].

Numerous studies have examined the effect of probiot-
ics on the production performance and health of dairy
calves [5]. However, the results are inconsistent and even
contradictory. Some studies have shown that probiotics
can promote total dry matter intake (TDMI), body weight
(BW), and growth rate of calves [5, 6]; others have con-
cluded that probiotics do not affect the growth perfor-
mance or feed efficiency [7, 8]. Additionally, some studies
have found that probiotics can increase blood IgA, IgG,
and IgM concentrations and correspondingly improve
the immunity of calves [9]; others observed no effect of
probiotics on the concentration of these three immune
globulins [10]. Furthermore, some studies have identified
that probiotics can reduce faecal scores of calves [11, 12];
other reported no differences on faecal scores by adding
probiotics [13]. Meta-analysis has been applied in animal
science for systemic evaluation of the effect of probiotics
on calves. A meta-analysis reported that probiotics could
increase the average daily gains (ADG) by 83.14 g/d and
decrease the feed conversion ratio (FCR) by 0.13 com-
pared with calves fed on a control diet, but it did not suf-
ficiently show the effect of probiotics on calf health [7].
Additionally, a meta-analysis included dairy calves (Hol-
stein and Jersey), beef calves (Charolais and Red Angus),
other cross-bred cattle, local cattle breeds (Qinchuan cat-
tle in China and Hanwoo in Korea), Bubalus bubalis, and
Murrah buffalo, but dairy calves had a very different rear-
ing and management system from others, especially in
the pre-weaning stage. Therefore, it could not accurately
reflect the probiotics function on the pre-weaning dairy
calves [7]. In another meta-analysis including 15 trials,
supplementation of probiotics reduced the relative risk
of diarrhea and feeding in the whole milk improved the
protective effect [14]. However, it did not include other
production performance and needs to update due that it
has been done 10 years ago.

In this study, we hypothesized that probiotics could
improve the growth rate, digestibility, immune, and
health of dairy calves across the published studies. This
study aimed to critically review the studies and enhance
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understanding of the effects of probiotics on pre-wean-
ing dairy calves. The existence of heterogeneity and its
sources were also assessed. Therefore, this study will pro-
vide insights into establishing proper feeding and man-
agement strategies for efficient application of probiotics
in calf rearing.

Methods

Literature search strategy and selection criteria

This study was based on the Preferred Reporting Items
for Systematic Reviews and Meta-analysis Statement
[15]. Three researchers independently searched Pub-
Med, ScienceDirect, Web of Science, and Google Scholar
(before Jan 10, 2022) using the MeSH terms “probiotics,
or any name of the species or strain of probiotics, in com-
bination with “calf” or “calves” to identify eligible studies.

Inclusion and exclusion criteria

Search results from the four databases were pooled in
EndNote (Version X9) and then duplicate publications
were removed. Literature was rigorously screened based
on the inclusion and exclusion criteria. Differences were
resolved through discussions. The references from the
search were included or excluded based on the following
criteria: Inclusion criteria: (1) manuscripts published in
English in peer-reviewed journals, (2) studies involving
the use of probiotics in the diet of dairy calves; (3) stud-
ies including probiotics treatment and negative control
groups; (4) studies with continuous experiment rather
than Latin square or change-over designs; (5) studies
providing adequate probiotics data, the number of cat-
tle, mean, standard deviation or standard error of at least
one of the traits corresponding to the probiotics group
and control group. The exclusion criteria included: (1)
studies without probiotics data or correlated traits data;
(2) studies with the data from non-dairy cattle; (3) stud-
ies with post-weaning calves; (4) studies with probiotics
combined with prebiotics or antibiotics.

Data extraction

The following variables: first author, year, country,
calf breed, age, sample size, probiotic composition,
experiment duration, diet composition, supplementa-
tion methods, mean, standard deviation or standard
error of all traits corresponding to probiotics and con-
trol groups, were extracted from each study. The main
traits were in five categories: growth performance (BW,
ADG, withers height, heart girth, hip width, hip height,
and body length); feed digestibility and efficiency
(organic matter digestibility, dry matter digestibility,
ether extract digestibility, crude protein digestibil-
ity, NDF digestibility, ADF digestibility, TDMI, SDMI,
and FCR (TDMI/ADG)); rumen parameter (rumen
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pH, microbial protein, NH;, total volatile fatty acids
(VFA), acetate, propionate, butyrate, and valerate);
haematology parameter (biochemical indexes, such as
alkaline phosphatase (ALP), albumin (ALB), alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), beta-hydroxybutyric acid (BHBA), blood urea
nitrogen (BUN), glucose, total protein, total choles-
terol, triglyceride, and lactate dehydrogenase (LDH));
immune indices (immunoglobulin A (IgA), immuno-
globulin G (IgG), immunoglobulin M (IgM), insulin-
like growth factor 1 (IGF1), and interferon-y (IFNy));
antioxidant indices (malondialdehyde (MDA), glu-
tathione peroxidase (GSH-Px), superoxide dismutase
(SOD), and total antioxidant capacity (T-AOC)); faecal
parameter (faecal score, count of faecal bacteria, coli-
form, Lactobacilli, and Streptococcus).

The possible sources of variability, calf ages, BW at
the beginning and end of the experiment, additive dos-
age, supplementation methods, and experiment duration
were also extracted from each study.

Study quality assessment

Two researchers independently assessed the study qual-
ity following the criteria in the Cochrane Collaboration’s
tool and the statement of Consolidated Standards of
Reporting Trials [16, 17]. The assessment items included
random sequence generation (selection bias), allocation
concealment (selection bias), blinding of participants
and personnel (performance bias), blinding of outcome
assessment (detection bias), incomplete outcome data
(attrition bias), selective reporting (reporting bias), and
other bias. The disagreements on assessment were settled
by discussions with a third researcher.

Statistical analysis

Meta-analysis

Meta-analysis was performed using the STATA/MP
14.0 software (version 11.0, College Station, TX). The
random-effects model was used to estimate the effect
size, 95% confidence interval (CI), and statistical signifi-
cance for each trait since it is more conservative than
the fixed-effects model [18, 19]. The effect size of probi-
otics was expressed as standard mean difference (SMD)
and raw mean difference (RMD). The SMD showed the
effect size in standard deviation unit and was more gen-
eralizable, while RMD expressed the effect size in the
same unit as the original measurement and was more
interpretable [20]. SMD values 0f<0.2, 0.2<SMD<0.7,
and>0.7 indicated small, moderate, and high effects,
respectively [20, 21]. A P-value of SMD less than 0.05
was considered statistically significant.
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Heterogeneity assessment

Heterogeneity between-study variability was assessed using
the P (P<25%=no heterogeneity, 25% < P <50%=mod-
erate heterogeneity, 50% <F <75%=high heterogeneity,
75% < I? <100% = extreme heterogeneity) [22]. Meta-regres-
sion or sub-group analysis was necessary to further deter-
mine the sources of heterogeneity when the studies had a
substantial heterogeneity (I >50%) [22].

Meta-regression analysis

Meta-regression analyses were conducted using effect
sizes (RMD) for each outcome (Pgyp<0.05, I>25%,
n>10) as the dependent variable to examine heterogene-
ity sources of meta-analysis. The covariates included the
calf age (d), beginning BW (kg), probiotic composition
(single strain/multiple strains), dosage (log,, CFU/d),
supplementation methods (milk, replacer, starter), and
experiment duration (d). Tests of the null hypothesis
for the covariate coeflicients were obtained from the
modified Knapp-Hartung method. The adjusted R? rep-
resented the proportion of between-study variation
explained by the covariates [23]. The RMDs were meas-
ured via sub-group analysis if the P-value of covariates in
meta-regression was less than 0.05. The sub-groups were
divided based on the original categories and practical
implications where necessary.

Publication bias

Begg’s and Egger’s tests were used to assess publication
bias. A P-value less than 0.05 was defined as significant
[24, 25]. Egger’s test was first adopted if the significant
tests disagreed using both methods [26].

Results

The process and results of the literature search and selec-
tion are shown in Fig. SI. Initially, 7033 articles were
identified for screening from PubMed, ScienceDirect,
Web of Science, Google Scholar, and other sources. A
total of 657 articles remained after excluding duplication,
articles with non-dairy cattle, post-weaning calves, feed-
ing probiotics mixed with other additives, published in
non-English, or with no corresponding production traits.
An additional 506 articles were excluded after full-text
review based on previous protocols. Finally, 49 articles
were included in this meta-analysis.

The main characteristics of the 49 studies are shown
in Table S1. The bias risks for each study and overall are
shown in Fig. S2 and S3. Selection bias (random sequence
generation and allocation concealment), attrition bias,
and reporting bias were at low risk in over 75% of the
studies. Performance and detection biases were largely
unclear in over 90% of the studies due to insufficient
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information on the blinding of participants and report-
ing. Descriptive statistics for the five categories of vari-
ables are shown in Table S2.

Growth performance traits
The summary of the meta-analysis on the effects of pro-
biotics on the growth performance of pre-weaning calves
is shown in Table 1. Probiotics did not significantly affect
withers height, heart girth, hip width, hip height, and
body length (Pgyp>0.05). However, probiotics signifi-
cantly increased BW (SMD =0.315, P<0.001, P=41.2%)
and ADG (SMD =0.374, P<0.001, > =39.0%), indicating
moderate effect (0.2<SMD<0.7). Correspondingly, the
RMD analysis showed that probiotics increased BW and
ADG by 1.988 kg and 40.689 g/d, respectively.
Meta-regression analysis showed that per kilogram
of beginning BW of calves increased the final BW by
0.312 kg (P<0.001). The supplementation methods
increased the final BW by 1.576 kg (P=0.002) (Table 6).
Sub-group analysis indicated that probiotics supplied
in whole milk significantly increased the final BW by
4.439 kg (P<0.001, I’=31.0%) (Table 7). The Egger’s and
Begg’s tests results indicated no evidence of publication
bias in the two growth traits (P> 0.05) (Table 1).

Feed digestibility and efficiency
The summary of the meta-analysis on the effects of pro-
biotics on the feed digestibility and efficiency of pre-
weaning calves is shown in Table 2. Probiotics did not
significantly affect the digestibility of organic matter, dry
matter, ether extract, crude protein, neutral detergent
fiber, and acid detergent fiber (Pgp>0.05). However,
probiotics significantly increased SDMI (SMD =0.439,
P<0.001, ”=64.2%) and TDMI (SMD =0.329, P=0.004,
F=69.5%), while they decreased FCR (SMD = —0.305,
P<0.001, P=32.1%), indicating moderate effect. Cor-
respondingly, the RMD analysis showed that probiotics
increased SDMI and TDMI by 0.034 kg/d and 0.020 kg/d,
respectively, while decreased FCR by 0.073.
Meta-regression analysis showed that per kilogram
of beginning BW of calves tended to increase TDMI
by 0.052 kg/d (P=0.096). In contrast, probiotic strains
tended to decrease TDMI by 0.032 kg/d (P=0.074).
Additionally, the supplementation methods significantly
increased the TDMI by 0.019 kg/d (P=0.045) (Table 6).
Sub-group analysis showed that although compound pro-
biotics significantly increased the TDMI by 0.028 kg/d
(P=0.001), heterogeneity was still high (P=76.9%)
(Table 7). Furthermore, probiotics supplied in the starter
did not affect TDMI (P>0.05). However, probiotics
supplied in whole milk and milk replacer significantly
increased TDMI by 0.033 kg/d (P=0.018, *=87.0%)
and 0.019 kg/d (P=0.030, I>=64.3%), respectively. The
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Egger’s and Begg’s tests indicated some evidence of publi-
cation bias in SDMI, TDMI, and FCR (P<0.05) (Table 2).

Rumen parameter

The summary of the meta-analysis on the effects of
probiotics on the rumen fermentation parameters of
pre-weaning calves is shown in Table 3. Probiotics did
not significantly affect rumen pH, microbial protein,
NH,, total VFA, propionate, and valerate (Pgyp>0.05).
However, probiotics significantly decreased acetate
(SMD=—-0.453, P=0.016, ’=36.2%) and increased
butyrate (SMD =0.722, P<0.001, *=49.0%), indicating
moderate effect on acetate and high effect on butyrate.
Correspondingly, the RMD analysis showed that probi-
otics decreased acetate by 2.815 mmol/L and increased
butyrate by 0.788 mmol/L.

Meta-regression analysis showed that none of the six
covariates was a significant source of heterogeneity for
acetate. However, the supplementation dosage was the
source of heterogeneity for butyrate (?=0.039) (Table 6).
Sub-group analysis indicated that probiotics supplied at
the high dosage (> 10 log;, CFU/d) significantly increased
butyrate by 0.463 mmol/L (P=0.013, =47.8%), but
those at the low dosage (<9 log;, CFU/d) had high het-
erogeneity (I°=69.9%) (Table 7). The Egger’s and Begg’s
tests indicated no evidence of publication bias in the two
traits (P>0.05) (Table 3).

Haematology parameter

The summary of the meta-analysis on the effects of probi-
otics on the blood biochemistry, immunity, and antioxidant
indices of pre-weaning calves is shown in Table 4. Probiot-
ics did not significantly affect some biochemical indexes
(ALP, ALB, ALT, BUN, Glucose, total protein, total choles-
terol, triglyceride), immune indices (IGF1 and IFNy), and
antioxidant indices (GSH-Px and SOD) (Pgyp>0.05). How-
ever, probiotics significantly influenced some biochemical
indexes, including AST (Pgy;p=0.001, RMD=—-4.188 U/L,
P=44.6%), BHBA (Pg,=0.044, RMD=0.029 mmol/L,
P=27.6%), and LDH (Psy;,<0.001, RMD=-78.796 U/L,
P=52.7%), immune indices, including IgA (Psyp<0.001,
RMD=0313 g/L, FP=684%), IgG (Pgyp<0.001,
RMD=0698 g/L, F=285%), IgM (Pgyp<0.001,
RMD=0262 g/L, F=68.7%), and antioxidant indices,
including MDA (Pgy,=0.027, RMD=—0404 nmol/ml,
F=80.5%) and T-AOC (Pgy;p, =0.016, RMD=0.441 U/mL,
P=65.1%).

Meta-regression analysis for blood traits (> 10) showed
that increasing probiotics by per log,, dosage increased IgA
by 0.545 g/L (P=0.003) and IgM by 0.267 g/L (P=0.018).
Probiotic strains decreased IgA by 0.487 g/L (P=0.004)
and tended to decrease IgM by 0.395 g/L (P=0.074)
(Table 6). Sub-group analysis showed that probiotics
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supplied at the low dosage (<9 log,;, CFU/d) did not affect
IgA and IgM (P>0.05) (Table 7). However, the middle
(9.5—9.9 log;, CFU/d) and high (>10 log;, CFU/d) dos-
ages significantly increased IgA and IgM (Pgyp<0.05,
respectively). Additionally, single probiotics did not affect
IgA and IgM (P>0.05) while compound strains increased
IgA (Pgyp<0.001, RMD=0471 g/L, P=62.9%) and IgM
(Pop<0.001, RMD=0.324 g/L, FP=73.2%). Further-
more, probiotics supplied in whole milk increased IgA
(Poup<0.001, RMD=0.554 g/L, F=422%) and IgM
(Pgyip <0.001, RMD =0.408 g/L, ’=59.5%), while probiot-
ics in milk replacer did not affect IgA and IgM (Pgy, >0.05)
(Table 7). The Egger’s and Begg’s tests indicated some
evidence of publication bias in IgA and IgM (P<0.05)
(Table 4).

Faecal quality and intestinal flora parameter
The summary of the meta-analysis on the effects of
probiotics on the faecal quality and intestinal flora
of pre-weaning calves is shown in Table 5. Probiotics
did not significantly affect the counts (log;, CFU/g) of
coliform, Lactobacilli, and Streptococcus (Pgyp,>0.05).
However, probiotics significantly decreased faecal score
(SMD=—0.383, P=0.015, ’=78.4%) and increased
faecal bacteria counts (SMD=0.361, P=0.002,
I?=36.9%). Correspondingly, the RMD analysis showed
that probiotics decreased the faecal score by 0.052 and
increased faecal bacteria counts by 0.680 log,, CFU/g.
Meta-regression analysis showed that per day of age
decreased faecal score by 0.009 (P=0.012). Moreo-
ver, each day of supplementation duration tended to
decrease faecal score by 0.002 (P=0.064) and supple-
mentation methods significantly decreased faecal score
by 0.09 (P=0.036) (Table 6). Sub-group analysis showed
that probiotics did not affect faecal score of young calves
(age<5 d) (P>0.05) but significantly decreased fae-
cal score of older groups (age>10 d) (Pgp=0.010,
RMD = —0.061) (Table 7). Additionally, supplementation
in short term (< 28 d) did not affect faecal score (P>0.05)
while supplementation in long term (> 42 d) significantly
decreased faecal score (Pgyp=0.002, RMD = —0.070).
Furthermore, supplementation in starter significantly
increased faecal score (Pgyp=0.017, RMD=0.126,
P =0) while supplementation in liquid feed (whole milk
or milk replacer) significantly decreased faecal score
(P<0.05) but heterogeneities were still high (> =66.6%
and 70.1%, respectively) (Table 7).

Discussion

The implications of this meta-analysis

Ruminants, especially cattle, have rumen and ruminal
microbes that can produce and supply energy, protein,
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VFA, and vitamins to their hosts [27]. About 90% of
protein absorbed in the small intestine and 50% of the
energy requirement of the host are provided by rumi-
nal microbes [28]. Therefore, calves should be fed on a
nutritional diet and reared in favorable conditions to
promote rumen and ruminal microbe development and
to maintain health and promote growth [3]. Many rear-
ing and management strategies, such as supplementation
with probiotics, have been introduced into dairy produc-
tion. But the effectiveness of probiotics on pre-weaning
dairy calves is inconsistent due to divergent experiment
conditions. Therefore, this meta-analysis will systemati-
cally evaluate the effects of probiotics in improving the
production and health of calves and identify the poten-
tial variables modulating the effect sizes. The results will
allow cattle ranchers optimize the application of probiot-
ics and maximize the benefit of calf production.

The increase in production performance
In this meta-analysis, the effects of probiotics on pre-
weaning calves (crucial stage for growth and production)
were systematically evaluated. The results showed that
additive probiotics increased the SDMI and TDMI. The
diet components and fiber contents of starter significantly
influence the development of rumen bacteria, specifically
fibrolytic bacteria and the corresponding fermentation
function of young calves [29]. Additionally, the diet pro-
vides the substrates available for rumen fermentation,
and its fermenting products stimulate the development
and function of rumen [30]. For instance, increasing
SDMI can modify the rumen fermentation pattern, alter
the proportion of VFA, and increase the concentration of
butyrate [31]. Butyrate is more effectively produced from
the fermentation of concentrate than from roughage, and
it plays pivotal roles in stimulating the development of
rumen mucosa [32]. Butyrate is absorbed and converted
into BHBA after the starter is fed, fermented in rumen,
and then released into the blood circulation [31]. There-
fore, the BHBA concentration in serum may indicate the
concentrate intake and rumen development [33]. So, this
meta-analysis showed that probiotics increased butyrate
in rumen fluid and BHBA in the serum of calves, prob-
ably due to the increased SDMI and TDML

Probiotics can promote the production and function
of digestive enzymes, such as cellulase, amylase, pro-
tease, and others [5], balance and stabilize beneficial
microbial ecosystem in the gastrointestinal tract [34, 35],
and restore the gut microflora [35]. Supplementation of
Lactobacillus rhamnosus in the pre-weaning period can
increase the microbial diversity and alter the order of
dominant bacteria and relative abundance of bacterial
families in calf rumen, thus increasing VFA production
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Table 6 The summary of the meta-regression analysis on the effects of probiotics on pre-weaning dairy calves

Dependent Meta-regression parameter (P-value)

variable

(Y, RMD) Intercept Duration,d Age,d Beginning Dosage, log,, Probiotic strains Methods adjR? No.of
BW, kg CFU/d

BW, kg —15.251  —0003(0887) —0.120(0244) 0.312(<0.001) 0.331(0.387) —0.581 (0.626) 1576 (0.002) 538 55

TDMI, kg/d —-0.114 0.000 (0.776)  0.001 (0.213) 0.052 (0.096) —0.009 (0.230) —0.032 (0.074) 0.019(0.045) 3898 39

Butyrate, mmol/L 38493 —0005(0826) 0.052(0.710) —.084 (0.485) —3.057 (0.039) —0.651 (0.640) —2036(0238) 3398 13

IgA, g/L —1.450 —0003(0371) —0008(0.200) —.049 (0.073) 0.545 (0.003) —0.487 (0.004) —0317(0.189) 91.99 20

IgM, g/L —1.876 —0000(0871) —0.003 (0603) 0.005 (0.800) 0.267 (0.018) —0.395(0.074) —0056(0.755) 9559 21

Faecal Score 0.523 —0002 (0.064) —0009(0012) —0.007 (0.464) —0.019 (0.455) 0.129 (0.110) —0090(0036) <0 24

[12]. Supplementary yeast culture decreases Prevotella
and increases Butyrivibrio in rumen fluid, thus increasing
butyrate production, length of papilla [36], and rumen
weight [37]. Probiotics can also enhance mineral bio-
availability, digestive capacity, and nutrient absorption
[38, 39]. Therefore, the combination of above factors can
increase ADG and final BW and decrease FCR in this
meta-analysis.

The improvement of calf health
Blood parameters were measured to evaluate the nutri-
tion level, metabolic capacity, pathological change,
immune status, antioxidant traits, health condition, etc.
[40]. AST, as a key enzyme in amino acid metabolism, is
a specific indicator of liver inflammation. Decreased AST
levels indicate an improved liver function in calves [40].
LDH plays a crucial role in carbohydrate metabolism.
Elevated serum LDH levels occur during tissue damage
or liver disease. Therefore, elevated LDH can indicate
common injuries and diseases [41]. MDA is produced
through lipid peroxidation of polyunsaturated fatty acids.
Therefore, MDA levels can be used as a marker of lipid
peroxidation and free radicals to assess the damage to tis-
sues and cells [42]. In this meta-analysis, probiotics sig-
nificantly decreased the levels of AST, LDH, and MDA in
serum, implying that probiotics relieve dysfunction of the
liver in this crucial stage and improve calf health [40].
Additionally, probiotics stimulate immunity by
increasing immunoglobulin and macrophagic activity
[34, 39], competitively excluding enteric pathogens by
colonizing several probiotics in the intestine [43], thus
inducing an antioxidant effect and reducing inflamma-
tion [3]. Probiotics increase SOD concentration in calf
blood and improve antioxidant capacity by terminating
the chain reactions of free radicals or scavenging reac-
tive oxygen species [8]. Additionally, faecal score can
predict diarrhea in young animals [44]. The higher fae-
cal score, the softer the feces, and the higher the rate of
diarrhea. Supplementation of Lactobacillus rhamnosus

reduces faecal scores in pre-weaning calves, indicat-
ing that probiotics have an antibiotic effect and can
reduce or even exclude adherence of pathogens due to
the adhesive properties [45, 46]. In this meta-analysis,
probiotics increased the immunoglobulin (IgA, IgG,
and IgM) and antioxidant capacity (T-AOC), decreased
AST, LDH, MDA, and synergistically lowered the faecal
score of calves, indicating decreased rate of diarrhea and
improved health of calves.

Regression analysis

Regression analysis showed that six of the outcomes were
affected by at least one of the six covariates (P<0.05)
(Table 6). These covariates explained up to 38.98% and
33.98% of heterogeneity in TDMI and butyrate, respec-
tively. Furthermore, they explained most of the hetero-
geneity in IgA (91.99%) and IgM (95.59%), but they did
not explain the heterogeneity in BW (5.38%), faecal score
(adj R*<0), and other outcomes (P> 0.05), indicating that
other unknown dietary and management associated fac-
tors may influence the effect of probiotics on pre-wean-
ing dairy calves.

Supplementation dosage

Probiotics were supplied at the recommended dosages
(7.570-10.397 log,;, CFU/d) in the studies included in
this meta-analysis, which are supposed to have a ben-
eficial effect on calves. Although probiotics significantly
affected 17 outcomes, heterogeneity of some outcomes
was high. For instance, IgA, and IgG contents were posi-
tively associated with the dosage of probiotics in this
regression analysis. Research found that high dosages of
probiotics may improve the immune systems of calves
[8]. Herein, our sub-group analysis further confirmed
that a lower dosage of probiotics (<9 log;, CFU/d) did
not affect IgA and IgG contents (Table 7), while a higher
dosage (>9.5 log;, CFU/d) significantly increased IgA
and IgG contents (P<0.05). This may be due to the spe-
cial gastrointestinal environment of newborn calves
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Table 7 The summary of the sub-group analysis on the effects of probiotics on pre-weaning dairy calves
RMD Heterogeneity SMD
n Random effect 95% CI P-value P, % P-value
BW
All trials 55 1.885 1.009, 2.761 <0.001 455 <0.001
Methods Milk replacer 30 0.847 —0.127,1.822 0.088 50.2 0.151
starter 2 1.663 —0.378,3.704 0.110 0.0 0.094
Whole milk 23 4439 2.581,6.297 <0.001 31.0 <0.001
TOMI
All trials 39 0.023 0.009, 0.037 0.001 735 0.001
Strains Compound 24 0.028 0.011,0.046 0.002 76.9 0.001
Single 15 0.013 —0.013,0.040 0.332 66.7 0.329
Methods Milk replacer 20 0.019 0.001,0.037 0.044 64.3 0.030
starter 8 0.002 —0.021,0.025 0.873 0.0 0.379
Whole milk M 0.033 0.007,0.058 0.014 87.0 0.018
Butyrate
All trials 13 0.828 0.312,1.345 0.002 555 <0.001
Dosage(log) low (<9) 5 2.762 0.161,5.363 0.037 69.9 0.022
high (>10) 8 0463 0.037,0.889 0.033 478 0.013
IgA
All trials 20 0.296 0.191, 0.400 <0.001 73.8 <0.001
Dosage(log) low (<9) 3 0.040 —0.083,0.163 0.523 0.0 0.533
middle (9.5-9.9) 11 0.219 0.093, 0.345 0.001 68.3 0.015
high (>10) 6 0618 0.295,0.942 <0.001 74.3 <0.001
Strains Compound 15 0471 0.283,0.659 <0.001 629 <0.001
Single 5 —0.000 —0.058, 0.057 0.987 64.0 0.925
Methods Milk replacer 7 —-0.017 —0.047,0.013 0.268 0.0 0.441
Whole milk 13 0.554 0.367,0.741 <0.001 42.2 <0.001
IgM
All trials 21 0.255 0.152,0.358 <0.001 729 <0.001
Dosage(log) low (<9) 3 —0.037 —0.126,0.052 0420 0.0 0424
middle (9.5-9.9) 1 0.266 0.130, 0,402 <0.001 69.1 <0.001
high (> 10) 7 0400 0.218,0.582 <0.001 734 0.001
Strains Compound 15 0.324 0.192,0457 <0.001 732 <0.001
Single 6 0.255 0.152,0.358 0.848 0.0 0.354
Methods Milk replacer 7 —0.006 —0.031,0.019 0.653 0.0 0.892
Whole milk 14 0.408 0.317,0.499 <0.001 595 <0.001
Faecal score
All trials 24 —0.047 —0.083, —0.011 0.011 68.8 0.031
Age young(<5) 17 —0.030 —0.084,0.024 0275 703 0.266
old(>10) 7 —0.061 —0.105,-0.018 0.006 52.7 0.010
Duration short (<28) 12 0.012 —0.059, 0.082 0.747 36.6 0.626
long (> 42) 12 —0.070 —0.113, —=0.026 0.002 735 0.002
Methods Milk replacer 14 —0.051 —0.089,0.014 0.007 70.1 0.018
starter 6 0.126 0.025,0.227 0.014 0.0 0.017
Whole milk 4 —0.158 —0.273,-0.043 0.007 66.6 0.029

[47], and the actual contents, or the quality of probiotics
was insufficient to show performance responses as the
instruction described [46]. Therefore, sufficient dosages

and superior quality of probiotics should be supplied for
the desired effects in domestic production, especially in
calf diets.
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Probiotics composition

Our regression analysis showed that probiotic strains sig-
nificantly affected IgA, and tended to influence TDMI and
IgM. Sub-group analysis showed that the compound of
multiple strain probiotics significantly increased TDMI,
IgA, and IgM (P<0.001), while a single strain did not affect
these three traits (Table 7). This is because probiotics
might be species and strain-specific, and multiple strains
of probiotics may enhance the advantages compared with
a single strain due to their synergetic effects [48].

Supplementation methods

Meta-analysis showed that probiotics significantly
increased SDMI, TDMI, BW, IgA, and IgM, while
decreasing faecal score. Sub-group analysis showed that
probiotics supplementation in starters did not have a
beneficial effect on TDMI and faecal score. In contrast,
supplementation in liquid (whole milk or milk replacer)
significantly and positively influenced TDMI and faecal
score (P<0.05) (Table 7). Additionally, probiotics sup-
plied in whole milk, not in milk replacer, significantly
affected BW, IgA, and IgM (P<0.001) (Table 7). The
supplementation methods significantly influenced the
six outcomes probably due to difference in pathogen
load between milk replacer and whole milk [5] or route
of delivery (solid or liquid) [46]. Solids enter the rumen
while liquid circumvents the rumen into the abomasum
in the early life of calves [49]. The different effect could
also be due to the divergent protein and fiber contents
of the starter [29]. Furthermore, the diet of calves grad-
ually transits from predominant liquids (milk or milk
replacer) to a solid diet (starter) during weaning with
increasing fermentable carbohydrates [50]. This transi-
tion can change the components of ruminal microbi-
omes, such as increasing Proteobacteria and Firmicutes,
and decreasing Bacteroidetes phylum [51].

The limitation of this meta-analysis

This meta-analysis has some limitations. Firstly, we
only included peer reviewed publications in English
and excluded unpublished data, conference proceed-
ings, non-English studies. But a meta-analysis showed
that the effect of yeast on milk yield of lactating dairy
cows had less heterogeneity compared peer-reviewed
studies to non-peer-reviewed reports and the effect
sizes had no significant difference between these two
groups [52]. Additionally, exclusion of non-English
publications for meta-analysis did not change over-
all conclusions [53]. Secondly, the experiment details
were not fully reported in many included studies,
which resulted that the number of studies for some
performances were small in regression and sup-group
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analysis. For experiment, 47 studies were included for
TDMI in mate-analysis but only 39 had detail informa-
tion on composition and supplementation methods for
further sub-group analysis. Thirdly, we identified some
sources of heterogeneity across studies but the het-
erogeneities were still large in some sub-group analy-
sis. This may be due to the complication of feeding
experiments and variations within and among studies
were not totally eliminated. Our sub-group analysis
showed that other unknown factors may influence the
effect sizes of probiotics apart from these six ones [14].
Therefore, further experiment details are needed for
less heterogeneity, consistent results, and more accu-
rate and reliable conclusions.

Conclusions

This meta-analysis demonstrated that probiotics sup-
plementation could improve growth performance and
feed efficiency, as indicated by the increased BW and
ADG, and the decreased FCR due to increased TDMI
and SDMI. Probiotics modified the ruminal fermen-
tation, as indicated by the decreased acetate and
increased faecal bacteria counts, butyrate, and corre-
sponding BHBA. Probiotic supplementation improved
the health of calves, as indicated by decreased AST,
LDH, MDA, and faecal score and increased IgA, IgG,
IgM, and T-AOC. The probiotics supplied with more
than 9.5 log;, CFU/d distinctly improved IgA and IgM
contents. Compound probiotics significantly affected
TDM]I, IgA, and IgM. Additionally, the supplementa-
tion methods significantly influenced SDMI, TDMI,
BW, IgA, IgM, and faecal scores. These results fur-
ther confirmed that probiotics supplementation could
improve the growth, feed efficiency, and health of pre-
weaning dairy calves. However, the effect sizes were
related to the dosage, composition of strains, and sup-
plementation methods. This meta-analysis addresses
the controversy regarding the effect of probiotics on
the pre-weaning of dairy calves and provides the fun-
damentals for the efficient use of probiotics in cattle
production.
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