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Abstract
Background  Microbial production of conjugated linoleic acid (CLA) has garnered wide attention for the possibility 
to increase the CLA content in food products, therefore achieving higher concentrations of beneficial compounds for 
consumers. However, this approach has only been done using metabolically active cells, particularly in Bifidobacterium 
spp., thus being a major limitation given the anaerobic and fastidious nature of bifidobacteria. In this study, we aimed 
to investigate the capacity of Bifidobacterium breve JKL2022 (KACC81214BP) to convert free linoleic acid (LA) into CLA 
using growing cells and postbiotic preparations (washed cells and crude protein extracts) as catalysts.

Results  Bifidobacterium breve JKL2022 demonstrated high CLA production as early as 6 h and continued to increase 
until 12–15 h of incubation. Moreover, CLA production was observed in JKL2022 washed cells (97.42 ± 3.64%) 
and crude protein fractions (33.87 ± 4.05%– 103.65 ± 2.70%) obtained after cell lysis, highlighting its superior CLA-
converting activity compared to the B. breve JCM strains. In vitro CLA reaction conditions were optimal at pH 7.0, 
following the first-order kinetics within the first 5 min of reaction, and the extraction efficiency of the isopropanol-
hexane protocol increased after adjusting the pH to 5.0–5.5. Finally, RT-qPCR and in silico analysis revealed a strong 
correlation between the expression levels of lai (JKL2022_00014) and tetR (JKL2022_00217) genes, suggesting the 
potential role of TetR in upregulating the lai gene expression in JKL2022 that could explain the LA conversion in 
washed JKL2022 cells.

Conclusions  The ability of B. breve JKL2022 strain to convert free LA to CLA during growth, as well as using washed 
cells and crude protein extracts, suggests strain specificity and superior enzymatic activity. In addition to its potential 
application as a probiotic strain with CLA-enhancing properties, washed JKL2022 cells or crude protein extracts can 
be developed as postbiotic preparations for the same purpose.
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Background
Several dairy and meat products contain beneficial fatty 
acids, including monounsaturated fatty acids (MUFA) 
(e.g., oleic acid and palmitoleic acid) or polyunsaturated 
fatty acids (PUFA) such as omega-3 (e.g., α-linolenic acid, 
eicosapentaenoic acid, and docosahexaenoic acid) and 
omega-6 fatty acids (e.g., linoleic acid (LA) and arachi-
donic acid) [1–3]. Consumption of foods rich in MUFAs 
and PUFAs is believed to be beneficial for heart health, 
as they can help lower low-density lipoprotein choles-
terol levels [4, 5], along with exerting anti-inflammatory 
properties [6, 7]. With the growing demand for func-
tional foods and increasing interest in healthier life-
styles, research efforts have focused on adding value to 
various food products to achieve different health ben-
efits [8]. Among them, conjugated linoleic acid (CLA)-
enhanced dairy products and CLA-producing bacteria 
have garnered substantial interest [9, 10]. CLA is a group 
of geometric and positional dienoic isomers of LA, with 
the cis-9, trans-11 isomer being the most abundant and 
biologically active [11, 12]. Several benefits of CLA have 
been reported, including anti-inflammatory [13–15], 
anti-carcinogenic [16, 17], anti-obesity [18–20], and 
immunomodulatory properties [21, 22].

However, the application of CLA-producing bacte-
ria has been limited to growing cells, particularly in the 
case of Bifidobacterium, wherein CLA production occurs 
only in metabolically active cells [23–25]. Andrade et al. 
highlighted that most studies on LA conversion in Bifi-
dobacterium used growing cells, predominantly with B. 
breve strains [12]. Several independent studies have cor-
roborated this observation, highlighting a major limita-
tion in applying Bifidobacterium for CLA production [26, 
27]. Furthermore, the toxicity of free LA as a substrate 
for microbial LA conversion presents another hurdle [28, 
29]. As LA exposure slows the growth of the producing 
strain, it remains challenging to optimize the conditions 
for maximum CLA production using growing Bifidobac-
terium spp. cells.

Recently, the concept of postbiotics, defined as a 
“preparation of inanimate microorganisms and/or their 
components that confers a health benefit on the host,” 
[30] has gained increasing attention. Similar to probiot-
ics, postbiotics may offer the similar health benefits to 
the host. The main difference lies in the viability of their 
components, which confers advantages to postbiot-
ics under certain conditions, such as a longer shelf-life 
compared to that of probiotics, a lower risk of transmit-
ting virulence factors and antimicrobial resistance genes 
through horizontal gene transfer, being safer to adminis-
ter with a well-defined composition, and generally being 
more stable [31].

Bifidobacterium breve JKL2022 (KACC81214BP), a 
strain isolated from fecal samples of healthy infants, 

exhibited CLA-converting activity when washed cells, 
partially lysed cells, and crude cell-free protein extracts 
were used as catalysts [32]. The present study aimed to 
provide concrete evidence of the outstanding CLA-con-
verting properties of the JKL2022 strain with efficient 
production of specific CLA isomers (cis-9, trans-11 iso-
mer; 73.27 ± 3.80%) from free LA as compared to JCM 
strains, which failed to convert CLA when using their 
washed cells or crude protein extracts [32]. Addition-
ally, this work investigated the potential regulatory role 
of TetR protein (tetR, JKL2022_00217) in the expression 
of the lai gene of B. breve using RT-qPCR, providing the 
foundational framework for understanding the CLA bio-
synthesis in bifidobacteria, which aligns with previous 
reports of TetR regulation of CLA biosynthesis in Lac-
tobacillus plantarum [33]. The development of JKL2022 
as pro- and postbiotic agents with strain-specific CLA 
biosynthesis capacity serves as a promising aspect for 
enhancing the CLA content of various food systems, par-
ticularly when the development of functional probiotics 
for food incorporation is challenging.

Materials and methods
Bacterial strains, growth conditions, and reagents
Bifidobacterium breve JKL2022 (KACC81214BP), iso-
lated from fecal matter of healthy infants [34] and other 
Bifidobacterium strains (B. breve JCM7017, JCM7019, 
JCM1273, JCM1192, and B. animalis subsp. lactis BB12, 
obtained from culture collections) were routinely cul-
tured in de Man, Rogosa, and Sharpe (MRS) broth (BD 
Difco, USA) supplemented with 0.05% (wt/vol) L-cys-
teine hydrochloride (cys-MRS) (Sigma, USA) at 37  °C 
under anaerobic conditions (GasPak™ EZ anaerobic 
chamber, BD Difco). All strains were kept in 10% skim 
milk + glycerol (3:1, vol: vol) at -80  °C unless stated oth-
erwise. Stock solutions of LA (50 mg/mL, Sigma Aldrich) 
were prepared as emulsions in 50 mM sodium phosphate 
buffer (pH 7.0) containing 2% (vol/vol) Tween 80. Emul-
sification was achieved by vigorously vortexing the sus-
pension prior to storage at -21 °C. The stock LA solutions 
were thawed on ice (4 °C) before use.

CLA production in growing cells and postbiotic 
preparations
CLA production in growing conditions
Bifidobacterium breve JKL2022 and other bifidobacterial 
strains were activated from glycerol stocks and inocu-
lated (1%, vol/vol, approx. 1 × 107 CFU/mL) in 5 mL cys-
MRS broth and cys-MRS broth supplemented with LA 
(0.50  mg/mL). Viable cell count, pH, and CLA concen-
tration were measured every 3  h for 24  h. Cell viability 
was determined by plating on cys-MRS agar incubated 
anaerobically at 37  °C. The pH profile was measured 
using a BP3001 benchtop pH meter (Trans Instruments, 
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Singapore). The CLA concentration was determined 
using the isopropanol-hexane extraction protocol with 
minor modifications [35]. Briefly, 400 µL of bacterial 
cell culture was transferred to a sterile 2.0 mL microfuge 
tube, followed by sequential addition of 800 µL of isopro-
panol (Sigma) and 600 µL of hexane (Sigma). The mixture 
was vortexed for 5 min, followed by centrifugation (980 
× g, 5 min, 20 °C) to facilitate phase separation. The hex-
ane (top) layer containing the conjugated fatty acids was 
diluted in methanol (Sigma) in a 100:900 ratio (vol:vol), 
and the absorbance was measured at 233  nm in a UV-
transparent 96-well plate (UVMax, SPL, Korea). All opti-
cal density (OD) readings were performed with an INNO 
spectrophotometer (Korea). All experiments were per-
formed thrice in triplicate.

CLA production using postbiotic preparations
Different B. breve postbiotic preparations were inves-
tigated for their capacity to convert CLA, more spe-
cifically, heat-inactivated cells, washed cells, and crude 
cell-free preparations. The washed Bifidobacterium cells 
were prepared from overnight cultures (18–21 h) in cys-
MRS (approx. 1 × 109 CFU/mL) by centrifuging (8,000 
× g, 4 °C, 10 min) and resuspending the cell pellet twice 
with 1× PBS. The final resuspended cells were collected 
and referred to as washed cells (1× cell concentration, 
approx. 1 × 109 CFU/mL). Heat-inactivated cells were 
prepared by incubating the washed cells at 70 °C for 10, 
20, and 30  min in a water bath and immediately trans-
ferring into a 4 °C ice bath [36]. The crude protein frac-
tions were prepared through cell lysis by sonication (2 s 
on, 10  s off, 30 cycles) on ice using a Vibra cell sonica-
tor VCX 500™. The resulting cell lysate was centrifuged 
(17,500 × g, 4 °C, 20 min) and filtered through a 0.45 μm 
Acrodisc® syringe filter (Pall Corporation, USA), hereby 
designated as the cell-free extract (CFE). The remaining 
pellet was resuspended in 1× PBS supplemented with 
2% (vol/vol) Triton X-100, incubated at 4 °C for 2 h, and 
centrifuged and filtered under the same conditions previ-
ously described. The collected fraction was designated as 
the membrane extract fraction (T100). The protein con-
centrations of the CFE and T100 fractions were standard-
ized to 1.00 mg/mL using 1× PBS. Protein concentration 
was measured using the Bradford assay with BSA as the 
protein standard [37].

The LA conversion test using the washed cells, heat-
inactivated cells, CFE, and T100 fractions was performed 
as follows: First, 4 µL of 50 mg/mL LA was emulsified in 
the reaction buffer (50 mM sodium phosphate (Na-P) 
buffer + 0.5% Tween 80, pH 6.5–7.0). Subsequently, 40 µL 
of the washed cells, CFE, or T100 fractions was added, 
and the tubes were mixed by inversion before incubat-
ing at 37 °C for 20 min. The pH of the reaction mixture 
was adjusted to pH 5.0–5.5 by adding 10 µL of 1 N HCl, 

and the CLA was extracted and quantified through the 
isopropanol-hexane method described above. All experi-
ments were performed in triplicate with three indepen-
dent trials.

GC-FID analysis of LA conversion
The CLA production by B. breve JKL2022 was further 
validated by GC-FID, as previously described [32]. The 
CLA fractions, extracted through the isopropanol-hex-
ane method from the in vitro LA conversion reactions 
using washed cells as catalysts, were used as the start-
ing material for fatty acid methylation: T0, CLA fraction 
extracted immediately after the addition of cells; T20, 
CLA fraction extracted after 20  min of reaction. Hep-
tadecenoic acid (C17:0) was added as the internal stan-
dard at a final concentration of 1.0  mg/mL. Then, the 
fatty acids were collected using the Folch method [38], 
and methyl esterification was performed using 14% BF3-
MeOH (Sigma). The fatty acid methyl ester (FAME) 
samples were analyzed using an HP 6890 GC (Hewlett-
Packard, USA) equipped with a flame ionization detector 
(FID) and HP-88 column (100 m × 0.25 mm i.d., 0.20 μm 
film thickness, Agilent, USA). The column oven temper-
ature was maintained at 140  °C for 5  min, increased by 
4 °C/min until reaching 240 °C, where it was maintained 
for 20  min. Approximately 1 µL of the samples were 
injected with a 1:50 split ratio with N2 used as the carrier 
gas (1 mL/min). The temperatures of the injection and 
detection ports were set to 260  °C and 270  °C, respec-
tively. Results are expressed as the peak area ratio using 
the formula below:

	
CLA (mg) = peak ratio of CLA

peak ratio of IS
× IS (mg)

where IS represents the weight (mg) of the internal 
standard.

Optimization of in vitro LA conversion
Effect of pH on LA conversion
The effect of reaction pH on the final CLA yield and 
extraction efficiency was investigated. Briefly, buffers 
with different pH values were prepared as described in 
Table 1 and Table S3. Following this, LA was emulsified in 
the respective buffer at a final concentration of 0.50 mg/
mL (1% vol/vol) and mixed with 40 µL of 2.0 mg/mL CFE 
obtained from a 24  h culture of JKL2022. The reaction 
was subsequently incubated at 37 °C for 20 min, and the 
pH was adjusted by adding either 1 N HCl or 1 N NaOH 
before CLA extraction using the isopropanol-hexane 
protocol, as previously described. A reaction mix without 
CFE was used as the negative control.
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Effect of tween 80 concentration in LA stock solution
The effect of the concentration of Tween 80 used to 
emulsify the LA stock solution on the final CLA yield and 
LA toxicity in growing cells was investigated [39]. Ini-
tially, the LA stock was prepared at a final concentration 
of 50 mg/mL in Na-P buffer (pH 7.0) supplemented with 
either 2.0% or 5.0% (v/v) Tween 80 and vortexed to facili-
tate emulsification. Then, Bifidobacterium strains were 
inoculated in (A) cys-MRS + 1% (v/v) LA in 2.0% Tween 
80 or (B) cys-MRS (adjusted to contain 0.5% Tween 
80) + 1% (v/v) LA in 5.0% Tween 80, respectively. The cul-
tures were incubated anaerobically at 37  °C. Viable cell 
count, pH, and CLA production were measured after 12 
and 24 h incubation as previously described. The reaction 
mix without the addition of CFE was used as a negative 
control.

Effect of emulsification method on LA availability
The effect of different emulsification methods on the 
availability of LA as a substrate for LA conversion was 
investigated. Different methods for preparing LA stocks 
in Tween 80-supplemented buffer were compared [40, 
41]. First, 50 mg of LA was mixed with 50 mM sodium 
phosphate buffer (pH 7.0) containing 5% Tween 80 and 
emulsified by (1) vortexing for 1–2 min using a stand vor-
tex (Scientific Industries, Vortex-Genie 2); (2) ultrasonic 
bath (Bransonic® Ultrasonic Bath 3510R-DTH) for 3 min; 
and (3) ultrasonic processing (Sonics & Materials, Vibra 

Cell™) for 1 min. The emulsified LA stocks were used for 
the LA conversion assay as previously described.

Large-scale CLA production using washed cells
Increasing concentrations of washed JKL2022 cells were 
used to evaluate the strain’s capacity to convert increas-
ing LA concentrations into CLA. First, different volumes 
(4, 8, 20, 40, and 80 µL) of 50 mg/mL LA were mixed with 
the reaction buffer (50 mM Na-P buffer + 0.5% Tween 
80, pH 6.5–7.0) to reach a final reaction volume of 400 
µL and emulsified by vortexing. Subsequently, 40 µL of 
concentrated washed cells was added to achieve final 
cell concentrations of 0.1×, 0.5×, 1.0×, 2.0×, and 5.0×, 
with 1.0× cell concentration equivalent to approx. 1 × 109 
CFU/mL. The reaction mixtures were incubated as pre-
viously described. Then, the pH of the reaction mixture 
was adjusted by adding 10 µL of 1 N HCl, and CLA was 
extracted and quantified using the isopropanol-hexane 
method described above. The total CLA converted was 
calculated using the linear equation derived from the 
standard curve (Fig. S1) of CLA:

	
CLA (mg/mL) = OD233 − y intercept

slope
× Extraction Efficiency (%)

where OD233 is the net absorbance of the extracted 
hexane fraction measured at 233  nm, and extraction 
efficiency is the calculated efficiency of the isopropanol-
hexane extraction (55–60%). For 100:900 dilution, the y 
intercept is 0.1493 and the slope is 4.9, while for 50:950 
dilution, the y intercept is 0.017 and the slope is 2.7334. 
The conversion rate (%) was calculated using the follow-
ing formula:

	
CLA Conversion Rate (%) = CLA (mg/mL)

Initial Substrate (mg/mL)
× 100 (%)

where CLA (mg/mL) is the concentration of CLA calcu-
lated from the reaction, and Initial Substrate (mg/mL) is 
the concentration of LA used for the reaction.

Timepoint LA conversion
A timepoint conversion experiment was performed to 
determine the rate of the enzyme reaction in vitro using 
LA or LNA as substrate. The reaction mixture was pre-
pared by emulsifying 1.0  mg/mL of LA or LNA, as 
described previously. Enzyme reaction was initiated by 
adding 40 µL of JKL2022 CFE (0.288 mg/mL) and incu-
bated in a 25  °C water bath. The reactions were termi-
nated after 0.5-, 1-, 2-, 5-, 10-, and 20-min incubation 
by heat treatment at 80  °C for 5 min. The CLA (CLnA) 
was extracted using the isopropanol-hexane extraction 

Table 1  Reaction conditions and pH adjustments for 
determining the effect of pH on LA conversion activity and 
extraction efficiency
Reaction Buffer Extraction pH pH 

adjustments
50 mM Citric Acid- Sodium 
Phosphate Buffer, pH 4.5

4.5 -
5.0 2.53 µL NaOH
5.5 5.33 µL NaOH
7.0 13.20 µL NaOH

50 mM Citric Acid- Sodium 
Phosphate Buffer, pH 5.0

4.5 3.33 µL HCl
5.0 -
5.5 2.53 µL NaOH
7.0 10.67 µL NaOH

50 mM Citric Acid- Sodium 
Phosphate Buffer, pH 5.5

4.5 6.67 µL HCl
5.0 3.60 µL HCl
5.5 -
7.0 8.14 µL NaOH

50 mM Citric Acid- Sodium 
Phosphate Buffer, pH 6.0

4.5 10.05 µL HCl
5.0 6.67 µL HCl
5.5 3.60 µL HCl
7.0 5.61 µL NaOH

50 mM Sodium Phosphate 
Buffer, 
pH 7.0

4.5 12.27 µL HCl
5.0 11.73 µL HCl
5.5 11.06 µL HCl
7.0 -
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method, and the concentration was measured spectro-
photometrically at 233 nm. The catalytic activity of LAI 
was determined using the Beer-Lambert's Law:

	
Specific Activity =

[
∆A/ min

ε×d

(
mmol L−1)]

× V

v × c

where ΔA/min is the change in absorbance over time, ε 
CLA at 233 nm is equal to 23,360 Lmol− 1 cm− 1, d is the 
pathlength of the cell (0.72  cm), V is the volume of the 
reaction (400 µL), v is the volume of the enzyme (40 µL), 
and c is the concentration of substance (CFE, 0.288 mg/
mL). Purified recombinant LAI_sGFP (0.10 mg/mL) [32], 
was used to standardize the in vitro CLA reaction.

RT-qPCR and predictive analysis of lai transcription 
regulation by TetR
The expression profiles of lai and tetR across B. breve 
strains were evaluated. Total RNA was extracted from 
15  h cultures grown in cys-MRS and cys-MRS supple-
mented with LA using the Invitrogen PureLink RNA 
extraction kit (USA) with on-column rDNase treatment. 
The total RNA was reverse transcribed using the Prime-
Script First Strand cDNA synthesis kit (Takara, Japan) 
following the standard protocol. The resulting cDNA 
was diluted in RNase-free water (1:20), and the concen-
tration was measured using nanodrop spectrophotom-
etry, being adjusted to concentrations of 60–70 ng/µL for 
subsequent application as the template in the following 
reaction. The RT-qPCR analysis was performed using 
the Dyne Fast qPCR 2× Premix (SYBR Green with low 
ROX, DYNE BIO, Korea) using a standard PCR condition 
in a CFX Opus 96 Real-time PCR system (Bio-Rad). The 
primer sequences are listed in Table S1. Melting peaks, 
melting curves, and relevant CT values for each amplifi-
cation reaction were recorded automatically. The gapdh 
gene was used for data normalization. The ΔΔCT method 
was used to quantify the expression levels of the target 
genes [42]. Three technical replicates of each amplifica-
tion reaction were performed for each of the four biologi-
cal replicates.

Prediction of functional protein-protein interaction 
networks was performed using the STRING ver. 12.0 [43] 
by searching multiple proteins by sequence. The amino 
acid sequences of the proteins used for the analysis are 
listed in Table S2. Integrated protein-DNA docking was 
performed using the HDOCK server ver. 2023-09-09 (​h​t​
t​p​​:​/​/​​h​d​o​c​​k​.​​p​h​y​​s​.​h​​u​s​t​.​​e​d​​u​.​c​n​/) to determine the ​i​n​t​e​r​a​c​t​i​o​
n between the TetR proteins and the lai promoter region 
[44]. The PDB file of TetR proteins and a 40-bp long 
DNA, containing the −10 and −35 ribosome recognition 
sites upstream of the lai gene, were used for this analysis.

Statistical analyses
Differences in the means for the effects of LA exposure 
on Bifidobacterium spp. growth and CLA production, 
CLA production using washed cells and protein extracts, 
the effect of Tween 80 concentration on LA toxicity, the 
effect of different emulsification methods on LA con-
version, and large-scale LA conversion using increas-
ing washed cell concentrations were measured using 
the ordinary two-way analysis of variance (ANOVA) (α, 
0.05) with Šidák’s multiple comparison post-hoc test. 
The effect of pH on LA conversion and extraction effi-
ciency, and the difference in gene expression levels of lai, 
tetR-217, and tetR-159 relative to B. breve JKL2022 were 
measured using the ordinary one-way ANOVA (α, 0.05) 
with Tukey’s multiple comparison post-hoc test. The dif-
ferences in lai and tetR-217 expression levels as a func-
tion of LA exposure were measured using a two-way 
RM ANOVA (α, 0.05) with Šidák’s multiple comparison 
post-hoc test. The differences in lai and tetR-217 expres-
sion levels across the strains tested were measured using 
a two-way RM ANOVA (α, 0.05) with Tukey’s multiple 
comparison post-hoc test. All analyses were performed 
using GraphPad Prism v. 9.5.1.

Results
CLA production by Bifidobacterium spp
Bifidobacterium breve JKL2022, B. breve JCM strains, 
and B. animalis subsp. lactis Bb-12 were investigated 
for LA conversion under four conditions: growing cells, 
washed cells, heat-inactivated cells, and crude protein 
extracts. When cultured in cys-MRS supplemented 
with 0.50  mg/mL of free LA, the growth of strains was 
negatively affected (Fig.  1). In particular, JKL2022 and 
JCM7019 exhibited stunted growth and failed to reach 
9.0 log(CFU/mL) after 18–24  h of incubation, whereas 
the other strains exhibited only a prolonged log phase 
(Fig.  1E). In terms of their pH profile, LA exposure 
resulted in slightly higher pH values after incubation. 
Nevertheless, all B. breve strains exhibited favorable CLA 
production within 6–9 h of incubation, with JKL2022 and 
JCM7017 producing the highest amount of CLA among 
the strains tested (Fig. 1F). In contrast, B. animalis subsp. 
lactis Bb-12 did not produce CLA during its growth.

In terms of CLA production using postbiotic prepa-
rations (i.e., washed cells or CFE), only JKL2022 exhib-
ited significant CLA production, whereas the remaining 
strains failed to produce detectable amounts of CLA, 
regardless of cell concentration (Fig. 2). Additionally, the 
crude protein fraction derived from the T100 fraction 
showed significantly higher (66.61%) CLA production 
(OD233, 1.411, equivalent to 0.287–0.313  mg/mL CLA) 
compared to the CFE fraction (OD233, 0.471, equiva-
lent to 0.091–0.100  mg/mL CLA). However, heat-inac-
tivated JKL2022 cells lost all CLA-converting activities. 

http://hdock.phys.hust.edu.cn/
http://hdock.phys.hust.edu.cn/
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Fig. 2  LA conversion of (A) washed cells and (B) crude protein extracts of Bifidobacterium strains. The LA conversion was confirmed by GC-FID analysis 
using T0 (C) and T20 (D) B. breve JKL2022 in vitro reactions. Heptadecanoic acid (C17:0) was used as internal standard (IS)

 

Fig. 1  Difference in growth curve, fermentation profile and CLA production of Bifidobacterium strains cultured under normal conditions (A-C) and ex-
posed to 0.5 mg/mL LA (D-F). a−d Different letters denote significantly different results at each timepoint (p < 0.05)
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GC-FID analysis confirmed the LA conversion activity 
of JKL2022, with cis-9, trans-11 CLA as the predominant 
isomer (69.48–77.07%) based on peak-area ratio. Other 
CLA isomers (trans-10, cis-12 CLA; cis-9, cis-11 CLA; 
and trans-9, trans-11 CLA) were present at consider-
ably lower concentrations. A schematic diagram for the 
preparation of postbiotic agents derived from B. breve 
JKL2022 is presented in Figure S2.

Effect of tween 80 emulsion on CLA production
Increasing the Tween 80 concentration from 2.0 to 5.0% 
during LA emulsification reduced its toxicity (Fig. 3). For 
JKL2022, cell viability increased by 13.92% and 31.22% 
after 12 and 24  h, respectively, accompanied by shifts 
in the fermentation profile consistent with improved 
metabolic activity. For the remaining strains, an increase 
in the Tween 80 concentration induced only a slight 
improvement in growth. In terms of LA conversion, all 
strains exhibited improved CLA production when LA 
was emulsified in 5% Tween 80. After 12  h of incuba-
tion, B. breve JCM7019 exhibited the largest increase 
in CLA concentration (69.32%), followed by JKL2022 
(60.20%), JCM1273 (47.29%), JCM7017 (20.69%), and 
JCM1273 (4.52%). Additionally, the effect of different 
emulsification methods (e.g., vortexing, ultrasonic bath, 
and sonication) on substrate availability was examined. 
The results indicated that sonication of LA in Tween 80 
yielded the highest CLA yield, followed by vortexing and 

ultrasonication (Fig. 4). However, the difference in CLA 
production between LA prepared by sonication and vor-
texing was not statistically significant (p > 0.05) regardless 
of the substrate concentration.

Optimization of reaction conditions and extraction 
protocol
Different pH conditions were tested to determine the 
effect of the pH of the reaction and the extraction 
method on the final CLA yield. Different acidity of reac-
tion buffers yielded different CLA concentrations. Under 
normal extraction conditions, conversion reactions at pH 
7.0 yielded the lowest CLA concentration (0.571 ± 0.09 
OD233) while acidic reaction buffers resulted in higher 
CLA concentrations. Specifically, reactions at pH 5.5, pH 
5.0, and pH 4.5 yielded 1.624 ± 0.278, 1.415 ± 0.198, and 
1.528 ± 0.105 CLA (OD233), respectively. To determine 
the effect of pH on the extraction efficiency of the iso-
propanol-hexane protocol, the pH was adjusted after the 
LA conversion reaction. Generally, lowering the buffer 
pH immediately prior to isopropanol-hexane extraction 
resulted in a higher CLA yield compared to extractions 
performed without pH alterations. In contrast, neutral-
ization of the acidic reaction buffers resulted in lower 
CLA yields. Overall, the highest CLA production was 
achieved when the reaction was catalyzed at pH 7.0 and 
extraction was performed at pH 5.0–5.5 (1.700 ± 0.142 to 
1.756 ± 0.205 OD233), as shown in Fig. 5.

Fig. 3  Effect of Tween 80 concentration on LA toxicity measured in terms of pH, cell viability, and CLA production of (A) B. breve JKL2022, (B) B. breve 
JCM7017, (C) B. breve JCM7019, (D) B. breve JCM1273, (E) B. breve JCM1192, and (F) B. animalis subsp. lactis Bb-12. * Indicate significantly different means 
(p < 0.05)
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Increased CLA production in washed cells
To determine the capacity of JKL2022 to produce higher 
amounts of CLA compared to the standard reaction, LA 
conversion using increasing concentrations of washed 
cells and substrate was investigated (Fig.  6). Washed 

JKL2022 cells were inoculated into the reaction mixture 
at final concentrations of 0.1×, 0.5×, 1.0×, 2.0×, and 5.0×. 
Each cell concentration was incubated with 0.5, 1.0, 2.5, 
5.0, and 10.0  mg/mL LA. Using 5.0× washed cells, the 
conversion rate reached 73.02 ± 2.32%, 86.31 ± 2.56%, 

Fig. 5  Effect of different reaction buffer pH on LA conversion and pH adjustments on extraction efficiency. a−c Different letters denote significantly dif-
ferent results (p < 0.05)

 

Fig. 4  Effect of LA-emulsification method on LA conversion of Bifidobacterium breve JKL2022. a − b Different letters denote significantly different results 
(p < 0.05)
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89.79 ± 4.80%, 91.70 ± 2.35%, and 98.67 ± 4.90% when 
reacted with 10.0, 5.0, 2.5, 1.0, and 0.5  mg/mL LA, 
respectively.

Catalytic activity of LAI
Based on the in vitro timepoint LA conversion reac-
tions, it was confirmed that the LAI obtained from 
JKL2022 CFE follows the first-order kinetics from 0 
to 5  min of reaction (Fig.  7). The CLA concentration 

started to plateau after 10  min of reaction. Using the 
Beer-Lambert’s Law, the specific activity of JKL2022 CFE 
(0.288  mg/mL) for LA and LNA was calculated to be 
11,664.08 µU/g and 56,790.12 µU/g, respectively, whereas 
purified LAI_sGFP has a specific activity of 33,770.93 
µU/g for LA and 143,661.10 µU/g for LNA (Table 2).

Table 2  Catalytic activity of LAI derived from JKL2022 CFE and purified Recombinant lai_sgfp based on Beer-Lambert’s law
Catalyst Substrate ΔA/min ΔC/min Enzyme Units 

(mol/min)
Enzyme Activity (Units/L) Specific Activity

(µU/g)
Linear Regression Equation

JKL2022 CFE
(0.288 mg/mL)

LA 0.057 3.36E-06 1.34E-08 3.36E-03 11664.08 Y = (0.05652)X + 0.5295; R2 = 0.9263
LNA 0.294 1.64E-05 6.54E-08 1.64E-02 56790.12 Y = (0.2944)X + 0.7336; R2 = 0.9557

LAI_sGFP
(0.10 mg/mL)

LA 0.057 3.38E-06 1.35E-08 3.38E-03 33770.93 Y = (0.05679)X + 0.4618; R2 = 0.8392
LNA 0.259 1.44E-05 5.74E-08 1.44E-02 143611.10 Y = (0.2585)X + 0.6994; R2 = 0.9246

ΔA/min is the change in absorbance over time, equivalent to the slope of the linear regression equation (absorbance at OD233)

ΔC/min is the substrate conversion per time unit (mol/s)

Fig. 7  Catalytic activity of linoleic acid isomerase derived from Bifidobacterium breve JKL2022 and recombinant LAI_sGFP based on timepoint LA conver-
sion assay using (A) LA and (B) LNA as initial substrate

 

Fig. 6  Large-scale LA conversion using increasing concentrations of Bifidobacterium breve JKL2022 washed cells expressed as (A) total CLA concentration 
and (B) conversion rate (%). Legend, concentration of LA used in each reaction (mg/mL). a − e Different letters denote significantly different results (p < 0.05)
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TetR regulation of Lai expression
The expression levels of lai (JKL2022_00014) and tetR 
(JKL2022_00217 and JKL2022_00159) were investigated 
by RT-qPCR analysis to examine the possible role of TetR 
in lai expression. Total RNA was extracted from B. breve 
strains cultured in cys-MRS and cys-MRS supplemented 
with LA to examine the expression patterns of lai, tetR-
217, and tetR-159 genes and correlate them with the dif-
ferences in CLA production activity among the strains. 
Based on in vitro CLA assays, all B. breve strains used 
in this study converted LA into CLA during growth, 
but only B. breve JKL2022 converted CLA when using 
washed cells or CFE.

When cultured under normal conditions (cys-MRS, 
37  °C, anaerobic conditions), the lai expression level 
in B. breve JKL2022 was significantly higher compared 
to the JCM strains (13.80–61.88× higher). The tetR-217 
gene follows the same expression pattern (33.88–62.71× 
higher) as seen in Fig. 8A, highlighting the higher tran-
scription level of both lai and tetR-217 in B. breve 
JKL2022, consistent with the LAI activity in washed cells 
and CFE of JKL2022. In JCM strains, the low expres-
sion of lai and tetR-217 resulted in low concentrations 
of the LAI enzyme, rendering their washed cells and 

CFE incapable of converting LA into CLA. In contrast, 
tetR-159 only showed moderate correlation with the lai 
expression level and CLA-converting activity across the 
strains. Statistical analysis confirmed that the strains 
account for 91.51% of the total variance (p < 0.0001), and 
the effect is considered extremely significant. There-
fore, despite encoding the same enzyme, differences in 
their transcription levels resulted in completely different 
capacities for CLA production.

When cultured in the presence of LA, the expres-
sion levels of lai, tetR-217, and tetR-159 genes were 
upregulated (Figure S3). All JCM strains showed strong 
upregulation of lai (3.51–30.05-fold) genes due to LA 
exposure, while B. breve JKL2022 was weakly down-
regulated by 0.52-fold. The tetR-217 gene of JKL2022 
(2.24-fold), JCM7017 (1.87-fold), and JCM7019 (1.92-
fold) was upregulated, whereas those of JCM1192 (0.49-
fold) and JCM1273 (0.76-fold) were downregulated. In 
contrast, the tet-159 gene of all strains was upregulated 
(1.20–2.74-fold). Nevertheless, the expression levels of 
lai and tetR-217 of JCM strains under LA-exposed con-
ditions remain lower than that of JKL2022, except for 
the tetR-217 gene of JCM7019 (Fig.  8B). In this regard, 
strong upregulation of lai and tetR-217 was observed 

Fig. 8  Regulatory role of TetR on lai gene expression based on (1) RT-qPCR analysis: (A) gene expression of lai, tetR-217, and tetR-159 under normal grow-
ing conditions relative to B. breve JKL2022; (B) gene expression lai, tetR-217, and tetR-159 under LA-exposed conditions relative to B. breve JKL2022; and 
(C) relative gene expression of lai, tetR-217, and tetR-159 as function of LA-exposure; (2) in silico predictions of (D) functional protein association network 
using STRING, and (3) recognition of lai promoter region by (E) TetR-217 and (F) TetR-159 dimers using HDOCK analysis. a-d Different letters denote signifi-
cantly different results (p < 0.05)
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in the strains with higher CLA-converting activity (e.g., 
JCM7017 and JCM7019).

Discussion
Bifidobacterium breve has been widely utilized for its high 
CLA production activity compared to other bifidobacte-
rial species [45, 46]. As a result, increasing research has 
focused on utilizing this species for product development 
with various health benefits, primarily CLA-enhanced or 
probiotic dairy products [47, 48]. However, the LA con-
version mechanism has mostly been elucidated only for 
members of Lactobacillus, while that for Bifidobacterium 
remains unclear [49, 50]. The CLA pathway in lactobacilli 
involves at least three key enzymes: myosin cross-reac-
tive antigen, short-chain dehydrogenase, and acetoac-
etate decarboxylase [51, 52]. Although homologs of these 
enzymes are also present in bifidobacteria, they are not 
involved in the bifidobacterial LA conversion pathway 
[53]. Particularly, the previously hypothesized MCRA-
homolog in bifidobacteria was experimentally proven 
to be unrelated to the CLA biosynthesis pathway [54]. 
Instead, Bifidobacterium either employs a specific linoleic 
acid isomerase (LAI) that converts LA into CLA without 
any intermediates, or the conversion mechanism is too 
rapid for the intermediates to be easily detected [32, 46, 
55]. Continuous research to elucidate the LA conversion 
pathway in different lactic acid bacteria remains crucial 
for the development of novel probiotics with enhanced 
health benefits.

In this study, B. breve JKL2022 (KACC81214BP) dem-
onstrated excellent CLA-converting activity under 
growing conditions, in washed cells, and in crude CFE 
obtained from lysed cells. Under growth conditions, 
JKL2022, JCM7017, and JCM7019 showed significant 
CLA production after 9  h of incubation, which con-
tinued to increase until 12–15  h of incubation. Mini-
mal changes in CLA concentration were observed after 
24  h incubation. The highest LA conversion efficiencies 
were observed for JKL2022 and JCM7017, followed by 
JCM7019, JCM1273, and JCM1192. However, B. animalis 
Bb-12 did not produce detectable levels of CLA during 
growth. Several bifidobacteria exhibit CLA-converting 
activity, including B. bifidum LMG 10,645 (35% conver-
sion) [56], B. dentium NCFB 2243 (29.05%) [23], B. den-
tium FhuBCZ5M2 (> 5.0%) [57], B. longum DPC6315 
and DPC6320 (14.67–70.86%) [23], and B. pseudoca-
tenulatum NCIMB8811 and FGSYC4M2 (3.89–5.0%) 
[23, 57]. However, B. breve strains demonstrate signifi-
cantly higher CLA production capacity, reaching up to 
> 90.0% under optimal conditions [23, 24, 45]. Phyloge-
netic analysis of bifidobacterial LAI demonstrates that 
B. longum LAI shares the highest sequence homology (% 
identity) with B. breve LAI (91.84–92.04%), followed by 
B. pseudocatenulatum (84.37–84.99%) and B. dentium 

(83.88–83.97%) LAI. Notably, non-bifidobacterial GIT 
bacteria also possess a portion of the LAI gene sequence 
(186–395  bp), suggesting a strong conservation of this 
region, which may indicate its potential role in the active 
site of the enzyme. A recent predictive analysis con-
firmed that the binding site for LA is located in the con-
served domain of bifidobacterial LAI [32], highlighting 
the strong conservation pressure of this region across dif-
ferent taxa.

In this study, we confirmed that the addition of free 
LA to the culture medium had a negative effect on the 
growth and fermentation profiles of the strains, which 
is consistent with previous reports. LA toxicity occurs 
because free fatty acids induce metabolic stress in the 
bacterial cells, manifesting as reduced growth and slower 
fermentation [58]. The LA conversion activity of certain 
bacterial genera (i.e., Lactobacillus and Bifidobacterium) 
is regarded as a detoxification mechanism that converts 
a toxic substrate into a less toxic form [59, 60]. Notably, 
emulsification of the LA with a higher Tween 80 concen-
tration reduced the observed toxicity of free LA towards 
B. breve cells, manifested by higher cell counts and CLA 
production. This effect may be due to excess Tween 80 
competing for oxidation or forming mixed micelles with 
LA [61]. Increasing the concentration of the emulsi-
fier also causes the droplet size to decrease, which may 
improve the interaction between the enzyme and sub-
strate, thereby improving the efficiency of the LA to CLA 
conversion [40, 61].

Despite demonstrating efficient LA conversion during 
growth, suggesting their potential use for increasing the 
CLA content of dairy products, one of the main chal-
lenges in applying bifidobacteria as probiotics or adjunct 
cultures in dairy products is their sensitivity to oxygen 
stress [62, 63]. Exposure to oxygen substantially affects 
survival in various media, resulting in slowed growth 
and impaired metabolic activity. However, the ability of 
JKL2022 to mediate LA conversion independent of its 
growth might be advantageous under conditions where 
the cell viability is not essential. Consistent with pre-
vious reports, all other tested strains failed to convert 
CLA using washed cells or CFE [64, 65], suggesting that 
this trait may be strain-specific [56]. Consequently, the 
potential of JKL2022 as a source of postbiotics with CLA-
enhancing properties is being explored. Accordingly, the 
CLA production activity of washed JKL2022 cells and 
crude protein extracts was further investigated, focus-
ing on increasing the substrate concentration to deter-
mine the maximum efficiency of potential postbiotic 
preparations.

In vitro LA conversion reactions demonstrated that 
only the washed cells and crude protein extracts derived 
from JKL2022 can mediate CLA production. The findings 
of this study demonstrate that postbiotic preparations, 
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particularly cell membrane-bound protein extracts, 
exhibited satisfactory CLA production, achieving up to 
100% conversion rates. The putative LAI of JKL2022 was 
recently identified and characterized as a membrane-
spanning protein. Although B. breve strains share signifi-
cant amino acid sequence homology with JKL2022 LAI, 
washed cells and crude protein extracts derived from 
JCM strains failed to produce CLA when used as cata-
lysts for the reaction, which may be attributed to inter-
strain differences in lai expression levels [32].

The superior LA conversion of JKL2022 was further 
investigated on the transcription level. The TetR family of 
transcriptional factors participates in the control of vari-
ous biological processes. They recognize specific DNA 
sequences related to gene expression [66]. Although 
TetR-family transcription factors play key roles in fatty 
acid biosynthesis and lipid metabolism [67, 68], their 
specific role in bifidobacterial CLA biosynthesis has 
not yet been elucidated. In this study, RT-qPCR analy-
sis revealed the potential transcription regulatory role 
of TetR (JKL2022_00217) in lai expression of JKL2022. 
The changes in transcription pattern of lai and tetR-217 
due to LA exposure are consistent with the established 
hypothesis that conjugation of LA into CLA is part of 
a detoxification mechanism for bacteria, demanding 
the strains to produce the key enzymes to facilitate this 
mechanism [28]. Under normal culture conditions, the lai 
and tetR-217 genes are expressed at significantly higher 
levels in JKL2022, verifying that JKL2022 produces larger 
amounts of LAI than JCM strains. Consistently, based on 
transcriptome analysis, JKL2022 exhibited 20.06–39.29× 
and 3.02–3.12× higher expression levels for lai and 
tetR-217 genes, respectively, compared to JCM7017 and 
JCM7019. Therefore, LAI enzymes are already present 
in the washed cells and crude protein extracts of strain 
JKL2022, rendering these fractions capable of convert-
ing CLA from free LA. In contrast, under LA-exposed 
conditions, all strains exhibited upregulation of both lai 
and tetR-217. The degree of upregulation also correlates 
with the strength of CLA production, wherein strong 
CLA converters have stronger upregulation of lai and 
tetR-217. However, in the case of JKL2022, exposure to 
LA resulted only in the upregulation of tetR-217. None-
theless, the lai expression level in JKL2022 was higher 
relative to those of the JCM strains even in LA-exposed 
conditions. The JCM strains with significantly lower lai 
and tetR-217 expression levels under normal conditions 
produce inactive washed cells and protein fractions. 
Thus, the superior CLA production of JKL2022 can be 
attributed to the higher base expression level of both 
tetR-217 and lai.

Moreover, predictive in silico analysis using protein-
protein interaction networks revealed a strong rela-
tionship between tetR and lai genes on the basis of 

co-occurrence and neighborhood. In addition, TetR-217 
exhibited a strong binding affinity to the promoter region 
of lai (docking score, -205.12; confidence, 0.7505) based 
on HDOCK analysis, consistent with a previous report 
that TetR regulates lipid biosynthesis through the activa-
tion of CLA synthesis gene transcription [33]. A recent 
study evaluated the role of TetR in the CLA activity of 
Lactiplantibacillus plantarum AR195, in which over-
expression of TetR led to a 7% increase in CLA activity. 
In contrast, tetR gene knockout led to the downregula-
tion of cla-hy, cla-dh, and cla-dc genes, which encode 
the enzymes for LA conversion in lactobacilli [33]. The 
results of this study provide the first evidence suggesting 
that TetR-217 influences the CLA activity of B. breve by 
upregulating lai transcription, similar to that reported in 
Lpb. plantarum AR195.

Increased concentrations of washed cells effectively 
converted increased amounts of substrate, substantiating 
their potential for postbiotic applications. Further opti-
mization of the reaction conditions and extraction meth-
ods for in vitro CLA production revealed that optimal 
LA conversion occurs at a neutral pH. Acidification of 
the reaction mix before the addition of isopropanol and 
hexane improved the extraction of CLA. In particular, 
adjusting the reaction mixture from pH 7.0 to pH 5.0–5.5 
resulted in the highest CLA yield. In contrast, adjusting 
the pH after the reaction from acidic to neutral resulted 
in lower CLA yield. Finally, the effect of different emul-
sification methods on LA conversion indicated that the 
method used in this study (vortexing) was as effective as 
emulsification by ultrasonication, providing a simple and 
rapid method of preparing LA stock for in vitro experi-
ments [69]. Based on the timepoint LA conversion exper-
iments, it was confirmed that LAI follows the first-order 
kinetics until 5 min of reaction, after which the concen-
tration of the conjugated fatty acids started to plateau. In 
addition, LAI exhibited higher affinity for LNA than LA, 
manifested by higher specific activity (LNA, 56,790.12 
µU/g; LA, 11,664.08 µU/g). Based on these results, in 
vitro reaction of 0.5–1.0 mg LA can be completed within 
10–20 min of reaction.

Conclusions
The reported results in this study show that B. breve 
JKL2022 possesses superior CLA production capacity 
under growing conditions compared to that of other bifi-
dobacteria. Additionally, only JKL2022 produced CLA 
when washed cells or protein extracts were used as cata-
lysts, suggesting an inter-strain difference in lai expres-
sion. The ability of JKL2022 to convert CLA independent 
of growth suggests that the LA-converting enzyme is 
present at elevated levels and remains active after extrac-
tion from the cell membrane, attributed to the poten-
tial transcription regulatory role of TetR protein in LAI 
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synthesis. This capability is advantageous for develop-
ing postbiotic preparations for CLA production or to 
enhance the CLA content of various dairy products. 
Currently, studies are being conducted to improve the 
CLA production of JKL2022 strains using in vitro diges-
tion models and to disseminate this strain as a probiotic 
that can efficiently modify the MUFA and PUFA profiles 
of dairy products, improving their health benefits for 
consumers.
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