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Conjugated linoleic acid (CLA) is a highly value added active lipid that could be utilized as a functional food
ingredient. This study introduces an innovative, low-energy biocatalytic approach utilizing lactic acid
bacteria (LAB) to enhance CLA production in a sustainable manner. A synergistic coculture of Lactobacillus
acidophilus (La) and Lactobacillus plantarum (Lp) was developed, wherein La's rapid acidification (pH < 5.5)
effectively activated Lp's linoleate isomerase (LAI). Notably, a food-grade ethanol-based permeabilization
method—a non-invasive and environmentally friendly processing technique—was applied to modify cell
membranes (confirmed via SEM), thereby facilitating efficient uptake and intracellular conversion of linoleic
acid (LA) by LAl resulting in both cis — trans and A12 — All isomerization. The coculture of La: Lp in MRS
media containing 500 pg ML~ LA exhibited a CLA conversion of 41.3%. When permeabilized cells were

used in skim milk—an underutilized dairy byproduct—the CLA yield increased to 220.7 png mL™ (44.1%
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Accepted 14th November 2025 conversion), demonstrating the potential for direct integration into dairy fermentation processes. This
research establishes ethanol permeabilization as a promising tool in circular bioengineering, enabling

DOI: 10.1039/d5fb00425] energy-efficient CLA production (<50 °C, no toxic reagents) with minimal process waste, offering new
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opportunities for the production of CLA-enhanced milk products.

This study develops a low-energy biocatalytic platform (operating below 50 °C) through food-grade ethanol permeabilization of lactic acid bacteria cocultures,
enabling the conversion of dairy sidestreams—specifically skim milk—into conjugated linoleic acid (CLA)-enriched functional foods with a yield of 44.1%. By
eliminating the use of toxic solvents, reducing thermal energy consumption by over 30% compared to conventional methods, and promoting the utilization of
underutilized resources, this approach directly supports the objectives of zero-waste biomanufacturing (SDG 12), sustainable nutrition security (SDG 2), and

green industrial innovation (SDG 9).

1. Introduction

Conjugated linoleic acid (CLA) comprises LA isomers differing in
double bond location (e.g, 7:9, 9:11, 10:12, and 11:13) and
geometry (ie., cis or trans)." Due to its many health promoting
activities such as anticarcinogenic,> antiatherosclerotic, anti-
diabetogenic,® body mass enhancing, antioxidative, immuno-
modulatory, antimicrobial, hypocholesterolemic, and anabolic
attributes,* there has been increasing scientific interest in this
mixture. Amongst them, cis-9, ¢trans-11 (rumenic acid) and trans-
10, cis-12 are the more bioactive ones, which exhibit potent
anticancer activity and cause reduction in body fat, respectively.®

CLA exists naturally in animal foods having ruminants’ origin
(meat, milk, etc.) as an intermediate product of ruminal
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biohydrogenation (BH).*® This process, mediated by rumen
microorganisms, is a primary pathway for CLA formation.'®"
Additionally, mammary A9-desaturase-mediated transformation
of VA (trans-11 C18:1) elevates milk VA concentration.*>** Beyond
natural sources, microbial synthesis of CLA in vitro has emerged
as a promising strategy. Specific bacteria including LAB, bi-
fidobacteria and propionibacteria catalyze the conversion of LA
to CLA by linoleate isomerase (LAI).**** Notably, LAB strains such
as Lactobacillus acidophilus, Lactobacillus plantarum, and Lacto-
bacillus casei have demonstrated CLA-producing capabilities in
both culture media and milk matrices.'**®

Despite these promising health benefits and production
pathways, a critical challenge in optimizing microbial CLA
synthesis lies in overcoming the physical barriers posed by intact
cell walls and membranes, which restrict substrate access to
intracellular LAI. Coculture systems leverage microbial synergy to
enhance metabolic outputs, offering advantages over mono-
cultures in biotechnological applications."*** While LAB
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cocultures are widely employed in dairy fermentation, their
potential for CLA production remains underexplored. The
enhanced CLA production is attributed to a dual mechanism: (i)
synergistic interaction in coculture where La's acidification acti-
vates Lp's LAI, and (ii) ethanol permeabilization that increases
membrane permeability to facilitate substrate access to intra-
cellular enzymes. To address this, cell permeabilization -
a process that increases membrane permeability while preserving
enzymatic activity - was implemented as a key innovation in this
study. By disrupting cell integrity through ethanol treatment,
permeabilized whole cells enable direct interaction between LA
and LAI, thereby maximizing catalytic efficiency.*

This work investigates the synergistic effects of LAB cocultures
on CLA production, with a focus on the mechanistic role of cell
permeabilization. We evaluate how strain ratios, LA concentra-
tion, and fermentation duration influence CLA isomer profiles
and yields. Furthermore, we demonstrate that permeabilized
whole-cell systems significantly enhance LAI activity and CLA
conversion rates, particularly in skim milk - a finding with crit-
ical implications for developing CLA-enriched functional foods.

2. Materials and methods

2.1. Chemicals

Lipid standards were sourced from Sigma Chemical Co. in St.
Louis, MO. For the culture medium, we used MRS medium,
which we got from Difco out of Detroit, MI. Skim milk was also
used. All other chemicals needed for the fatty acid analysis were
of analytical grade and came from Fisher in Springfield, NJ.

2.2. Strains and growth conditions

Lactobacillus plantarum, Lactobacillus acidophilus, Streptococcus
thermophilus, Lactobacillus bulgaricus, Lactobacillus fermentum,
Lactobacillus casei, and Lactobacillus breris (preserved in the
laboratory) were used.

All seven strains were subcultured twice in a glass tube with 5
mL of MRS medium at 37 °C, 24 h, except for S. thermophilus,
which was grown at 42 °C, while other growth conditions were
similar to those for other LAB strains. The active culture was
split for increased production and testing via fermentation.

2.3. Preparation of LA and LA emulsion

2.3.1. Urea occlusion. We combined 150 g of safflower oil
and 35 g of KOH in a flask with 120 mL of ethanol and 37 mL of
distilled water, then let the mixture simmer in an 80 °C water
bath for an hour. After it cooled down to room temperature, we
adjusted the pH of the hydrolyzed mixture to between 2.0 and 3.0
using 4 mol L ™" H,S0,, and then transferred it to a separatory
funnel. The phase-separation process was performed, followed by
washing with water. After removing all possible aqueous frac-
tions using anhydrous Na,SO,, the whole solution was shaken,
filtered after extraction, heated to 50 °C for one hour, and then
concentrated via rotary evaporation. Free fatty acids were added
to carbamide methanol solution (750 mL) and crystallized over-
night (15 h). The crystals formed were separated from the liquid
by suction filtration. The above extract was again adjusted to pH
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2.0-3.0 using 4 mol L™ H,S0, and put into another separatory
funnel. The phase separation process was carried out, followed by
washing with water. After removing any aqueous fraction using
anhydrous Na,SO,, the whole solution was shaken, filtered after
extraction, heated to 50 °C for one hour, and then concentrated
via rotary evaporation.” This purification step was employed to
isolate free linoleic acid from safflower oil, removing other fatty
acids and impurities to ensure a pure substrate for subsequent
fermentation experiments.

LA and Tween-80 at a ratio of 5:1 (m/m) were dissolved in
deionized water. To form a stable LA emulsion, the mixtures
were treated with an ultrasound cell disruptor (SCIENTZ-IID).

2.4. Preparation of whole cells

Two percent (v/v) of pre-cultured LAB strains was inoculated in
MRS medium containing 0.75 mg mL ' LA and incubated stati-
cally at 37 °C for 24 h. Cells were harvested by centrifugation at
10000 x g for 15 minutes, it was washed twice with physiological
saline and treated with (70% v/v) ethanol at 37 °C for 5 min to
permeabilize the cell membrane.” Ethanol was selected as
a food-grade, environmentally benign permeabilizing agent for
this study. The permeabilization parameters (70% v/v ethanol, 37
°C, 5 min) were adopted from an established protocol to ensure
effective membrane disruption while preserving enzymatic
activity.”* The cells were centrifuged again at 10 000 x g for 10
minutes and then suspended in phosphoric acid-citric acid
buffer (pH 7.0). This permeabilization step disrupts the cell wall
and membrane barriers, enabling direct access of LA to intra-
cellular LAI, thereby enhancing enzymatic activity.

2.5. Scanning Electron Microscopy (SEM) analysis

In order to observe morphological changes in LAB cells before
and after permeabilization, we have used Scanning Electron
Microscopy (SEM). Cells from both untreated and per-
meabilized La-Lp coculture groups were centrifuged (10 000 x
g, 10 min), washed twice with 0.1 M phosphate buffer solution
at pH 7.0, fixed with 2.5% glutaraldehyde solution and incu-
bated at 4 °C for 12 hours. They were then dehydrated through
different concentrations of ethanol solutions: 30%, 50%, 70%,
90%, and 100%. The dehydration steps mentioned above were
repeated until all remaining liquids evaporated on the test
slides. The specimens were critical-point dried using carbon
dioxide, vacuum transferred to stainless steel rings and sputter
coated with gold-palladium (5 nm thick). Finally, imaging was
carried out at a 5 kV accelerating voltage with a Hitachi SU8010
Scanning Electronic Microscope (Hitachi High-Tech., Japan)
operated at a working distance of 8 mm. Three independent
replicates were analyzed for each group.

2.6. Determination of pH and microbial growth

The pH of the culture media was measured at room temperature
(20 £ 2 °C) using a digital pH meter (Hanna, Padova, Italy) with
a combined electrode.

Bacterial growth was checked during fermentation according
to the values obtained by measuring ODgg and cell counts in
CFUmL .

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.7. Fermentation experiments

All fermentations were conducted as batch processes. Fermen-
tations with seven LAB strains were carried out in MRS medium.
Inocula were prepared as follows: all 7 strains were transferred
from 4 °C stock or 80 °C stock culture and subcultured twice in
MRS medium at 37 °C, except for S. thermophilus, which was
cultured at 42 °C. Subcultured cultures were grown again to
activate them; each LAB strain sub-cultured separately at OD =
0.1 into 10 mL MRS containing 300 pg mL™ ' of LA as the
substrate for evaluation of conjugation of unsaturated fatty
acids in fermented products such as yogurt. For the coculture
study, each of the 21 pairs consisted of one strain sub-cultured
individually into 5 mL MRS, and its OD adjusted before inoc-
ulating 10 mL of MRS medium supplemented with 300 pg mL "
of LA, thereby having an activation culture. They were then
combined in a sterile vessel, all at the same time and used only
once, so that no transfer of cells between each pair of bacteria
takes place. For the focused co-culture experiments with La and
Lp, fresh pre-cultures of each strain were adjusted to a standard
optical density (ODgo) and then mixed at defined ratios (e.g., 1:
1) prior to inoculation to ensure a consistent starting pop-
ulation. The stability of the co-culture during fermentation was
monitored by tracking the total viable cell counts (CFU mL ™)
over time. The cultures formed 21 groups consisting of different
strain combinations. Cocultures of strains were activated for 24
h, respectively. Only the mixed strains showing the highest CLA
production were subsequently tested in MRS medium.

Fermentation experiments using the above-mentioned
selected strains in MRS + 0.3% LA were performed for 24 h to
observe the influence caused due to ratio variations on the
proportion of CLA isomers. Fermentation experiments were
carried out with the selected strains at an appropriate ratio with
different LA concentrations and different incubation times to
investigate conditions for CLA production between MRS
medium and skim milk medium. In the comparative study of
single strains and coculture of strains on the CLA-producing
activity, sampling was performed at 12, 24, 36, 48, 60 and 72 h of
incubation under appropriate conditions.

2.8. Determination of CLA

2.8.1. Lipid extraction and methylation. Bacterial suspen-
sions (1 mL) were subjected to lipid extraction by mixing them
with 4 mL of a 2:1 (v/v) chloroform : methanol solution. This
mixture was then spun down at 3800 x g for 20 minutes at 4 °C.
Following centrifugation, the organic layer was carefully sepa-
rated, dried using anhydrous sodium sulfate to eliminate any
water, and concentrated under vacuum at 30 °C. Finally, the
resulting sample was brought up to a final volume of 10 mL with
hexane in a volumetric flask for subsequent quantification.”

The LA and CLA extract was collected and dried under
a stream of nitrogen gas at 70 °C using an evaporator. The dried
stuff was then redissolved in 500 pL of hexane and derivatized
into methyl esters by reacting it with 1 mL of 5.0% (v/v) HCI in
methanol at 100 °C for an hour.”® We analyzed the methyl esters
of CLA using a gas chromatography (GC) system. It is important
to note that these extraction and derivatization steps were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performed for the analytical quantification and identification of
CLA within the fermentation matrix. The produced CLA was not
isolated as a separate, purified compound, as the study focused
on in situ yield and isomer distribution.

2.8.2. UV spectrum analysis of CLA. Absorbance measure-
ments were taken at room temperature in 1 cm quartz cuvettes.
Each sample was scanned across a wavelength range from 200
nm to 300 nm. The concentrations of CLA (ug mL™') in the
samples were then determined using a standard curve, which is
based on the UV absorbance of CLA at 233 nm.*

2.9. GC-MS analysis

Following the method outlined by Nakao et al.,” the methyl
esters of CLA and LA were analyzed using an Agilent Technol-
ogies HP7890 GC system (Wilmington, Delaware, USA). This
setup included an automatic injector and a flame ionization
detector (FID). We used an HP-50 capillary column (60 m x 0.25
mm inner diameter x 0.20 um film thickness) to separate the
compounds. We injected 1 pL of each sample. The GC condi-
tions were as follows: the injector and detector were both set to
250 °C. The oven temperature was programmed to start at 90 °C,
hold for five minutes, and then increase the temperature to 180
°C at a rate of 10 °C per minute. It was held at this temperature
for an additional 10 minutes. After that, the temperature was
increased to 220 °C at 5 °C per minute and held for 10 minutes
before finally reaching 250 °C at 5 °C per minute, with a final
hold of 10 minutes. Hydrogen was used as the carrier gas to
move everything along.

2.10. Statistical analysis

We made sure to run each experiment at least three times. The
data are presented as mean values, along with their corre-
sponding standard deviations (SDs). We crunched all the
numbers and processed the data using specialized software.

3. Results and discussion

3.1. Conversion of LA to CLA by coculturing of LAB

Employing diverse food-safe bacteria for the production of CLA
isomers during food processing, notably as starter cultures,
offers potential for enhanced nutritional profiles. The synthesis
of CLA from free LA by LAB strains has been documented in
numerous studies.” It was found that the addition of probiotic
bacteria—specifically Lactobacillus rhamnosus and strains of
Propionibacterium freudenreichii (subsp. shermanii 56, shermanii
51, and subsp. freudenreichii 23)—to yogurt starter cultures
(Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus
salivarius subsp. thermophilus) synergistically increased the CLA-
producing ability of fermented milk. What's more, when L.
rhamnosus is combined with standard yogurt cultures, the
resulting fermented milk boasts the highest levels of CLA.>® This
indicated the feasibility of coculturing LAB strains. However,
few studies concentrate on production of free LA by coculture of
LAB strains. In the present study, the mixed LAB strains were
evaluated on unbound LA's transformation into bound CLA. We
found that they all have the ability to convert LA to CLA, and
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CLA production was almost higher than that of single strains
(Table 1). CLA production by coculture of different LAB strains
was shown for the first time in this study. La cocultured with
other LAB strains showed the higher CLA-producing ability than
the others, and La and Lp gave the highest CLA production of
107.9 g mL~" (LA conversion rate 35.97%) (Table 1). Compared
to other LAB strains, such as Lactobacillus acidophilus CRL730
(23.8%), L. acidophilus Q42 (20.0%), Lactobacillus casei CRL87
(17%), and Lactobacillus plantarum NCUL005 (27.6%), the
coculture exhibited a relatively high LA conversion rate. Mean-
while, this observation is in agreement with the study that the
co-culture of La and Lp (La-Lp) produced more CLA than the co-
culture of La and St (La-St).*” It is possible that La has a good
compatibility with other LAB strains, which can be used as
a starter culture in fermented dairy products. Therefore, further
mechanistic studies will focus on La and Lp, which were
selected for coculture.

3.2. Permeabilization enhances LAI activity and CLA
production

SEM analysis provided direct visual evidence of the impact of
ethanol-based permeabilization on LAB cell integrity. The
untreated cells had smooth, intact surfaces and typical rod

Table1 CLA-production of LAB strains and coculture of LAB strains in
the MRS medium containing 300 pg mL™* LA (30 °C, 24 h). Data are
shown as mean + SD (p < 0.05)

Count (log CFU mL ™) pH CLA (pg mL ™)
LAB strains
La 9.11 4.53 60.3 + 2.3°
Lp 8.97 4.73 69.2 + 1.8°
Lf 10.45 4.68 80.6 + 2.2¢
Le 8.86 4.77 60.7 & 2.7°
Lb 10.19 4.76 75.6 + 2.49
Lbu 8.73 4.69 23.1 + 2.18
St 9.05 4.74 51.2 + 1.5
Coculture of LAB strains
La and Lp 9.22 4.62 107.9 + 2.22
La and Lf 10.34 4.61 87.4 £2.9°
La and Le 9.33 4.63 98.6 + 2.4°
La and Lb 8.99 4.57 81.3 + 2.2°
La and Lbu 8.57 4.61 73.7 £ 1.9¢
La and St 9.47 4.59 89.6 + 2.5°
Lp and Lf 10.67 4.51 67.2 £ 1.7°
Lp and Lc 9.41 4.70 79.4 + 3.0¢
Lp and Lb 9.89 4.72 69.9 + 2.3°
Lp and Lbu 9.14 4.77 53.2 + 1.8°
Lp and St 8.97 4.81 60.5 £ 1.4°
Lf and Le 10.18 4.55 86.4 + 1.6°
Lf and Lb 9.77 4.68 75.2 + 2.7¢
Lf and Lbu 8.49 4.69 63.0 + 1.9°
Lf anf St 9.56 4.72 60.3 + 1.6°
Lc and Lb 9.38 4.77 76.9 + 2.59
Lc and Lbu 8.63 4.75 66.1 & 2.8°
Lc and St 8.85 4.71 55.2 + 2.1F
Lb and Lbu 9.12 4.75 64.9 + 1.5°
Lb and St 9.74 4.74 79.1 + 2.0¢
Lbu and St 9.09 4.69 59.9 + 2.4°
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shape (Lactobacillus) morphologies (Fig. 1a). In contrast, per-
meabilized cells displayed pronounced structural modifica-
tions, including surface roughness and partial collapse of the
cellular architecture (Fig. 1b). These observations align with
previous studies demonstrating that ethanol permeabilization
disrupts lipid bilayers and increases membrane fluidity, thereby
facilitating substrate access to intracellular enzymes.*®

Such structural changes likely reduce diffusion barriers for
LA, enabling efficient interaction with LAI and subsequent CLA
biosynthesis. Following permeabilization treatment, the
cellular morphology remained intact, with no visible pores or
cytoplasmic leakage observed. Although structural alterations
occurred in the membrane of permeabilized cells—manifested
as increased permeability—the overall cellular architecture was
preserved—a critical feature for maintaining enzymatic activity
during prolonged fermentation.*

These findings underscore the mechanistic basis for the 2.3-
fold increase in CLA production in permeabilized cocultures
(Table 4). By bridging SEM-derived structural insights with
biochemical data, this work establishes a direct link between
cell permeability and catalytic efficiency in microbial CLA
synthesis. The ethanol permeabilization treatment, performed
under conditions (70% v/v, 37 °C, 5 min) selected based on prior
literature,** proved to be a critical step for enhancing substrate
access to intracellular LAI, thereby significantly contributing to
the elevated CLA production observed in this study.

3.3. Combined UV spectrophotometry and GC-MS for
quantitative and qualitative analysis of conjugated linoleic
acid (CLA)

The gas chromatogram of CLA standards (Fig. 2a) and LA
methyl ester (Fig. 2b) revealed the following retention times:
26.044 min for ¢9,t11-CLA, 26.183 min for ¢10,c12-CLA, 26.824
min for the ¢, ¢ mixture (¢t-CLA) and 25.080 min for LA,
respectively. The peak of the conjugated double bond's extinc-
tion spectrum is 232-234 nm. A linear relationship was
observed between the absorption at 233 nm and the standard
CLA concentration within the range of 0-12 pg mL ‘. The
standard curve of CLA UV absorption at 233 nm at room
temperature is expressed by the following formula: y = 0.0791x
+0.014 (R* = 0.999).

There are many methods of analysis, including gas-liquid
chromatography, silver-ion high-performance liquid chroma-
tography, nuclear magnetic resonance (NMR), and gas chro-
matography-mass spectrometry (GC-MS). The UV method is
used more commonly than other methods; however, it only
determines the total CLA production and does not give the
distribution of the content of CLA isomers. So we combined GC-
MS with UV to conduct the quantitative and qualitative deter-
mination of CLA in the study.

3.4. The effect of different proportions of La and Lp on the
proportion of CLA isomers

The effect of different proportions of La and Lp on the total CLA
production was investigated, and the CLA production reached
the maximum rates when the coculture was inoculated at 37 °C

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(b)

5.00kV 10.1mm x8.00k SE

Fig. 1 SEM image of LAB cells (La—Lp co-culture). Untreated cells show intact membranes and smooth surfaces (a). Washed cells after per-

meabilization (b).
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Fig. 2 Gas chromatogram for the conjugated linoleic acid isomer standards (a), LA (b) and the fatty acids of fermentation broth (c).

for 48 h in a skim milk medium containing 300 pg mL ™" of LA,
with a specific strain ratio of La:Lp = 1:4 v/v.*” However, the
CLA isomer distribution was not studied. In the present study,
qualitative analysis revealed that the ¢9,t11-CLA, ¢10,c12-CLA,
and ¢,t-CLA isomers were the three main isomers (Fig. 2c) (Table
2). The total CLA production reached a maximum of 116.6 pg
mL ™" when La was in coculture with Lp, with specific strain
ratios of 1: 4 (v/v) in the MRS medium containing 300 pg mL "

© 2025 The Author(s). Published by the Royal Society of Chemistry

of LA (Table 2), and quantitative analysis revealed that the
€9,t11-CLA, ¢10,c12-CLA, and ¢,t-CLA isomers comprised about
50% (w/w), 13% (w/w) and 37% (w/w) of total CLA produced by
the coculture, respectively (Fig. 3a). When La was in coculture
with Lp at a ratio of 1: 1, quantitative analysis revealed that the
€9,t11-CLA, t10,c¢12-CLA, and ¢,¢-CLA isomers comprised about
66% (w/w), 24% (w/w) and 10% (w/w) of total CLA produced by
the coculture, respectively (Fig. 3a). The different proportions of

Sustainable Food Technol.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00425j

Open Access Article. Published on 09 December 2025. Downloaded on 12/24/2025 9:19:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Sustainable Food Technology Paper

Table 2 Production of individual isomers and total CLA by coculture of La and Lp at different ratios in the MRS medium supplemented with 300
ng mL~t LA for 24 h of incubation at 37 °C (p < 0.05)

€9,t11-CLA (pg mL ™) £10,c12-CLA (ug mL ™) t,t-CLA (ug mL ™) Total CLA (ug mL™") Microbial counts (log CFU g™ ')

La and Lp

4:1 58.3 + 1.6° 15.1 + 1.9¢ 432 +1.4% 116.6 + 4.9% 9.35 &+ 0.23
3:1 452 + 1.3 25.0 + 1.5 30.1 + 2.4° 100.3 + 4.2° 9.22 + 0.20
2:1 46.3 £ 1.6° 26.7 + 1.2° 22.8 +1.3° 95.8 + 4.1° 9.11 + 0.21
1:1 70.9 + 1.3% 25.7 + 1.0° 10.9 + 1.59 107.5 + 3.8° 9.38 + 0.22
1:2 39.5 + 1.4¢ 26.3 + 1.7 21.9 £+ 1.2° 87.7 + 4.3¢ 9.23 £ 0.16
1:3 37.9 + 0.8¢ 35.9 + 1.4° 23.3 + 1.6° 97.1 + 3.8° 9.06 + 0.25
1:4 35.8 +1.2° 41.9 + 0.7% 22.1 + 1.6° 99.8 + 3.5° 9.14 + 0.27

Single strains
La 27.3 20.2 17.4 64.9 9.19
Lp 22.4 19.5 30.5 72.4 8.95

La and Lp did not affect CLA production. However, they did CLA produced by coculture of La an Lp had a relative reduction
affect the relative composition of isomers. There were obvious in comparison to Lp, and it seemed to favour the formation of
differences in CLA isomer distribution. We discovered that t,t- ¢10,c12-CLA when La took up a larger proportion in the

(a) (b)

7
E g
g @ 16
< =
5 £ &
£ 3 K
- $
La Lp 41 31 20 L 12 13 14 T T4
: 0 4 8 12 16 2 24
strains
Time (h)
(©
220
3 2004 I
E
2 %
> 180+
F \
E 160+ 1 \
N
é 120 § \ \
100 \ & §
La Lp La and Lp(1:1)

strains

Fig. 3 Proportion of CLA isomers. The trans, trans mixture; trans-10, cis-12 and cis-9, trans-11 isomers are represented by black (mm), white (33)
and grey (Em) bars, respectively (a), viable cell number and pH changes during fermentation by La, Lp and mixed La and Lp ata 1: 1 ratio. The 2%
(v/v) cultures were inoculated into MRS media containing 300 pg mL ™ of LA and incubated at 37 °C for 24 h. (——) Lp, (——) La, and (—) La and
Lp (b), production of CLA in La, Lp and mixed La and Lp cells. Whole cells were incubated in 0.1 mol mL™ PBS (pH 7.0) supplemented with 300 pg
mL ! of LA at 32 °C for 24 h (c).
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coculture. We can conclude that the coculture is able to change
different kinds of CLA isomer contents. This result is similar to
the research showing that the addition of 0.1% LA to a mixture
of yogurt cultures and L. acidophilus significantly increased the
content of ¢9,t11-CLA in nonfat set yogurt.** The proportion of
CLA isomers formed by La or Lp was studied previously, and it
showed that ¢9,t11-CLA, ¢t10,c12-CLA and t,t-CLA isomers were
the primary compositions, and ¢,t-CLA isomers took up the
higher proportion.** It has been reported that ¢9,¢11-CLA shows
anticancer activity’® and ¢10,c12-CLA shows activities that
decrease body fat,>® which is beneficial to health, while the
bioactivity of ¢,t-CLA is lower than ¢9,t11-CLA.** Thus ¢,t-CLA
isomers were not expected to enrich in the fermented diary
food. The coculture of La and Lp reduced the ¢,¢-CLA content
obviously, causing a desirable enrichment in ¢9,11-CLA with
specific strain ratios of 1:1, which has significances to fer-
mented dairy products. So we selected a specific strain ratio of
1:1 to carry out the next experiment.

These alterations in the isomer profile suggest that the La—
Lp co-culture may influence the isomerization pathway.
Specifically, it potentially inhibits the further reduction of the
more bioactive ¢9,t11-CLA and ¢10,c12-CLA isomers to the less
desirable t,t-CLA or other saturated fatty acids, a step in the
biohydrogenation pathway. It is plausible that one strain
influences the enzymatic activity or metabolic flux of the other,
leading to a redirected isomerization pathway that favors the
accumulation of specific CLA isomers. The exact mechanism—
whether through cross-talk, altered gene expression, or meta-
bolic complementation—warrants further investigation.

When La and Lp were incubated in the MRS media con-
taining 300 pg mL~" of LA, the total plate count increased
dramatically, from 4.73 to 9.11 log CFU mL ™" over the 24 hour
incubation period (Fig. 3b). The consistent and robust growth
patterns observed for the co-culture (Fig. 3b and 4a) confirm the
stable co-existence of both strains throughout the fermentation.
The presence of La in the MRS medium, in the presence of other
microorganisms, led to slightly higher levels of microbial
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growth when compared to the MRS medium that contained only
Lp and the MRS medium with only La after 24 h of fermenta-
tion. The CLA production by the whole cell of the mixed strains
is significantly higher than the CLA production by the whole cell
of La or Lp (Fig. 3c). Since the coculture of LAB strains shows
a higher-producing CLA ability than single LAB, we conducted
two speculations: (i) the coculture increases the total microbial
growth; this is because microbial counts is important in CLA
production.* (ii) The coculture increases the enzyme activity of
strains; this is based on the fact that microorganisms can
produce CLA from LA through linoleate isomerase (LAI)
activity.® To verify the above speculations, the growth rate of
strains was tested, and we found that there was little difference
among the total microbial counts in the MRS medium. Then we
carried out thewhole cell experiment. Linoleate isomerase is an
intracellular enzyme. Therefore, this study focused exclusively
on the activity of the intracellular LAI enzyme. The experimental
approach, utilizing permeabilized whole cells, was specifically
designed to assess this intracellular activity by overcoming
membrane barriers to substrate access. Extracellular enzymatic
activity was not investigated. Thus, the cell membrane and cell
wall prevent the enzyme from coming into contact with its
substrates.”* The drawbacks of using whole cells were overcome
by adopting permeabilization technology,*® which can excel-
lently exhibit the LAI activity. Because the whole cell of mixed
strains showed a relatively higher conversion activity with LA as
compared to the whole cell of La or Lp at the same cell
concentration, we draw a conclusion that the higher production
by coculture of strains can be due to the improvement of
enzyme activity, but it is still unclear why the coculture can
improve the LAI activity. We surmised it is possible that some
kind of organic chemical composition was produced by cocul-
ture, leading to the enhancement of LAI activity.

3.5. Conditions for CLA production

The analysis of potential factors leading to CLA production
identified two critical variables to test. The concentration of LA
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Fig. 4 Viable counts and total CLA production by coculture of La and Lp at a 1: 1 ratio in the MRS medium and skim milk medium, respectively,
supplemented with 200, 300, 400, 500, 600 and 700 ug mL~! LA for 24 h of incubation at 37 °C. (——) MRS, (——) SKM, (1) MRS, and (zz=z)
SKM (a), total CLA produced by coculture of La and Lp ata 1: 1 ratio in the MRS medium and skim milk, respectively, supplemented with 500 pg
mL~ LA after 12, 24, 36, 48, 60, and 72 h of incubation at 37 °C. (—=3) MRS and (zzz1) SKM (b).
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was considered an important factor because long-chain FFAs
are known to have an inhibitory effect on microbial growth.*®
Incubation time was considered another potential factor
affecting CLA production. Reports indicating that Lactobacillus
acidophilus produces CLA only after reaching the stationary
growth phase served as the basis for this hypothesis.?”

The microbial growth of the coculture of La and Lp propor-
tionally decreased as LA concentration increased to 700 ng
mL " (Fig. 4a). After a 24 hour period of incubation, the

View Article Online

Paper

maximal viable cell growth at the free LA level of 500 ug mL ™"
was approximately three-quarter that of bacteria grown with 200
pg mL~". Furthermore, the total CLA production by cocultures
of La-Lp with the addition of the LA (substrates) from 200 pg
mL ™" to 500 ug mL~". Then, it decreased due to the addition of
500 pg mL ™. When the LA addition level was 500 ug mL ™", the
total CLA production reached its maximum value of 158.6 ug
mL ™" (Fig. 4a), and the ¢9,t11-CLA content was 107.7 pg mL ™"
(Table 3). The variation trend in the content of individual

Table 3 Production of individual isomers and total CLA by coculture of Laand Lp ata 1: 1 ratio in the MRS medium supplemented with 200, 300,
400, 500, 600 and 700 pg mL~t LA for 24 h of incubation at 37 °C (p < 0.05)

LA concentration (ug mL ") 9,t11-CLA (pg mL ™)

£10,c12-CLA (ug mL ™)

t,t-CLA (ug mL ™) Total CLA (ug mL ™)

200 47.2 +0.8° 16.5 + 1.5° 11.1 + 1.0¢ 74.8 + 3.3°
300 68.2 + 1.64 23.1 + 1.49 13.6 + 0.8° 104.9 + 3.8°
400 81.1 +1.7° 31.4 + 1.6™ 18.3 &+ 1.3° 130.8 + 4.6°
500 107.7 + 1.6% 34.4 +1.7° 16.5 + 0.8° 158.6 + 4.1°
600 93.4 + 1.4° 32.7 + 1.6%° 23.0 + 1.3° 149.1 + 4.3P
700 72.3 £ 1.7¢ 29.6 + 2.3° 16.7 + 1.5° 118.6 + 5.5¢
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Fig.5 Proportion of CLA isomers. The trans, trans mixture; trans-10, cis-12 and cis-9, trans-11 isomers are represented by black (H), white (3)
and grey (ER) bars, respectively (a), the comparison of total CLA produced by coculture of La and Lp (1:1), La and Lp in the MRS medium
supplemented with 500 pg mL™ LA after 12, 24, 36, 48, 60, and 72 h of incubation at 37 °C. (——) La and Lp, (——) Lp, and (=) La (b), proportion
of CLA isomers. The trans, trans mixture; trans-10, cis-12 and cis-9, trans-11isomers are represented by black (m), white (03) and grey (23 ) bars,

respectively (c).
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Table 4 Production of individual isomers and total CLA by coculture of Laand Lp (1: 1), La and Lp in the MRS medium supplemented with 500 pg

mL~* LA after 48, 60, and 72 h of incubation at 37 °C (p < 0.05)

Lp La La and Lp
Time (h) 48 60 72 48 60 72 48 60 72
9,t11-CLA (ug mL™")  35.6 £ 0.7% 26.6 + 1.3° 19.4 + 1.1° 38.9 + 2.2* 26.3 + 1.2° 20.7 + 0.8° 128.0 = 1.6 124.3 + 1.9 121.4 + 2.0°
£10,c12-CLA (ug mL™")  30.9 £ 1.2* 26.3 +1.4° 22.7 £ 1.7° 29.7 + 1.4* 21.6 £0.8° 156 £1.4° 51.6 £1.7° 494 +1.6"> 483+ 1.7°
t,t-CLA (ug mL ™) 44.2 +1.8% 24.6 +1.9° 17.6 +2.0° 24.3 + 1.5 21.4 4+ 0.9° 19.14+ 1.3° 269+ 1.3 250+ 1.8°  24.8 + 1.9°
Total CLA (ug mL™%)  110.7 + 3.7* 77.5 + 4.6 59.7 + 4.8° 92.7 + 5.1° 69.3 + 2.9 55.4 + 3.5° 206.5 + 4.6° 198.7 + 5.3"° 194.2 + 5.6"

isomers was consistent with the total CLA production. As re-
ported, LA has inhibitory effects on bacterial growth® and the
level of tolerance to LA differs between different strains.*® Some
have suggested that converting free LA to CLA may serve as
a detoxification mechanism in bacteria and that a greater
tolerance to LA implies a higher CLA productivity.*® The present
study tested the tolerance levels of mixed strains to LA by add-
ing various concentrations of LA to the MRS medium. So this
result might be due to a relatively high tolerance to LA for the
coculture of La and Lp. But the CLA production was still
restrained at over-loading concentrations. This pattern was
similar to those observed in previous Lactobacillus strain
studies.”” Adding LA increased CLA production during
fermentation.

First, we analyzed samples of MRS broth supplemented with
500 ug mL ™" of LA and inoculated with a culture of LA and Lp.
The samples were then incubated at 37 °C for different periods
of time (6, 12, 24, 36, 48, 60, and 72 hours) to determine the
growth stage at which CLA was produced. As fermentation
progresses, the total content of CLA increases, reaching
a maximum of 206.5 ug mL ™" after 48 hours (Fig. 4b), and the
corresponding conversion rate from LA to CLA was 41.3%. The
similar tendency was observed in a previous study.”” We also
discovered that most CLA was produced at the stationary stage.
This is similar to the findings of P. Liu et al.**

Moreover, we discovered that CLA production by coculture of
La and Lp did not decline significantly after 72 h of incubation
(Fig. 5a), so we investigated the CLA-producing activity of La and
Lp under same conditions for 72 h at 37 °C. When La and Lp
were each incubated in MRS, both of them reached the highest
production levels after 48 h, but then the CLA production levels
declined sharply (Fig. 5b). Previously, the production of CLA by
Lactobacillus plantarum P15 increased with incubation time,
ranging from 0 to 48 hours. A rapid decrease in LA conversion
was observed at incubation times above 48 hours.** The
reduction to the total CLA production by La was mainly attrib-
uted to the reduction to the proportion of the ¢9,11-CLA isomer
and the ¢#10,c12-CLA isomer, and the reduction to the total CLA
production by Lp was mainly ascribed to reduction to the
proportion of the ¢9,t11-CLA isomer and t,t-CLA (Table 4).
Compared with La or Lp, the ¢9,t11-CLA produced by the
coculture decreased slightly, and ¢10,c12-CLA content and ¢,
CLA content were basically unchanged (Table 4). Studies have
shown that CLA is an intermediate product in the BH process
and that rumen BH involves sequential yet distinct enzymatic

© 2025 The Author(s). Published by the Royal Society of Chemistry

reactions that produce saturated fatty acids. These processes
include the spontaneous isomerization of LA to CLA, as well as
the reduction of CLA to VA and stearic acid. Studies have shown
that CLA is an intermediate product in the BH process. Ruminal
BH involves sequential, yet distinct, enzymatic processes that
yield saturated fatty acids. First, LA spontaneously isomerizes
into CLA. Then, CLA is reduced into VA and stearic acid, so we
deduced that La in coculture with Lp may decrease the BH
activity compared to the single LAB strain. And it has been
found that this characteristic of coculture of La and Lp made it
possible to maintain the CLA production during fermentation.

We found that the CLA isomer ratio was not impacted by LA
concentration and incubation time, which indicated that the
distribution of CLA isomers is mainly influenced by the
different proportions of coculture of La and Lp (Fig. 5a and c).
And this needs to be further validated in future trials.

3.6. Application of the coculture of La and Lp in the skim
milk medium

Further investigation is needed to determine the availability of
La and Lp cultures, so we conducted the same experiments in
the skim milk including varying LA concentrations and incu-
bation time. The results are similar to the fermentation in the
MRS medium. CLA production increased proportionally before
the LA concentration reached 500 ug mL™" (Fig. 4a), and the
optimal incubation time for producing CLA was 48 hours
(Fig. 4b). When La was in coculture with Lp in the skim milk
medium containing 500 pg mL ™" of LA for 48 h, and other
culture conditions were the same as those in MRS medium, the
total CLA production reached 220.7 pg mL ™" (Fig. 4b) and the
corresponding conversion rate from LA to CLA was 44.1%. We
found that the CLA production in skim milk is higher than it in
MRS medium, but the CLA isomer ratio was nearly unchanged
compared with the CLA isomer ratio in the MRS medium. An
increase in cell numbers during the late log phase may have
been caused by the nutrients in skim milk. Actually, the envi-
ronmental factors that lead to an increase in cell numbers are
related to the production of CLA,** and this should be kept in
mind when making yogurt with CLA.

4. Conclusions

The enhanced CLA production is primarily driven by a dual
mechanism: the synergistic interaction in the La-Lp coculture,
where La's acidification activates Lp's LAI, combined with the
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significantly improved substrate access afforded by ethanol
permeabilization of cell membranes. This strategy proved
robust and effective, not only yielding higher total CLA
compared to monocultures but also favorably altering the
isomer profile by enriching the more bioactive ¢9,t11-CLA
isomer. Optimal production was achieved with a La : Lp ratio of
1:1,a LA concentration of 500 pg mL ™", and an incubation time
of 48 hours. The co-culture exhibited high LA tolerance and,
notably, maintained stable CLA production without significant
decline during extended fermentation, unlike the mono-
cultures. Validation in skim milk fermentation confirmed the
practical applicability of this approach, resulting in even higher
CLA yields. This work establishes the La-Lp co-culture
combined with ethanol permeabilization as a promising,
sustainable method for producing CLA-enriched fermented
foods.

Future research will focus on elucidating the mechanisms
underpinning: (i) the enhanced LAI activity in co-culture and
the role of increased membrane permeability, (ii) the sustained
CLA stability during prolonged in-process fermentation in the
La-Lp consortium, and (iii) the stability of CLA isomers in the
final product under various storage and food processing
conditions. Concurrently, we will explore strategies to further
augment CLA yield, including refined cell preparation tech-
niques (such as optimized washing protocols), culture condi-
tion optimization, mutagenesis, and genetic engineering
approaches. Expanding the application of this co-culture system
incorporating the permeability-enhancing step to diverse fer-
mented food matrices, including various milk types and plant-
based (vegetable) fermentations, will be prioritized to maximize
its impact on sustainable and nutritious food innovation.
Furthermore, investigating the potential for extracellular LAI
activity or enzyme leakage, particularly under permeabilization
conditions, will be crucial to fully delineate the biocatalytic
mechanism and optimize the process. Additionally, a compre-
hensive analysis of the nutritional composition and sensory
properties of the CLA-enriched fermented products is essential
for their development as viable functional foods.
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