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Amounts and species of probiotic lactic acid bacteria affect
stimulation of short-chain fatty acid production in fecal batch

culture
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The effects of lactate and probiotic lactic acid bacteria (LAB) on intestinal fermentation were analyzed using a
fecal batch culture. Lactate was efficiently metabolized to butyrate and propionate by butyrate-utilizing bacteria
in fecal fermentation. Probiotic LAB could stimulate butyrate and propionate production through their lactate
production in fecal fermentation. It was considered that 10° cfu/g or more of probiotic LAB would be required to
stimulate butyrate and propionate production in the large intestine. Due to the low production of lactate, a larger
number of heterofermentative LAB than homofermentative LAB would be required for this stimulation.
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Numerous bacteria are harbored in the human large intestine.
These bacteria are attracting attention because they have great
effects on human health, such as on immune function and
metabolic function [ 1-3]. Health-promoting effects of short-chain
fatty acids (SCFAs) produced by the bacterial fermentation of
undigested food material and endogenous substances have been
reported [4-7]. Therefore, stimulation of SCFA production in the
large intestine has been considered to be effective for promoting
host health. It is well known that intake of probiotic lactic acid
bacteria (LAB) improves the large intestinal microbiota. Since
lactate produced by probiotic LAB is metabolized to propionate
and butyrate by indigenous lactate-utilizing bacteria, intake of
probiotic LAB stimulates production propionate and butyrate in
the large intestine [8—11]. However, the amount of probiotic LAB
required to affect SCFA production in the large intestine has not
been shown as far as we know. Although there are many kinds of
probiotic LAB, differences in the effects on SCFA production in
the large intestine among them have not been examined. In this
study, we investigated the effects of each of four probiotic LAB
on fecal fermentation using a batch culture method to determine
the amount of probiotic LAB required to affect SCFA production
and to clarify differences in the effects on SCFA production
among probiotic LAB.

First, to confirm the usefulness of the fecal batch culture
method, we examined the metabolism of lactate to SCFAs in
fecal culture. Fresh human feces were collected from five healthy
males (21 to 25 years old) who consumed normal Japanese

diets. Each fecal sample was immediately diluted with 24
volumes of phosphate-buffered saline (PBS) containing 0.5%
(w/v) L-cysteine HCl monohydrate (PBS+L) adjusted to pH 7.4.
After the diluted samples were stirred well, they were squeezed
through four layers of surgical gauze under an N, atmosphere.
Six milliliters of each strained fecal slurry was inoculated into
a 20 mL bottle, which contained substrates resolved in 6 mL of
PBS+L. Soluble starch (2 g/L; Sigma-Aldrich, St. Louis, MO,
USA), pectin (0.5 g/L; Kanto Chemical, Tokyo, Japan), inulin
(0.5 g/L; Wako Pure Chemical, Osaka, Japan), xylan (0.5 g/L;
Sigma-Aldrich), arabinogalactan (0.5 g/L; Sigma-Aldrich), guar
gum (0.5 g/L; Sigma-Aldrich), and mucin (0.5 g/L; Wako Pure
Chemical) were used as fermentation substrates. In addition,
sodium lactate was added to them to a final concentration of
20 mM. A culture without sodium lactate was used as a control.
The bottles were filled with N, gas and closed with butyl rubber
stoppers and aluminum clips. The experiment was carried out in
triplicate. After incubation at 37°C for 48 hr, the culture slurry in
each bottle was sampled to analyze its organic acid concentration
and microbiota. For organic analysis, the sampled culture slurry
was treated according to Ohashi et al. [12]. Its organic acid
content was then analyzed via ion-exclusion high-performance
liquid chromatography (HPLC) as described by Ushida and
Sakata [13]. Using bacterial genomic DNA extracted from the
culture slurry according to Godon et al. [14], the copy numbers
of 16S rRNA genes in the Roseburia/ Eubacterium rectale group,
Eubacterium hallii, butyrate-producing bacterium SS2/1, and
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Anaerostipes caccae and Veillonella spp. were quantified via real-
time polymerase chain reaction (PCR) with each specific primer,
as described previously [12, 15, 16]. Fecal collection and culture
were done between March 2014 to March 2017. This study
was performed in accordance with the Helsinki Declaration as
updated in Brazil in 2013. The details of this study were explained
to all volunteers. Written informed consent was obtained from
all volunteers before the experiment. Statistical analysis was
performed using the Wilcoxon test.

After incubation, lactate was hardly detectable in any of the
cultures. The acetate concentration was not significantly different
between the control and lactate-added cultures, but the propionate
and butyrate concentrations were significantly higher in the
lactate-added culture than in the control (Table 1). These results
suggested that lactate was efficiently metabolized to propionate
and butyrate. However, there was no significant difference in
the copy number of 16S rRNA genes in the Roseburia/E. rectale
group between the lactate-added culture and the control (Table 1),
even though the Roseburia/E. rectale group is one of the abundant
groups of butyrate-producing bacteria in the human large intestine.
On the other hand, the copy numbers of 16S rRNA genes in E.
hallii, butyrate-producing bacterium SS2/1, and A. caccae and
Veillonella spp. were significantly higher in the lactate-added
culture than in the control (Table 1). E. hallii, butyrate-producing
bacterium SS2/1, and A. caccae are known to be lactate-utilizing,
butyrate-producing bacteria, and Veillonella spp. are known to
be lactate-utilizing, propionate-producing bacteria [8, 9]. These
lactate-utilizing bacteria appeared to contribute to the metabolism
of lactate to butyrate and propionate. Thus, it was shown that
lactate is metabolized to propionate and butyrate by lactate
acid-utilizing bacteria in fecal culture in this study as well as in
previous studies [8—11]. The fecal batch culture system used in
this study is valuable method for accurate evaluation of the effects
of probiotic LAB on large intestinal fermentation. Therefore, we
conducted a second experiment using this fecal batch culture
system to determine the number of probiotic LAB required to
affect SCFA production and to clarify differences in the effects on
SCFA production among probiotic LAB.

Four probiotic LAB (A, B, C, and D) that were isolated from
commercially available fermented milk and stored in our laboratory
were used. Probiotic LAB A, B, C, and D had previously been
identified as Lacticaseibacillus paracasei, Lactiplantibacillus

plantarum, Lacticaseibacillus rhamnosus, and Levilactobacillus
brevis, respectively. They were anaerobically incubated in 4 mL
of MRS broth (Becton Dickinson, Franklin Lakes, NJ, USA)
using AnaeroPack (Mitsubishi Gas Chemical Company, Inc.,
Tokyo, Japan) at 37°C for 24 hr. The culture solutions were then
centrifuged at 10,000 x g for 1 min at 4°C. After collection, the
bacterial cells were suspended in PBS+L. The bacterial density of
150 pL of this solution was measured using a microplate reader
(Multiskan FC; Thermo Fisher Scientific, Waltham, MA, USA)
at OD 650 nm and was adjusted to 2.0. With this preparation, we
confirmed that the number of bacteria in the bacterial solution
is approximately 10'° cfu/mL. The prepared bacterial solutions
were further diluted 10-fold and 100-fold with PBS+L and used
as inocula in the fecal cultures. Since there are interindividual
differences in fecal microbiota, lactate-utilizing bacteria in
particular, to standardize the differences, equal amounts of each
fresh feces sample collected from three healthy females (22 years
old) were mixed and subjected to fecal culture. The fecal culture
was performed as described above. For the probiotic fecal culture,
100 pL of each prepared probiotic bacterium was inoculated into
the fecal culture. Instead of the probiotic inoculum, as in the first
experiment, PBS+L and a lactate solution were used as a negative
control and positive control, respectively. After incubation, the
organic acid and microbiota in the culture slurry were analyzed
in the same manner as described above. However, the microbiota
were analyzed in one culture randomly selected from the
triplicate cultures. The difference in the concentration of each
SCFA between the negative or positive control and each culture
was analyzed by Dunnett’s test.

Among all the cultures, the highest concentration of SCFAs
was found in the positive control (Fig. 1), indicating that lactate
was metabolized to SCFAs in this experiment as in the previous
experiment. Inoculation with 10'° cfu/mL of probiotic bacteria
A, B, and C resulted in significantly higher concentrations
of butyrate and lower concentrations of acetate than in the
negative controls. Lactate-utilizing, butyrate-producing bacteria
metabolize lactate to butyrate using acetate [8]. These bacteria
could be considered to contribute to butyrate production in
fecal cultures inoculated with 10'° cfu/mL of probiotic bacteria
A, B, and C. The concentrations of propionate in fecal cultures
inoculated with 10'° cfu/mL of probiotic bacteria A and C were
higher than in the negative control. This suggested that the lactate

Table 1. Effect of sodium lactate on the production of short-chain fatty acids (mM) and the copy number
of bacterial 16S rRNA genes (log copy number of 16S rRNA genes/mL) in the fecal batch culture

Control Lactate!

Short-chain fatty acids

Acetate 9.4+1.7 83+3.1

Propionate 3.0+0.4 6.1+2.6"

Butyrate 41+1.0 11.5+3.1%
Bacteria

Eubacterium hallii 8.1+0.5 8.6+0.6™

Bacterium SS2/1 73+0.7 8.1+£0.7"

Anaerostipes caccae 7.1£0.6 7.5+£0.8"

Roseburia/ Eubacterium rectale 84+1.9 85+1.9

Veillonella spp. 8.7+1.1 9.1 £1.4"

ISodium lactate was added to the fecal batch culture to a final concentration of 20 mM.

**p<0.01 (vs. Control).
Values are means + SD (n=5).
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produced by probiotic bacteria could be metabolized not only
to butyrate but also to propionate. However, the concentrations
of butyrate and propionate and the copy numbers of 16S rRNA
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Effect of probiotic LAB on the production of acetate, propionate,
and butyrate in the fecal batch culture.

Fig. 1.

2Probiotic bacteria A, B, C, and D were identified as Lacticaseibacillus
paracasei, Lactiplantibacillus plantarum, Lacticaseibacillus rhamnosus,
and Levilactobacillus brevis, respectively. Probiotic LAB solutions
(10'°, 10%, and 108 cfu/mL) were inoculated into the fecal batch culture.

bSodium lactate was added to the fecal batch culture to a final
concentration of 20 mM.

*p<0.05; **p<0.01 (vs. negative control).

##The values of the positive control were significantly higher than the
other values (p<0.01).

Values are means £ SD (n=3).

genes of E. hallii, bacterium SS2/1, and A. caccae and Veillonella
spp. in these probiotic cultures were lower than those in the
positive control ( ). It is clear that the smaller the amount
of lactate produced by probiotic LAB, the smaller the amounts of
propionate and butyrate produced from lactate. We speculate that
the amount of lactate produced by probiotic LAB would not be
sufficient to stimulate propionate and butyrate production as in
the positive control.

Inoculation with 10° cfu/mL or less of any of the probiotic
bacterial solutions did not affect the SCFA concentration
compared with the negative control. In these cultures, lactate
production by probiotic LAB would be insufficient to affect
SCFA production. Ingested probiotic LAB would compete with
indigenous microbiota for the fermentative substrate. In this
competition, a large number of probiotic LAB would be needed
to produce sufficient lactate to stimulate butyrate and propionate
production. In this study, which inoculated fecal cultures with 10'°
cfu/mL of probiotic bacterial solutions, the number of probiotic
LAB in the fecal cultures was calculated to be approximately
108 cfu/mL. This suggests that 10® cfu/mL probiotic LAB were
required to stimulate butyrate and propionate production in this
fecal fermentation. Furthermore, considering the fecal dilution
ratio in this study, it was speculated that 10° cfu/g of probiotic
LAB would be required to produce sufficient lactate to stimulate
butyrate and propionate production in the large intestinal
fermentation. It has been reported that 10%g probiotic bacteria
are required to produce health benefits [ ]. This bacterial
number differs 100 to 1,000 times from the above estimates. This
may be due to the difference in the desired health benefits. In vivo
verification may also be needed, as more complex factors affect
intestinal fermentation than were investigated in this in vitro
study. The impact of probiotic LAB on SCFA production in the
large intestine likely depends on the amount of lactate produced
by them, which would be influenced by the number of lactate-
utilizing bacteria and the competition between the probiotic
LAB and indigenous bacteria for fermentation substrates. In
order to stimulate butyrate and propionate production by intake
of probiotic LAB, it is necessary for as many probiotic LAB as
possible to reach the large intestine alive.

On the other hand, probiotic bacterium D did not affect
SCFA production. This bacterium, identified as L. brevis, is a
heterofermentative lactic acid bacterium. The other probiotic
bacteria used in this study are homofermentative LAB.
The amount of lactate produced from 1 mol of glucose by
heterofermentative LAB is half that by homofermentative LAB.
Therefore, it was considered that heterofermentative LAB might

Table 2. Effect of 10'0 cfu/mL of the probiotic lactic acid bacteria (LAB) solution on the copy number of bacterial 16S rRNA genes (log copy number

of 16S rRNA genes/mL) in the fecal batch culture

Probiotic LAB?

Positive control?

Negative control

A B C D
Eubacterium hallii 8.0 7.9 8.1 8.0 8.6 7.9
Bacterium SS2/1 7.8 7.7 7.9 7.6 8.1 7.6
Anaerostipes caccae 7.9 7.6 8.0 7.6 8.4 7.8
Roseburial Eubacterium rectale 10.1 10.1 10.1 10.0 10.3 10.1
Veillonella spp. 8.1 8.1 8.3 8.1 8.4 7.9

2Probiotic bacteria A, B, C, and D were identified as Lacticaseibacillus paracasei, Lactiplantibacillus plantarum, Lacticaseibacillus rhamnosus, and Levi-

lactobacillus brevis, respectively.

bSodium lactate was added to the fecal batch culture to a final concentration of 20 mM.
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require a greater number of bacteria than homofermentative LAB
to stimulate butyrate and propionate production in large intestinal
fermentation.

In conclusion, probiotic LAB could stimulate butyrate and
propionate production in the large intestine through their lactate
production. The impact of this stimulation would depend on the
activity of the probiotic LAB. Therefore, it is desirable for as
many probiotic LAB as possible to reach the large intestine alive
in order to overcome the competition with indigenous microbiota
for the fermentative substrate. The present study suggests that 10°
cfu/g or more of probiotic bacteria in the large intestine would
be required to stimulate butyrate and propionate production. In
the case of heterofermentative LAB, a larger number of bacteria
would be required than for homofermentative LAB.
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