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Abstract
This research pivots around screening of idoneous lactic acid bacteria (LAB) from cow milk and subjecting them to adaptive 
evolution experiments to aid superior growth/robustness necessary for 3-phenyllactic acid (3-PLA) production. Conven-
tional and statistical fermentation studies were conducted at batch scale using a non-axenic coculture of three novel LAB 
strains: Lactiplantibacillus plantarum str. nov. plantharim, Lactobacillus delbrueckki str. nov. delharim, and Pediococcus 
pentasaceous str. nov. pentharim. Statistically optimized fermentation using Box Behnken technique resulted in 1225 mg/L 
3-PLA production using the growth medium: cheese whey—MRS medium mixture (5:2 ratio), phenylalanine (2.69% w/v), 
and glucose (9.6% w/v). Statistical optimization of fermentation parameters resulted in a substantial increase (17 times 
higher) compared to the non-optimized fermentation conditions (72 mg/L). Monad growth kinetics of the cow milk whey 
(CMW) coculture were calculated and estimated as: μmax = 0.336  h−1, Ks = 11.64 mg/mL,  Yx/s = 0.835 mg/g, YP/S = 1.66 mg/g, 
YX/P = 0.112 mg/mg. The purified 3-PLA (1.93 mg/mL) showed antimicrobial activity with pathogenic bacteria like Pseu-
domonas aeruginosa, Escherichia coli, and Staphylococcus aureus, with a minimum inhibitory concentration of 12 mg/mL.
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1  Introduction 

LAB are resourceful entities which can ferment carbohy-
drates, fruit-processing residues, vegetable peels (agro-
food waste biomass matter) to economically produce lactic 
acid (LA), and other secondary metabolites like PLA, ace-
tic acid, and bacteriocins [1] [2] [3]. Cheese whey (CW) 
is the residual fluid generated as a by-product of cheese-
manufacturing industries, and can serve as a nutrient-rich 
growth-matrix which can sustain LAB sustenance for 
revalorization into useful metabolites [4] [5] [6] [7]. CW 
hydrolysates augmented with phenyl pyruvic acid or phe-
nylalanine and other nutrients when fermented with Lacto-
bacillus plantarum CECT221 could yield LA and PLA [7] 

[8]. LAB fermentation of yellow mustard and milk whey 
(as substrates) resulted in the production of DL-3-PLA and 
LA with considerable antioxidant activity [9]; moreover, 
CW is an inexpensive nitrogen-rich substrate which can be 
exploited holistically by LAB [10] [6]. It has been recently 
reported that LAB-fermented whey could effectively be used 
as a bio-preservative that could extend the shelf-life of bread 
due to antimicrobial activities [11].

PLA/2-hydroxy-3-phenyl propionic acid/C9H10O3/β-
phenyllactic acid is a natural organic acid-derivative of 
phenyl-alanine catabolism which is metabolized by lactate 
dehydrogenase (during glycolysis) [12, 13], and occurs in 
probiotic-foods, viz., honey, milk /milk products, cheese, 
pickles, and sourdough [14] [15]. Chemically PLA occurs 
in two enantiomeric forms: D-PLA and L-PLA (based 
upon  C2 position chirality), while the former has better 
antimicrobial properties with efficacy at operational pH/
temperature ranges, better diffusibility and/or water solu-
bility [16] [17]. PLA production from LAB strains isolated 
from various matrices has been reported: 24 Lactobacillus 
strains were isolated from the pig’s caecum and intestines 
(80–119 mg/L) and pig feces (233.0 mg/L, L. plantarum 
r16) [18], Geotrichum candidum (600 ~ 1000 mg/L) strain 
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isolated from cheese [19], Leuconostoc mesenteroides 
ITMY30 (0.57 ± 0.04 mM) strain isolated from olive-phyllo-
plane [20], Lactobacillus plantarum 21B (56.0 g/L) isolated 
from sourdough bread [21], and Pediococcus pentosaceus 
SK25 (47.2 mg/L mg/L) isolated from Chinese pickles [22].

Adaptive laboratory evolution (ALE) or metabolically 
engineering LAB strains could improve their robustness 
and tolerance to higher temperature, and lactic acid or the 
substrate (CW) contents; moreover, coculturing two/more 
LAB strains together could further enhance growth and 
subsequent PLA yields through inter-dependency without 
using genetic biotransformation [23], and ALE has also 
been proven to be inherently restricted to traits benignly 
associated with cell fitness (like nutrient utilization) [24]. 
Adapted inoculum effectually promoted lactic acid pro-
duction while using mixed culture fermentation of food 
waste [25]. Furthermore, traditional and statistical fer-
mentation steps could be used to control other physico-
chemical fermentation factors which influence growth and 
intracellular activity [26]. Optimal PLA production was 
reported with: Lactobacillus sp. SK007 at 30 °C when 
cultivating in stationary mode [27]; Lactobacillus para-
casei W2 when cultured at a pH-range of 6.5–7.0 [28]; 
Lactobacillus strains in fed-batch mode with monitored 

pH, agitation, and supplements (glucose, phenyl pyru-
vic acid, sodium hydroxide, agitation) [29]; recombinant 
Escherichia coli cultivated under restricted oxygen levels 
to trigger l-phenylalanine production [30]; Lactococcus 
lactis which produces aminotransferases (converting phe-
nylalanine to phenyl pyruvic acid (PLA-precursor)) [31]; 
Lactobacillus plantarum SK002 which produces lactate 
dehydrogenases (LDH) triggering bioconversion of phe-
nylalanine substrates at 30–45 °C and 5.5–7.0 [32]; and 
Pediococcus pentosaceus which produces D-LDH using 
NADH regeneration by Ogataea parapolymorpha formate 
dehydrogenase [22], etc.

Critically reviewing the state-of-art of ongoing researches 
which adopt impactful/fruitful research strategies for pro-
ducing 3-PLA using batch stage fermentation studies, here-
with we discuss the summative application of a sequential 
stratagem using adapted non-axenic coculture inoculum for 
fermenting cheese whey rich growth medium, convention-
ally/statistically optimizing batch fermentation parameters, 
and performing Fourier-transform infrared spectroscopy/ 
High-performance liquid chromatography (FTIR/ HPLC) 
analyses to detect/quantify the produced 3-PLA production 
levels. A flow chart diagram of the sequential application of 
the orchestrated strategy is shown in Fig. 1.

Fig. 1  Schematic showing the 
sequential strategy for: isola-
tion, selective screening of LAB 
from diverse food matrices like 
milk and fermented milk prod-
ucts, etc.; adaptive evolution 
to improve LAB robustness; 
LAB cocultivation techniques to 
promote augmented PLA yields; 
traditionally and statistically 
optimizing the fermentation 
parameters to increase PLA 
yields; extraction and quan-
tification of the PLA yields; 
and studying the application 
prospects of the PLA yielded 
in suitable industrial sectors 
as antimicrobial agents finding 
usage in food preservation, etc. 

Diverse food matrices as inoculum sources for isolation of PLA-producing LAB strains

LAB co-cultivation techniques 

Traditional and statistical fermentation  Extraction and quantification of PLA yields

Multifarious Applications of Phenyllactic acid

, . . . -animal feeds

Selective screening and adaptive evolution
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Fig. 2  Pictures of LAB inocula quadrant streaked upon MMRS agar 
plates. (1) RCW (non-axenic), (2) FCM (non-axenic), (3) CMW 
(non-axenic), (4) CM30_001 (axenic), (5) CMW_10-3 (axenic), (6) 
CM30_001 + CMW_10-3 (co-culture). The violet color of the Bro-

mocresol purple dye supplemented within the MMRS agar medium is 
decolorised into orangish-yellow shades of colors displaying the dif-
ferent metabolisms of medium by the different LAB cultures

Fig. 3  a The best blended growth patterns or curves (left) were 
recorded for adapted mixed-cultures sourced from RCW (A02), FCM 
(A03), and CMW (A04), compared to the growth curves of bacterial 
isolates as single cultures and co-cultures (two/three pure isolates) 
in various combinations are shown in other wells of 96-well plate 
(growth absorbance was recorded at 600 nm). Isolate CM30_001 and 

Isolate CMW_10-3 also showed blended growth as coculture (F02) 
and as single strains (B01, C02) also. b 96-well plate loaded with 
samples of both non-axenic LAB strains and axenic LAB strains both 
as single cultures or in various co-culture combinations, incubated for 
5 days
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2  Materials and methods

2.1  Isolation and adaptive evolution studies

LAB strains isolated from fresh raw cow milk using 
inoculum samples (non-axenic cultures): raw cow milk, 
48 h fermented milk curd at room temperature, and whey 
separated from fermented milk curd; were fermented in 
MRS medium supplemented with  CaCO3 (5  g/L) and 
Bromocresol purple (0.12 g/L) for 24 h at 37 °C [33]. 
Several axenic and non-axenic cultures were detected as 
LAB strains (strains that discolor bromocresol purple dye 
to yellow-orange) which can produce 3-PLA confirmed 
through FTIR analysis. Commercial cheese whey (CW) 
powder and MRS medium were used as the chief sub-
strates of interest for fermentation studies. The selected 
LAB strains (non-axenic cocultures and axenic strains) 
were subjected to adaptive evolution studies by growing 
in MRS medium supplemented with  CaCO3 (5 g/L), at 
increasing temperatures (up to 37 °C) and higher contents 
of cheese whey (up to 80%) replacing MRS medium to 
promote the growth of robust LAB strains [34].

3-PLA production ability was confirmed qualita-
tively using FTIR—Perkin Elmer FT-IR System, Perki-
nElmer Spectrum Version 10.5.2. 1% of chosen inoculum 
(~ 4 ×  108 CFU/mL) was inoculated in MRS broth, fer-
mented for 24 h, centrifuged at 4500 × g, 15 min, 4 °C, 
and the separated supernatant was filtered using 0.45-
µm microfilter; this supernatant was used as the 3-PLA 
extract to be studied in FTIR analysis after vacuum desic-
cating to remove the water content in it using Labconco 
Free Zone-4.5 freeze drier. The coculture growth patterns 
of chosen axenic/non-axenic cultures in desired combi-
nations were studied using 96-well plate method ana-
lyzed with Varioskan Flash Instrument version 4.00.52 
Microplate reader fitted with SkanIt Software 2.4.3 RE. 
HPLC analysis was used to detect 3-PLA production 
quantitatively: a standard graph showing absorbance 
data (mAU) versus 3-phenyllactic acid (mg/L) was con-
structed using different contents of pure 3-PLA dissolved 
in various concentrations of standard MRS broth solu-
tion and HPLC analyzed; here the elution was performed 
with methanol/0.05%TFA(solvent A) and water/0.05% 
TFA(solvent B) at 1 mL/min and A/B ratios of 10:90, 
100:0, 100:0, and 10:90, with run times of 0, 20, 23, 
and 25 min, respectively [35]. All chemicals used were 

of analytical grade purchased from Merck Millipore, 
Germany.

2.2  Optimization studies

The STATISTICA Version 10 software was used to con-
duct response surface methodology (RSM) studies [36]. 
Three selective physico-chemical parameters that affect 
3-PLA production were optimized using Box Behnken 
design (adopting 3 variables with 15 runs) where each 
factor is studied at low, medium, and high points (− 1, 
0, + 1) yielding a set of 15 varying experimental design. 
The application of RSM yielded the below regression 
equation elucidating the empirical relationship between 
3-PLA yield and test variables in coded units.

where Y is 3-PLA yield; X1, X2, and X3 are coded val-
ues of Substrate (CW: MRS) ratio, phenylalanine (or yeast 
extract), and glucose, respectively. Estimation of regres-
sion analysis and analysis of variance (ANOVA) is made 
to explicate the regression coefficient, and check resem-
blance between experimental and predicted values. At 
the defined statistically optimized conditions, batch scale 
fermentation was conducted using the chosen non-axenic 
coculture in larger scale. Batch fermentation was conducted 
in larger scale using the CMW coculture (Lactiplantiba-
cillus plantarum, Lactobacillus delbrueckki, and Pedio-
coccus pentasaceous in 1:1:1 ratio, ~ 4 ×  108 CFU/mL) as 
inoculum in a 5000 mL Duran® laboratory bottle with a 
screwed cap to maintain an anaerobic cultivation environ-
ment. The working volume was 3000 mL sterilized fermen-
tation medium (cheese whey mixed with MRS broth in 5:2 

Y = 665 + 276X1 + 27X1X1

+ 378X2 + 236X2X2 + 354X3

+ 67X3X3 + 136X1X2 − 64X1X3

+ 60X2X3;

Fig. 4  Neighbor-joining tree based on almost complete 16S rRNA 
sequences showing relationships between the novel LAB strains: 
a Lactiplantibacillus plantarum plantharim, b Lactobacillus del-
brueckki delharim, and c Pediococcus pentasaceous pentharim, rep-
resentatives of their family and related taxa (attached PDF files sepa-
rately)

◂

Table 1  ANOVA; R-sqr = .86878; Adj:.63257 (Spreadsheet1) 3 
3-level factors, 1 Blocks, 15 Runs; MS Residual = 28,173.03 DV: 
Var4 (Var4 = 3-PLA yield) 

SS df MS F p

(1)Var1 L + Q 155638 2 77818.9 2.762178 0.155574
(2)Var2 L + Q 493408 2 246703.8 8.756735 0.023244
(3)Var3 L + Q 267559 2 133779.5 4.748496 0.069860
1*2 18632 1 18632.2 0.661351 0.453053
1*3 4160 1 4160.2 0.147668 0.716574
2*3 3660 1 3660.2 0.129920 0.733241
Error 140865 5 28173.0
Total SS 1073474 14
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ratio, supplemented with 2.69% w/v phenylalanine, 9.6% 
w/v glucose, 5 g/L  CaCO3) and 125 ml was the inoculum/
seed content added, the fermentation was done for 3 days 
maintaining a temperature of 37 °C; the 3-PLA yield (quan-
titatively measured through HPLC), cell dry weight, and OD 
at 600 nm were checked every 3 h.

2.3  3‑PLA antimicrobial activity

PLA produced in the fermentation-broth of non-axenic 
CMW coculture after batch fermentation for 24 h was 
collected and centrifuged at 4500 × g, 15  min, 4  °C; 
the supernatant is separated and filtered using 0.45-µm 
microfilter [37] [38]; this supernatant is used as the PLA 
extract for purification studies. This cell-free superna-
tant was initially extracted (1:3 v/v) using ethyl acetate 
(organic solvent), concentrated under vacuum, and evapo-
rated (using rotary evaporator) at a 37 °C. Furthermore, 
preparative HPLC (Agilent 1200 HPLC) using Agilent 
PrepHT C18 column (21.2 × 150 mm, 5 μm), elution was 
performed and read (UV detector-210 nm) using methyl 

cyanide-water (from 3:97 to 100:0) as elution gradient for 
half hour at 10 mL/minute with 37 °C column temperature 
[39], PLA peak fraction was collected and vacuum con-
centrated. This purified 3-PLA of 1.93 mg/mL concentra-
tion/yield and 96% purity is then studied for antimicrobial 
activity using regular protocol for well diffusion assay 
[40]. The dried residue of 3-PLA was diluted (by mixing 
with methanol/water in 1:1 ratio) to prepare different con-
centrations of purified 3-PLA (15, 12, 10, 5 mg/mL) to 
check the minimum inhibitory concentration (MIC) on the 
pathogenic bacteria. 50µL of purified 3-PLA (of different 
concentrations) was added into welled petriplates contain-
ing Mueller Hilton agar seeded with 3 food pathogens 
(Pseudomonas aeruginosa ATCC 27853, Staphylococ-
cus aureus ATCC 25923, Escherichia coli ATCC 25922) 
and incubated at 37 °C for 24 h [41] [42]. It is expected 
that 3-PLA added to the wells would seep into the agar 
to inhibit the growth of the pathogenic bacteria (seeded 
around) forming a clear zone of clearance commensurate 
with the content of 3-PLA added inside the well. The MIC 
would be defined as the minimum amount of purified 

Fig. 6  Graph showing the 
gradual increase in PLA yield 
by sequentially adopting various 
fermentation modes one by one
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levels. Contour plots showing 3-PLA production which is highest in 
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3-PLA needed for inhibiting pathogenic bacteria through 
antimicrobial activity. Good 3-PLA activity would mean 
production of zones of inhibition comparable to commer-
cial dimethyl sulfoxide which has broad spectrum antimi-
crobial activity [43].

3  Results and discussion

3.1  Screening of 3‑PLA producing LAB, adaptive 
evolution, identification studies

These adapted inoculum samples (both non-anexic cocul-
tures and anexic/pure cultures) when streaked upon MRS 
agar plates showed brighter yellowish-orange-colored 
zones around them due to the hydrolysis of lactate by 
lactate dehydrogenase (LDH) enzyme, while some LAB 
cultures showed less/no discoloration around them mak-
ing the agar to remain violet/purple in color [34] (Fig. 2). 
Comparatively, non-axenic cocultures RCW, FCM, CMW, 
and non-axenic cultures CM30_001, CMW_10-3 (axenic), 
CM30_001 + CMW_10-3, showed better orangish-yellow 
shades of colors. These chosen LAB strain isolates were 
subjected to adaptive evolution studies (for 13 weeks) result-
ing in improved metabolic tolerance to LA (lactic acid), 
higher CW contents, and higher temperature. Cocultiva-
tion studies were conducted to check for the best growth 
patterns or curves for axenic and non-anexic cocultures in 
various combinations using a 96 well-plate incubated for 
5 days. Results showed that comparatively faster, better, and 
blended co-cultivation growth was observed with non-anexic 
cultures (CW, FCM, CMW) (Fig. 3) compared to axenic 
cultures (CM30_001, CMW_10-3) (previous study results) 
[44]. Among the various adapted non-axenic cocultures, 
CMW showed better growth and PLA production yield in 
the early stationary phase (24th hour). These LAB isolates 

(of CMW coculture) were confirmed for purity using simple 
Gram staining test and was morphologically characterized 
according to Bergey’s Manual of Systematic Bacteriology 
[45]. Through 16srRNA genotypic tests, the CMW coculture 
cells was identified as novel LAB strains, Lactiplantibacil-
lus plantarum plantharim (Genbank no. OR223590), Lac-
tobacillus delbreuckki delharim (Genbank no. OR223591), 
and Pediococcus pentasaceous pentharim (Genbank no. 
OR223592), bearing 98.53%, 98.94%, and 99.42% genotypic 
similarity with their respective type strains. BLASTN suite 
of NCBI [46] was used to find the neighbor distance tree 
results for constructing fast minimum evolution trees (with 
maximum sequence difference of 0.75) as represented in 
Fig. 4 (a, b, c).

3.2  Optimized fermentation studies

The non-axenic co-culture CMW (Lactiplantibacillus 
plantarum str. nov. plantharim, Lactobacillus delbreuckki 
str. nov. delharim, Pediococcus pentasaceous str. nov. pen-
tharim) was selected as inoculum for further optimization 
studies. The various physico-chemical fermentation param-
eters were optimized one by one conventionally using the 
traditional one-factor-at-a-time (OVAT) methodology fol-
lowed by statistical techniques [26] in order to promote 
the highest 3-PLA productivity and yield; the OVAT fer-
mentation parameters were found to be fermentation time 
of 24 h, 37 °C temperature, 7 pH,  CaCO3 (5 g/L), MRS 
medium (50%), cheese whey (50%), glucose 2%. The finally 
optimized parameters (critical values) showing best 3-PLA 
levels were found to be growth medium/substrate ratio 5:2 
ratio, CW (71.5%v/v): MRS (28.5%v/v), supplemented with 
phenylalanine (2.69% w/v), glucose (9.6% w/v), maintaining 
other parameters constant.

Batch fermentation studies were done at the finally opti-
mized parametric conditions and the maximum yield of 

Fig. 7  Growth profile of non-
axenic CMW coculture in rela-
tion to the 3-PLA production in 
batch fermentation at optimized 
conditions. The highest 3-PLA 
yield (1225 mg/L) was shown at 
24th hour of cultivation
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Fig. 8  Growth kinetics of 
CMW coculture: a plot for 
maximum specific growth 
rate and limiting nutrient 
values: μmax = 0.336 h − 1, 
Ks = 11.64 mg/ml. b Plot 
for yield coefficient of 
biomass w.r.t. substrate: 
Yx/s = 0.835 mg/g. c Plot for 
yield coefficient of product w.r.t. 
substrate: YP/S = 1.66 mg/g. 
d Plot for yield coefficient 
of biomass w.r.t. product: 
YX/P = 0.112 mg/mg
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3-PLA production was 1225 mg/L which was similar to 
the predicted 3-PLA production was 1217 mg/L proving 
both the validity and effectiveness of the model. Statistical 
optimization envisaged similarity between predicted and 
experimental values through the ANOVA results (Table 1) 
explaining that the model was a good fit as there were few 
deviations in the experimental values when compared to 
the predicted values. The response surface graphs using 
statistical Box-Behnken technique adoption are shown in 
Fig. 5; presenting the Response surface plots of the three 
significant variables (Var1: substrate ratio CW/MRS %v/v, 
Var2: phenylalanine, Var3: glucose) in correlation with the 
amount of 3-PLA production (Var4) at optimized levels. 
Contour plots showing 3-PLA production which is highest 
in the darkest region, because as the color intensity increases 
response increases showing higher production of Var4 [47]. 
The benign interactions flanked by independent variables 
verify significance of each coefficient and the 3-PLA yield 
can be precisely predicted from the confined surface of the 
response surface diagrams (Fig. 5). Statistical optimization 
of fermentation parameters in large scale (3 L) resulted in 
a substantial increase (17 times higher) compared to the 
non-optimized fermentation conditions (72 mg/L). Statis-
tical fermentation was conducted in two stages: (i) using 
yeast extract as supplement (in initial small-scale studies) 
with low 3-PLA production (121 mg/L) (ii) using phenyla-
lanine as the supplement in large scale producing 1225 mg/L 
3-PLA, this increase in production is because phenylalanine 
acts as the precursor for 3-PLA production [48] [22] (Fig. 6).

This can be interpreted as, PLA being a second-
ary metabolite it was produced in best quantities in the 
beginning of the stationary growth-phase, slowly started 
decreasing until the late-stationary phase, and the PLA 
yield levels decreased drastically once the stationary 
phase ended (Fig. 7). To understand the LAB coculture 
growth in relation with the 3-PLA production, the Monad 

growth kinetics were calculated and estimated as: specific 
growth rate μmax = 0.336 h − 1, limiting nutrient value of 
Ks = 11.64 mg/ml, yield coefficient of biomass w.r.t. sub-
strate Yx/s = 0.835 mg/g, yield coefficient of product w.r.t. 
substrate YP/S = 1.66 mg/g, yield coefficient of biomass w.r.t. 
product: YX/P = 0.112 mg/mg (Fig. 8).

3.3  Antimicrobial activity studies of purified PLA

50 µL of purified 3-PLA (15, 12, 10, 5 mg/mL) of 1.9 mg/
mL concentration obtained from CMW-coculture was added 
into welled petriplates containing Mueller Hilton agar seeded 
with 3 food pathogens (Pseudomonas aeruginosa ATCC 
27853, Staphylococcus aureus ATCC 25923, Escherichia coli 
ATCC 25922) and incubated at 37 °C for 24 h. The inhibition 
activity against the pathogenic bacteria was gradually higher 
with the increase in 3-PLA concentration, at both 12 mg/
mL and 15 mg/mL zone of clearance (pathogen inhibition) 
was similar, the best MIC for testing antagonistic activity of 
the purified 3-PLA was confirmed as 12 mg/mL for all the 
three pathogenic bacteria (Fig. 9). The antimicrobial activ-
ity results obtained were comparable to the radial zones of 
inhibition obtained using dimethyl sulfoxide (DMSO) as 
control (15 mm), the purified PLA showed greater antago-
nistic activity against Pseudomonas aeruginosa (16 mm) and 
Escherichia coli (17 mm), and lesser zone of inhibition was 
detected with Staphylococcus aureus (9 mm). This is the first 
report showing antimicrobial activity of 3-PLA from an LAB 
coculture containing Lactiplantibacillus plantarum plantha-
rim, Lactobacillus delbrueckii delharim, and Pediococcus 
pentosaceus pentharim. Antimicrobial LAB axenic isolates 
Lactobacillus pentosus BMOBR041 and Lactobacillus aci-
dophilus could inhibit standard pathogens showing zones 
of inhibition: Pseudomonas aeruginosa (10 mm, 15 mm), 
Escherichia coli (10 mm, 12.5 mm), and Staphylococcus 
aureus (15 mm, 13 mm), respectively [37].

Fig. 9  Pictures of petri-
plates (sized: 90 mm diame-
ter × 25 mm) with antimicrobial 
activity showing inhibitory 
zones (radius). A Pseudomonas 
aeruginosa ATCC 27853: 
16 mm, B Staphylococcus 
aureus ATCC 25923: 9 mm, C 
Escherichia coli ATCC 25922: 
17 mm
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4  Conclusion

As in, it was confirmed that the supplemented cheese whey 

medium containing “5 parts of cheese whey added to 3 parts 
of MRS broth medium supplemented with  CaCO3 (5 g/L),” 
was the most suitable growth medium for production of 

CMW-AE, CMW-OVAT-69%,
CMW-RSM1, RCW-RSM,
FCW-RSM, CMW-RSM2-56%

a

b
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improved 3-PLA using a low-cost substrate like cheese whey 
which is less expensive compared to MRS medium. Batch 
fermentation was conducted sequentially adopting various 
modes of fermentation led to gradual increase in 3-PLA pro-
duction: firstly using a monoculture (39 mg/L) [44] (previ-
ous study), using CMW-coculture (58 mg/L), using adap-
tively evolved CMW-coculture (72 mg/L), using adaptively 
evolved CMW-coculture applying statistical optimization 
without 3-PLA precursor (121  mg/L), using adaptively 
evolved CMW-coculture applying statistical optimization 
with 3-PLA precursor-phenylalanine in large-scale (3 L) 
(1225 mg/L) (Fig. 6). FTIR analysis of the 3-PLA produc-
tion spectrum was shown to gradually increase step-by-step 
by fermenting non-axenic cocultures: after adaptively evolv-
ing CMW-coculture (74% transmittance), after optimizing 
fermentation parameters using the traditional one-variable-
at-a-time (OVAT) method (69% transmittance), after optimiz-
ing statistically without using 3-PLA precursor (phenylpyru-
vate) (65% transmittance), after optimizing statistically using 
3-PLA precursor (phenylpyruvate) as the supplement (56% 
transmittance). The 3-PLA production levels of monocul-
tures are also shown for comparison purpose within the fig-
ure (Fig. 10 a, b). 3-PLA peaks with lower transmittance% 
represented higher 3-PLA production levels qualitatively 
[49]. 3-PLA production reported from Lactobacillus plan-
tarum YM-4-3y (isolated from chinese fermented soybeans) 
using MRS medium was 400 mg/L [50], Lactobacillus del-
brueckii ŁoCK 0987 (isolated from human intestinal tract) 
grown in MRS broth supplemented with galactosyl polyol 
was 84.3 mg/L [51], and Pediococcus pentosaceus sK25 
(sourced from traditional chinese pickles) fermented with 
MRS broth was 135.6 mg/L [52]; however, this research 
shows 1225 mg/L 3-PLA production using cheese whey fer-
mented with novel strains Lactobacillus plantarum, Lacto-
bacillus delbrueckii, and Pediococcus pentosaceus. This can 
be interpreted that high PLA production could be expected 
using the simple techniques coupled together using adapted 
non-axenic inoculum (sourced from fermented cow milk) 

and a cheap substrate like cheese whey. Five of the twelve 
Green Chemistry Principles are represented in this study: (1) 
preventing waste generation, (2) designing of benign bio-
chemicals, (3) usage of renewable feedstocks, (4) less haz-
ardous chemical synthesis, and (5) catalysis. Selected mixed 
microbial cultures (of raw cow milk) when used for fermenta-
tion studies under pre-defined fermentation conditions gave 
iterative results when conducted using raw cow milk sam-
ples procured from diverse geographical locations; hence, 
this sequential experimentation protocol “INTEGRATION 
VALORIZES SIMPLICITY” can be applied in any part of 
the globe to produce optimal yields of phenyllactic acid of 
proven antimicrobial quality and industrially comparable 
quantity (without using expensive precursors/supplements). 
This research compilation with orchestration of simple tech-
niques together for production of 3-phenyllactic acid serves 
as a preliminary/introductory guide to any researcher having 
basic access to laboratory facilities, yet desirous to do qual-
ity research making the best utilization of time, efforts, and 
resources.

Author contribution Haritha Meruvu: Project Coordinator/ Executive 
(experienced researcher), conceptualization, experimental design, 
resources, funding acquisition, writing—original draft, review, editing.

Funding This article is part of project work supported by the Euro-
pean Union’s Horizon 2020 research and innovation programme 
under the Marie Skłodowska-Curie grant agreement No. 801509 and 
TÜBİTAK—2236 Co-Funded Brain Circulation Scheme 2: Project 
number 121C360, Dr. Haritha Meruvu (grant recipient) profoundly 
expresses her gratitude for the same.

Data availability  Schematic credits for Fig. 1 to FLATICON authors: 
amonrat rungreangfangsai, Freepik, Smashicons, Superarticons, wan-
icon, Paul J, photo3idea_studio, Vactor area, SBTS2018, rsetiawan, 
Darius Dan, Flat-icons-com, Pixelmeetup.

Declarations No case studies were involved so there are no require-
ments for consent to participate and consent for publication.

Ethical approval This research work does not require ethical approval 
as no animals were used.

Competing interests The author declares no competing interests.

References 

 1. Virdis C, Sumby K, Bartowsky E, Jiranek V (2021) Lactic acid 
bacteria in wine: technological advances and evaluation of their 
functional role. Front Microbiol 11:612118. https:// doi. org/ 10. 
3389/ fmicb. 2020. 612118

 2. Costa S, Summa D, Semeraro B, Zappaterra F, Rugiero I, Tambur-
ini E (2021) Fermentation as a strategy for bio-transforming waste 
into resources: lactic acid production from agri-food residues. Fer-
mentation 7(1):3. https:// doi. org/ 10. 3390/ ferme ntati on701 0003

Fig. 10  a FTIR graph showing the transmittance levels of PLA 
detected for axenic monocultures of Lactobacillus isolates: fcm10-
2, cmw36_10-1, cmw36_10-2, cm30_001, fcm30_10-1, cmw10-
3, fpo37_002 (depiction for comparison: monocultures have lesser 
3-PLA yields than cocultures [44]). b Graph showing transmittance 
levels of PLA detected for non-axenic cocultures: after adaptively 
evolving CMW-coculture (CMW-AE), after optimizing CMW-cocul-
ture fermentation parameters using the traditional one-variable-at-a-
time (OVAT) method (CMW-OVAT), after statistically optimizing 
CMW-coculture fermentation parameters without using 3-PLA pre-
cursor (CMW-RSM1), after statistically optimizing RCW-coculture 
fermentation parameters using phenylpyruvate (RCW-RSM), after 
statistically optimizing FCW-coculture fermentation parameters using 
3-PLA precursor (phenylpyruvate) as the supplement (FCW-RSM), 
after statistically optimizing CMW-coculture fermentation parameters 
using 3-PLA precursor (phenylpyruvate) as the supplement (CMW-
RSM2) 

◂

https://doi.org/10.3389/fmicb.2020.612118
https://doi.org/10.3389/fmicb.2020.612118
https://doi.org/10.3390/fermentation7010003


 Biomass Conversion and Biorefinery

1 3

 3. Rabaioli Rama G, Kuhn D, Beux S, Jachetti Maciel M, Souza C 
(2019) Potential applications of dairy whey for the production of 
lactic acid bacteria cultures. Int Dairy J 98:25–37. https:// doi. org/ 
10. 1016/j. idair yj. 2019. 06. 012

 4. Escalante H, Castro L, Amaya MP, Jaimes L, Jaimes-Estévez J 
(2018) Anaerobic digestion of cheese whey: energetic and nutri-
tional potential for the dairy sector in developing countries. Waste 
Manage 71:711–718. https:// doi. org/ 10. 1016/j. wasman. 2017. 09. 
026

 5. Dopazo V, Illueca F, Luz C, Musto L, Moreno A, Calpe J et al 
(2023) Revalorization by lactic acid bacterial fermentation of goat 
whey from cheese industry as a potential antifungal agent. Food 
Bioscience 53:102586. https:// doi. org/ 10. 1016/j. fbio. 2023. 102586

 6. Catone M, Palomino M, Legisa D, Fina Martin J, Monedero V, 
Ruzal S et al (2021) Lactic acid production using cheese whey 
based medium in a stirred tank reactor by a ccpA mutant of Lac-
ticaseibacillus casei. World J Microbiol Biotechnol 37:61. https:// 
doi. org/ 10. 1007/ s11274- 021- 03028-z

 7. Rodríguez-Pazo N, da Silva SS, Salgado-Seara JM, Arni SA, de 
Souza Oliveira RP, Domínguez JM (2016) Optimisation of cheese 
whey enzymatic hydrolysis and further continuous production of 
antimicrobial extracts by Lactobacillus plantarum CECT-221. J 
Dairy Res 83(3):402–411. https:// doi. org/ 10. 1017/ s0022 02991 
60003 52

 8. Rodríguez-Pazo N, Vázquez-Araújo L, Pérez-Rodríguez N, 
Cortés-Diéguez S, Domínguez JM (2013) Cell-free supernatants 
obtained from fermentation of cheese whey hydrolyzates and 
phenylpyruvic acid by Lactobacillus plantarum as a source of 
antimicrobial compounds, bacteriocins, and natural aromas. Appl 
Biochem Biotechnol 171(4):1042–1060. https:// doi. org/ 10. 1007/ 
s12010- 013- 0408-7

 9. Escrivá L, Manyes L, Vila-Donat P, Font G, Meca G, Lozano 
M (2021) Bioaccessibility and bioavailability of bioactive com-
pounds from yellow mustard flour and milk whey fermented with 
lactic acid bacteria. Food Funct 12(22):11250–11261. https:// doi. 
org/ 10. 1039/ D1FO0 2059E

 10. Lappa IK, Papadaki A, Kachrimanidou V, Terpou A, Koulouglio-
tis D, Eriotou E et al (2019) Cheese whey processing: integrated 
biorefinery concepts and emerging food applications. Foods 
(Basel, Switzerland) 8(8):347. https:// doi. org/ 10. 3390/ foods 80803 
47

 11. Dopazo V, Illueca F, Luz C, Musto L, Moreno A, Calpe J et al 
(2023) Evaluation of shelf life and technological properties of 
bread elaborated with lactic acid bacteria fermented whey as a 
bio-preservation ingredient. LWT 174:114427. https:// doi. org/ 10. 
1016/j. lwt. 2023. 114427

 12. Jung S, Hwang H, Lee J-H (2019) Effect of lactic acid bacteria on 
phenyllactic acid production in kimchi. Food Control 106:106701. 
https:// doi. org/ 10. 1016/j. foodc ont. 2019. 06. 027

 13. Mu W, Yu S, Zhu L, Zhang T, Jiang B (2012) Recent research on 
3-phenyllactic acid, a broad-spectrum antimicrobial compound. 
Appl Microbiol Biotechnol 95(5):1155–1163. https:// doi. org/ 10. 
1007/ s00253- 012- 4269-8

 14. Behera SS, El Sheikha AF, Hammami R, Kumar A (2020) Tra-
ditionally fermented pickles: how the microbial diversity asso-
ciated with their nutritional and health benefits? J Funct Foods 
70:103971. https:// doi. org/ 10. 1016/j. jff. 2020. 103971

 15. Mora-Villalobos JA, Montero-Zamora J, Barboza N, Rojas-Gar-
banzo C, Usaga J, Redondo-Solano M et al (2020) Multi-product 
lactic acid bacteria fermentations: a review. Fermentation 6(1):23. 
https:// doi. org/ 10. 3390/ ferme ntati on601 0023

 16 Luo X, Zhang Y, Yin L, Zheng W, Fu Y (2020) Efficient synthesis 
of d-phenyllactic acid by a whole-cell biocatalyst co-expressing 
glucose dehydrogenase and a novel d-lactate dehydrogenase from 
Lactobacillus rossiae. 3 Biotech 10(1):14. https:// doi. org/ 10. 1007/ 
s13205- 019- 2003-2

 17. Liu J, Chan SHJ, Chen J, Solem C, Jensen PR (2019) Systems 
biology – a guide for understanding and developing improved 
strains of lactic acid bacteria. Front Microbiol.   Sec Systems 
Microbiology 10(876). https:// doi. org/ 10. 3389/ fmicb. 2019. 00876

 18. Liu Changjian LQ, Jiang Bo, Sun Tianzhu, Yan Jianfang (2012) 
Isolation and identification of phenyllactic acid-producing 
LAB[J]. Sci Technol Food Ind (21):192–195. https:// doi. org/ 10. 
13386/j. issn1 002- 0306. 2012. 21. 049

 19. Dieuleveux V, Van Der Pyl D, Chataud J, Gueguen M (1998) Puri-
fication and characterization of anti-Listeria compounds produced 
by Geotrichum candidum. Appl Environ Microbiol 64(2):800–
803. https:// doi. org/ 10. 1128/ aem. 64.2. 800- 803. 1998

 20. Valerio F, Lavermicocca P, Pascale M, Visconti A (2004) Produc-
tion of phenyllactic acid by lactic acid bacteria: an approach to the 
selection of strains contributing to food quality and preservation. 
FEMS Microbiol Lett 233(2):289–295. https:// doi. org/ 10. 1016/j. 
femsle. 2004. 02. 020

 21. Lavermicocca P, Valerio F, Evidente A, Lazzaroni S, Corsetti A, 
Gobbetti M (2000) Purification and characterization of novel anti-
fungal compounds from the sourdough Lactobacillus plantarum 
strain 21B. Appl Environ Microbiol 66(9):4084–4090. https:// doi. 
org/ 10. 1128/ aem. 66.9. 4084- 4090. 2000

 22. Yu S, Zhu L, Zhou C, An T, Jiang B, Mu W (2013) Enzymatic 
production of D-3-phenyllactic acid by Pediococcus pentosaceus 
D-lactate dehydrogenase with NADH regeneration by Ogataea 
parapolymorpha formate dehydrogenase. Biotech Lett 36:627–
631. https:// doi. org/ 10. 1007/ s10529- 013- 1404-2

 23. Sieuwerts S (2016) Microbial interactions in the yoghurt con-
sortium: current status and product implications. SOJ Microbiol 
Infect Dis 4(2):1–5. https:// doi. org/ 10. 15226/ sojmid/ 4/2/ 00150

 24. Konstantinidis D, Pereira F, Geissen EM, Grkovska K, Kafkia E, 
Jouhten P et al (2021) Adaptive laboratory evolution of micro-
bial co-cultures for improved metabolite secretion. Mol Syst Biol 
17(8):e10189. https:// doi. org/ 10. 15252/ msb. 20201 0189

 25. Bühlmann CH, Mickan BS, Tait S, Batstone DJ, Mercer GD, 
Bahri PA (2022) Lactic acid from mixed food waste fermentation 
using an adapted inoculum: influence of pH and temperature regu-
lation on yield and product spectrum. Journal of Cleaner Produc-
tion 373:133716. https:// doi. org/ 10. 1016/j. jclep ro. 2022. 133716

 26. Meruvu H, Donthireddy SRR (2014) Optimization studies for Chi-
tinase production from Parapeneopsis hardwickii (spear shrimp) 
exoskeleton by solid-state fermentation with marine isolate Citro-
bacter freundii str. Nov. haritD11. Arabian J Sci Eng 39(7):5297–
306. https:// doi. org/ 10. 1007/ s13369- 014- 1117-4

 27 Li X, Jiang B, Pan B, Mu W, Zhang T (2007) Effects of pheny-
lalanine and phenylpyruvic acid on biosynthesis of phenyllactic 
acid with Lactobacillus sp. SK007. Chin J Proc Eng 7(6):1206. 
https:// doi. org/ 10. 1002/ biot. 20180 0478

 28. Wu H, Guang C, Zhang W, Mu W (2021) Recent development 
of phenyllactic acid: physicochemical properties, biotechnologi-
cal production strategies and applications. Crit Rev Biotechnol 
43(2):293–308. https:// doi. org/ 10. 1080/ 07388 551. 2021. 20106 45

 29. Bo J, Beilei PAN, Wanmeng MU, Fengli LIU (2008) Method for 
producing phenyl-lactic acid by controlling pH value, feeding 
and fermenting, Jiangnan University, 101333547, https:// paten 
tscope. wipo. int/ search/ en/ detail. jsf? docPN= CN101 333547

 30. Kawaguchi H, Miyagawa H, Nakamura-Tsuruta S, Takaya N, 
Ogino C, Kondo A (2019) Enhanced phenyllactic acid production 
in Escherichia coli via oxygen limitation and shikimate pathway 
gene expression. Biotechnol J 14(6):1800478. https:// doi. org/ 10. 
1002/ biot. 20180 0478

 31. Yvon M, Thirouin S, Rijnen L, Fromentier D, Gripon JC (1997) 
An aminotransferase from Lactococcus lactis initiates conversion 
of amino acids to cheese flavor compounds. Appl Environ Micro-
biol 63(2):414–419. https:// doi. org/ 10. 1128/ aem. 63.2. 414- 419. 
1997

https://doi.org/10.1016/j.idairyj.2019.06.012
https://doi.org/10.1016/j.idairyj.2019.06.012
https://doi.org/10.1016/j.wasman.2017.09.026
https://doi.org/10.1016/j.wasman.2017.09.026
https://doi.org/10.1016/j.fbio.2023.102586
https://doi.org/10.1007/s11274-021-03028-z
https://doi.org/10.1007/s11274-021-03028-z
https://doi.org/10.1017/s0022029916000352
https://doi.org/10.1017/s0022029916000352
https://doi.org/10.1007/s12010-013-0408-7
https://doi.org/10.1007/s12010-013-0408-7
https://doi.org/10.1039/D1FO02059E
https://doi.org/10.1039/D1FO02059E
https://doi.org/10.3390/foods8080347
https://doi.org/10.3390/foods8080347
https://doi.org/10.1016/j.lwt.2023.114427
https://doi.org/10.1016/j.lwt.2023.114427
https://doi.org/10.1016/j.foodcont.2019.06.027
https://doi.org/10.1007/s00253-012-4269-8
https://doi.org/10.1007/s00253-012-4269-8
https://doi.org/10.1016/j.jff.2020.103971
https://doi.org/10.3390/fermentation6010023
https://doi.org/10.1007/s13205-019-2003-2
https://doi.org/10.1007/s13205-019-2003-2
https://doi.org/10.3389/fmicb.2019.00876
https://doi.org/10.13386/j.issn1002-0306.2012.21.049
https://doi.org/10.13386/j.issn1002-0306.2012.21.049
https://doi.org/10.1128/aem.64.2.800-803.1998
https://doi.org/10.1016/j.femsle.2004.02.020
https://doi.org/10.1016/j.femsle.2004.02.020
https://doi.org/10.1128/aem.66.9.4084-4090.2000
https://doi.org/10.1128/aem.66.9.4084-4090.2000
https://doi.org/10.1007/s10529-013-1404-2
https://doi.org/10.15226/sojmid/4/2/00150
https://doi.org/10.15252/msb.202010189
https://doi.org/10.1016/j.jclepro.2022.133716
https://doi.org/10.1007/s13369-014-1117-4
https://doi.org/10.1002/biot.201800478
https://doi.org/10.1080/07388551.2021.2010645
https://patentscope.wipo.int/search/en/detail.jsf?docPN=CN101333547
https://patentscope.wipo.int/search/en/detail.jsf?docPN=CN101333547
https://doi.org/10.1002/biot.201800478
https://doi.org/10.1002/biot.201800478
https://doi.org/10.1128/aem.63.2.414-419.1997
https://doi.org/10.1128/aem.63.2.414-419.1997


Biomass Conversion and Biorefinery 

1 3

 32. Jia J, Mu W, Zhang T, Jiang B (2010) Bioconversion of phe-
nylpyruvate to phenyllactate: gene cloning, expression, and 
enzymatic characterization of D-and L1-lactate dehydrogenases 
from Lactobacillus plantarum SK002. Appl Biochem Biotechnol 
162(1):242–251. https:// doi. org/ 10. 1007/ s12010- 009- 8767-9

 33. Meruvu H (2022) Redefining methods for augmenting lactic acid 
bacteria robustness and phenyllactic acid biocatalysis: integration 
valorizes simplicity. Crit Rev Food Sci Nut. Online ahead of print. 
https:// doi. org/ 10. 1080/ 10408 398. 2022. 21416 81

 34. Meruvu H, Harsa ST (2022) Lactic acid bacteria: isolation–char-
acterization approaches and industrial applications. Crit Rev Food 
Sci Nutri 1–20. https:// doi. org/ 10. 1080/ 10408 398. 2022. 20549 36

 35. Li X, Jiang B, Pan B, Mu W, Zhang T (2008) Purification and 
partial characterization of Lactobacillus species SK007 lactate 
dehydrogenase (LDH) catalyzing phenylpyruvic acid (PPA) 
conversion into phenyllactic acid (PLA). J Agric Food Chem 
56(7):2392–2399. https:// doi. org/ 10. 1021/ jf073 1503

 36. Box G, Hunter S, Hunter W (2005) Statistics for experiment-
ers. Design, innovation, and discovery. 2nd ed. 2 ed., vol 559 of 
Wiley Series in Probability and Statistics. https:// pages. stat. wisc. 
edu/ ~yxu/ Teach ing/ 16% 20spr ing% 20Sta t602/% 5BGeo rge_ E._ P._ 
Box,_ J._ Stuart_ Hunte r,_ Willi am_ G._ Hu(BookZZ. org). pdf

 37. Lunavath R, Mohammad SH, Bhukya KK, Barigela A, Banoth C, 
Banothu AK et al (2023) Antimycotic effect of 3-phenyllactic acid 
produced by probiotic bacterial isolates against Covid-19 associ-
ated mucormycosis causing fungi. PLOS ONE 18(3):e0279118. 
https:// doi. org/ 10. 1371/ journ al. pone. 02791 18

 38 Xu H, Feng L, Deng Y, Chen L, Li Y, Lin L et al (2023) Change 
of phytochemicals and bioactive substances in Lactobacillus 
fermented Citrus juice during the fermentation process. LWT. 
180(15 April):114715. https:// doi. org/ 10. 1016/j. lwt. 2023. 114715

 39. Wang H, Shen F, Xiao R, Zhou Y, Dai Y (2013) Purification and 
characterization of antifungal compounds from Bacillus coagu-
lans TQ33 isolated from skimmed milk powder. Ann Microbiol 
63(3):1075–1081. https:// doi. org/ 10. 1007/ s13213- 012- 0564-y

 40. Dieuleveux V, Lemarinier S, Guéguen M (1998) Antimicrobial spec-
trum and target site of D-3-phenyllactic acid. Int J Food Microbiol 
40(3):177–183. https:// doi. org/ 10. 1016/ s0168- 1605(98) 00031-2

 41. LaBauve AE, Wargo MJ (2012) Growth and laboratory mainte-
nance of Pseudomonas aeruginosa. Current protocols in micro-
biology 25; Chapter 6: Unit 6E, 6E.1.1-6E.1.8. https:// doi. org/ 10. 
1002/ 97804 71729 259. mc06e 01s25

 42. Aljumaah MR, Alkhulaifi MM, Abudabos AM (2020) In vitro anti-
bacterial efficacy of non-antibiotic growth promoters in poultry indus-
try. J Poult Sci 57(1):45–54. https:// doi. org/ 10. 2141/ jpsa. 01900 42

 43. Ansel HC, Norred WP, Roth IL (1969) Antimicrobial activity of 
dimethyl sulfoxide against Escherichia coli, Pseudomonas aer-
uginosa, and Bacillus megaterium. J Pharm Sci 58(7):836–839. 
https:// doi. org/ 10. 1002/ jps. 26005 80708

 44. Meruvu H (2023) Strategy for revalorization of cheese whey 
streams to produce phenyllactic acid. Engineering Proceedings, 
2nd International Electronic Conference on Processes: Process 

Engineering—Current State and Future Trends (ECP 2023). 
MDPI: Basel, Switzerland (organizer). 37(1): 88. https:// doi. org/ 
10. 3390/ ECP20 23- 14708

 45. Krieg NR, Ludwig W, Whitman WB, Hedlund BP, Paster BJ, 
Staley JT, Ward N, Brown D, Parte A (2010) [1984(Williams 
& Wilkins)]. George M. Garrity (ed.). The Bacteroidetes, Spiro-
chaetes, Tenericutes (Mollicutes), Acidobacteria, Fibrobacteres, 
Fusobacteria, Dictyoglomi, Gemmatimonadetes, Lentisphaerae, 
Verrucomicrobia, Chlamydiae, and Planctomycetes. Bergey's 
Manual of Systematic Bacteriology. Vol. 4 (2nd ed.). New York: 
Springer. p. 908. ISBN 978-0-387-95042-6. British Library no. 
GBA561951

 46. Wheeler D, Bhagwat M (2007) BLAST QuickStart: example-
driven web-based BLAST tutorial. Methods Mol Biol 395:149–
176. https:// doi. org/ 10. 1007/ 978-1- 59745- 514-5_9

 47. Meruvu H (2019) Polyextremotolerant amylase produced from 
novel Enterococcus with potpourri of applications. Int J Pept Res 
Ther 25:1669–1678. https:// doi. org/ 10. 1007/ s10989- 019- 09809-3

 48. Yang X, Li J, Shi G, Zeng M, Liu Z (2019) Improving 3-phe-
nyllactic acid production of Lactobacillus plantarum AB-1 by 
enhancing its quorum-sensing capacity. J Food Sci Technol 
56(5):2605–2610. https:// doi. org/ 10. 1007/ s13197- 019- 03746-1

 49. Nabeel O (2022) IR spectroscopy in qualitative and quantitative 
analysis. In: Marwa E-A, Khalid A-S, Ahmed SE-S, editors. Infra-
red Spectroscopy. Rijeka: IntechOpen. p. Ch. 4. https:// doi. org/ 10. 
5772/ intec hopen. 106625

 50. Wu W, Deng G, Liu C, Gong X, Ma G, Yuan Q et al (2020) Opti-
mization and multiomic basis of phenyllactic acid overproduction 
by Lactobacillus plantarum. J Agric Food Chem 68(6):1741–
1749. https:// doi. org/ 10. 1021/ acs. jafc. 9b071 36

 51 Lipinska-Zubrycka L, Klewicki R, Sojka M, Bonikowski R, Mil-
czarek A, Klewicka E (2020) Anticandidal activity of Lactoba-
cillus sp. in the presence of galactosyl polyols. Microbiol Res 
240:126540. https:// doi. org/ 10. 1016/j. micres. 2020. 126540

 52. Yu S, Zhou C, Zhang T, Jiang B, Mu W (2015) Short communica-
tion: 3-Phenyllactic acid production in milk by Pediococcus pen-
tosaceus SK25 during laboratory fermentation process. J Dairy 
Sci 98(2):813–817. https:// doi. org/ 10. 3168/ jds. 2014- 8645

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1007/s12010-009-8767-9
https://doi.org/10.1080/10408398.2022.2141681
https://doi.org/10.1080/10408398.2022.2054936
https://doi.org/10.1021/jf0731503
https://pages.stat.wisc.edu/~yxu/Teaching/16%20spring%20Stat602/%5BGeorge_E._P._Box,_J._Stuart_Hunter,_William_G._Hu(BookZZ.org).pdf
https://pages.stat.wisc.edu/~yxu/Teaching/16%20spring%20Stat602/%5BGeorge_E._P._Box,_J._Stuart_Hunter,_William_G._Hu(BookZZ.org).pdf
https://pages.stat.wisc.edu/~yxu/Teaching/16%20spring%20Stat602/%5BGeorge_E._P._Box,_J._Stuart_Hunter,_William_G._Hu(BookZZ.org).pdf
https://doi.org/10.1371/journal.pone.0279118
https://doi.org/10.1016/j.lwt.2023.114715
https://doi.org/10.1007/s13213-012-0564-y
https://doi.org/10.1016/s0168-1605(98)00031-2
https://doi.org/10.1002/9780471729259.mc06e01s25
https://doi.org/10.1002/9780471729259.mc06e01s25
https://doi.org/10.2141/jpsa.0190042
https://doi.org/10.1002/jps.2600580708
https://doi.org/10.3390/ECP2023-14708
https://doi.org/10.3390/ECP2023-14708
https://doi.org/10.1007/978-1-59745-514-5_9
https://doi.org/10.1007/s10989-019-09809-3
https://doi.org/10.1007/s13197-019-03746-1
https://doi.org/10.5772/intechopen.106625
https://doi.org/10.5772/intechopen.106625
https://doi.org/10.1021/acs.jafc.9b07136
https://doi.org/10.1016/j.micres.2020.126540
https://doi.org/10.3168/jds.2014-8645

	Enhanced production of 3-phenyllactic acid from novel non-axenic coculture: adaptive evolution and statistical fermentation studies
	Abstract
	1 Introduction 
	2 Materials and methods
	2.1 Isolation and adaptive evolution studies
	2.2 Optimization studies
	2.3 3-PLA antimicrobial activity

	3 Results and discussion
	3.1 Screening of 3-PLA producing LAB, adaptive evolution, identification studies
	3.2 Optimized fermentation studies
	3.3 Antimicrobial activity studies of purified PLA

	4 Conclusion
	References


