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Acetoin and diacetyl are aromatic compounds that confer creamy and butter aroma to products such as yogurt
and cheese. As such, they can also impart desired sensory properties to plant-based products such as dairy an-
alogues. These compounds are produced by lactic acid bacteria, but few strains can produce amounts high
enough to be considered relevant strains for its use as fermentation starters. Therefore, in this study we aimed to

identify a great acetoin and diacetyl bacteria producer using different reported methods. We identified the
Lactococcus cremoris strain CNTA 939 as a great producer of these compounds and optimized its production in
synthetic medium and in plant-based milk alternatives. In the latter, it was detected that the availability of free
amino acids is crucial for allowing good fermentation performance by strain CNTA 939, and it was demonstrated
that relevant acetoin and diacetyl titers (115 and 8 mg/L, respectively) can be achieved without adding external

supplements.

1. Introduction

Diary analogues are plant-based products which are meant to
resemble the texture, appearance, flavour and nutritional profile of
dairy products such as milk, yogurt and cheese (Jeske et al., 2018;
Kamath et al., 2022; Tangyu et al., 2019). Although global milk pro-
duction is projected to grow at 1.5 % per year to 1039 Mt by 2032, the
per capita consumption of dairy products is expected to decline in
Europe, Oceania and North America partly due to the increasing con-
sumption of plant-based products (OECD & FAO, 2023). Among them,
consumption of plant-based milk alternatives (PBM) has increased over
the last decade, drove by environmental sustainability awareness, health
concerns such as cow’s milk allergy and lactose intolerance, ethical
disputes regarding the use of animals and the consumers lifestyle
changes towards vegetarian and vegan foods (Jeske et al., 2018; Pua
et al., 2022; Tangyu et al., 2019). The European and USA markets were
worth $1.5 billion in 2015 and $1.8 billion in 2016, respectively (Jeske
et al., 2018; Tangyu et al., 2019), and some reports foresee that PBM
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industry will witness a compound annual growth rate between 11.7 and
15 % up to a global market size of $47.55 to $123.1 billion by 2030
(Meticulous Research, 2023; Strategic Market Research, 2022). PBM are
water extracts of plant material including legumes, nuts, seeds, cereals,
and pseudo cereals. Although some raw plant material such as legumes
and seeds show a protein content comparable to cow milk, the produced
PBMs are often nutritionally unbalanced in terms of amino acid and
vitamin content, and their organoleptic properties are not desired since
they exhibit unpleasant green and beany flavours derived from aromatic
compounds such as hexanal and hexanol found in the plant matrix
(Tangyu et al., 2019). To improve its organoleptic properties, exogenous
flavouring additives are added, yet they are perceived as artificial by the
consumers. Therefore, leading companies have aimed to exclude those
additives since clean label products are preferred by the consumers
(Asioli et al., 2017). Fermentation can be a suitable approach to improve
flavours in PBMs since microorganisms such as lactic acid bacteria (LAB)
can produce volatile aroma compounds that impart attractive flavour
profiles to the fermented foods (Peyer et al., 2016). Among them,

Received 18 January 2025; Received in revised form 2 April 2025; Accepted 5 April 2025

Available online 9 April 2025

0023-6438/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:dfratebianchi@cnta.es
www.sciencedirect.com/science/journal/00236438
https://www.elsevier.com/locate/lwt
https://doi.org/10.1016/j.lwt.2025.117754
https://doi.org/10.1016/j.lwt.2025.117754
http://creativecommons.org/licenses/by/4.0/

S.M. Tapia et al.

diacetyl and acetoin, which are desired since they confer creamy and
buttery flavours to the fermented dairy products such as yogurt, cheese
and butter (Liu et al., 2021a; Liu et al., 2020; Xiao & Lu, 2014), posi-
tively contribute to the flavour of fermented PBMs (Peyer et al., 2016;
Tangyu et al., 2019). Both acetoin and diacetyl are intermediate me-
tabolites of the C4 compound pathway. Briefly, two molecules of py-
ruvate, which are produced by glycolysis, are condensed into
a-acetolactate (a-AL) by the a-AL synthase. Then, diacetyl is formed
from oxidative decarboxylation of o-AL, whereas acetoin is formed
either by the enzymatic reduction of diacetyl or after enzymatic decar-
boxylation of a-AL carried out by the acetoin/diacetyl reductase and
a-AL decarboxylase, respectively. Finally, acetoin can be reversibly
converted into 2,3-butanediol (Hugenholtz et al., 2000). There are some
LAB strains capable of metabolizing citrate such as the well-studied
Lactococcus lactis subsp. lactis biovar. diacetylactis, which show typi-
cally high diacetyl and acetoin production (Garcia-Quintans et al., 2008;
Hugenholtz & Starrenburg, 1992). Citrate is taken into the cell by the
citrate permease (CitP) and converted into oxaloacetate by the citrate
lyase complex (CitDEF), which then is transformed into pyruvate by the
oxaloacetate decarboxylase (CitM) (Garcia-Quintans et al., 2008; Smid
& Kleerebezem, 2014). Many LAB species have been associated with
African and Asian traditional non-alcoholic fermented PBMs (Chileshe
et al.,, 2020; Nout, 2009) and several have been granted the GRAS
(Generally Recognized as Safe) (Liu et al., 2021b; Peyer et al., 2016)
and/or QPS (Qualified Presumption of Safety) (Koutsoumanis et al.,
2024) status. Therefore, isolating and selecting high acetoin- and
diacetyl-producing strains would offer a great opportunity to be used as
starter cultures to develop robust and reproducible fermented PBMs
processes (Boeck et al., 2022; Youssef et al., 2020) and obtain dairy
analogues with the valuable sensory attributes. However, since the
ability to produce higher amounts of both diacetyl and acetoin is
strain-dependent (Franciosi et al., 2009; Hugenholtz & Starrenburg,
1992; Passerini et al., 2013), many methods have been employed to
identify them, such as the Voges-Proskauer (Speckman & Collins, 1982)
and Kempler & McKay (Kempler & McKay, 1980) methods which detect
the production of acetoin and citrate-fermenting strains, respectively. In
addition, PCR has been used to identify L. lactis subsp. lactis biovar.
diacetylactis through the detection of the genes encoding the CitP, Cit-
DEF and CitM proteins and specific subspecies markers (Beimfohr et al.,
1997; Passerini et al., 2013). However, the quantification of both com-
pounds by chromatographic methods is the most effective approach to
select the best producing strains.

Therefore, this work had two goals. On one hand, we aimed to
identify LAB strains capable of producing high acetoin and diacetyl
levels by screening isolates from different sources employing the re-
ported methods and to compare them to determine whether they could
be reliable for strain selection. On the other hand, we carried out fer-
mentations with the best wild type strain in oat milk as a representative
PBM to overproduce both acetoin and diacetyl and, hence, naturally
improve the organoleptic profile of plant-based fermented products.

2. Material and methods
2.1. Bacterial strains and growth conditions

23 LAB strains belonging to the Lactococcus (7) and Leuconostoc (6)
genera as well as 10 lactobacilli from diverse origins were used in this
study and are listed in Table 1. Liquid precultures were carried out as
follows: lactobacilli and Leuconostoc strains were grown overnight in
MRS (Merck, Darmstadt, Germany) at 37 °C and 30 °C, respectively,
whereas Lactococcus strains were cultivated overnight in M17 (Oxoid,
Basingstoke, UK) at 30 °C. The genetically modified strains IL1403
[pFL3] and IL1403[pFL4] were provided by CIB-CSIC, Spain; their ge-
notype is described in Table 2.
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Table 1

Lactic acid bacteria strains used in the present study.
Strain Species Source
CECT 539 Lactococcus lactis Unknown
CNTA 159 Lactococcus lactis Artichoke by-product
CNTA 162 Lactococcus lactis Bean by-product
CNTA 939 Lactococcus cremoris Altered cream
CNTA 1191 Lactococcus lactis Sheep cheese
CNTA 1192 Lactococcus lactis Sheep cheese
CNTA 1562 Lactococcus lactis Sheep milk
CNTA 1201 Companilactobacillus crustorum Cheese
CNTA 684 Lactiplantibacillus plantarum Fermented olives
CNTA 1223 Lactiplantibacillus plantarum Fermented lentils
CNTA 1232 Lactiplantibacillus plantarum Cheese
CNTA 1238 Lactiplantibacillus plantarum Sheep cheese
CNTA 1241 Lactiplantibacillus plantarum Cheese
CNTA 1251 Lactiplantibacillus plantarum Sheep cheese
CNTA 752 Lacticaseibacillus rhamnosus Cream caramel
CNTA 756 Lacticaseibacillus rhamnosus Vanilla cream caramel
CNTA 759 Lacticaseibacillus rhamnosus Greek yogurt
CNTA 163 Leuconostoc mesenteroides Garlic by-product
CNTA 165 Leuconostoc mesenteroides Asparagus by-product
CNTA 170 Leuconostoc mesenteroides Pea by-product
CNTA 184 Leuconostoc mesenteroides Tomato by-product
CNTA 205 Leuconostoc mesenteroides Sourdough
CNTA 607 Leuconostoc mesenteroides Home-made chorizo

2.2. Biochemical assays

As a first screening to select potential good bacteria producers of
acetoin and diacetyl, the strains were submitted to the Kempler &
McKay (KMK) (Kempler & McKay, 1980) and Voges-Proskauer (VP)
(Speckman & Collins, 1982) biochemical tests. Briefly, the LAB strains
were grown overnight as was mentioned above, then streaked in KMK
agar plates (5 g/L glucose; 2.5 g/L tryptone; 10 g/L skim milk powder;
15 g/L bacteriological agar; 10 g/L potassium ferricyanide; 0.25 g/L
sodium citrate; 0.25 g/L iron citrate) and incubated during 48 h at their
corresponding temperatures. Plates showing prussian blue colonies were
considered as citrate-positive strains (Kempler & McKay, 1980). For the
VP test, overnight precultures were inoculated into semi-synthetic me-
dium (SSM; 5 g/L glucose; 10 g/L yeast extract; 9 g/L monopotassium
phosphate; 7.5 g/L dipotassium phosphate; 0.2 g/L magnesium sulphate
heptahydrate; 0.05 g/L manganese sulphate hydrate) at their corre-
sponding temperatures for 24 h. Then 1 mL of supernatant was mixed
with 0.5 mL of 1-naphthol solution (1 % w/v dissolved in ethanol) and
0.5 mL of 16 % w/v potassium hydroxide solution and incubated at
30 °C for 1 h. Supernatants that turned red were considered as positive
phenotype regarding acetoin production (Passerini et al., 2013; Speck-
man & Collins, 1982).

2.3. Identification by molecular markers

The Lactococcus strains were grown overnight as indicated above and
the DNA was extracted from the bacterial pellets using GenElute™
Bacterial Genomic DNA Kit (Merck, Darmstadt, Germany). Identifica-
tion of the Lactococcus lactis subspecies was performed by PCR using the
pair primers Lhis5F/Lhis6R and LLhis3F/LLhis4R (Beimfohr et al.,
1997). The reaction products result in 1149 and 934 base pair amplicons
in case the strain belongs to the subspecies cremoris and lactis/diacety-
lactis, respectively, whereas the latter pair primers give 343 base pair
and no amplification to the subspecies lactis and diacetylactis, respec-
tively. To detect the presence of the plasmidic citP gene encoding the
citrate transporter and the chromosomal citM-citl-citCDEFXG operon
encoding the citrate lyase complex and the oxalate decarboxylase
responsible for conversion of citrate into pyruvate, which are specific to
the subspecies diacetylactis, the pair primers citM_F/citG_R (7209 bp
amplicon) and cit1P/cit2P (1327 bp amplicon) (Passerini et al., 2013)
were used. The PCR reactions to identify the subspecies and to detect the
citP gene were carried out using the IMMOLASE™ DNA polymerase
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Table 2
Genetically modified lactic acid bacteria strains used in the present study.
Strain Species Characteristic and genotype Reference
11403 Lactococcus lactis subsp. lactis  Carries the plasmid pFL3 that harbours the tetl gene conferring tetracycline resistance and the citP gene  (Bourel et al., 1996;
[pFL3] bv. diacetylactis encoding the Cit P transporter from the plasmid pCIT264 under the control of the Streptococcus Magni et al., 1994)
pneumoniae polA promoter
1L1403 Lactococcus lactis subsp. lactis ~ Carries the plasmid pFL3 plasmid that harbours the tetl gene and the citP gene with its native promoter =~ Magni et al. (1994)
[pFL4] bv. diacetylactis from the plasmid pCIT264.

(Meridian bioscience®, London, UK) following the provider in-
structions. Meanwhile, the PCR to detect the citM-citl-citCDEFXG operon
was performed using the Phusion™ High-Fidelity DNA Polymerase
(Thermo Fisher Scientific, MA, USA) following the provider instructions.
DNA from IL1403[pFL4] strain was used as positive control in both citP
and citM-citl-citCDEFXG PCR reactions. Primer sequences are listed in
Table 3.

2.4. Chemical analyses

Sugars in the samples were extracted with water (heating to
60-70 °C for 5 min, followed by agitation at 800 rpm, centrifugation and
filtration of the resulting supernatant) and analyzed by reversed-phase
liquid chromatography using a Waters HPLC® system (Waters Corpo-
ration, Milford, MA, USA) equipped with a Luna® Omega 3 pm Sugar
column 100 10\, (LC Column 250 x 4.6 mm, Phenomenex, Torrance, CA,
USA) and refractive index detector (2414 Refractive Index Detector
Waters). Organic acids were analyzed by reversed-phase liquid chro-
matography using a Waters HPLC® system (Waters Corporation)
equipped with an Aminex® HPX-87H Column (300 x 7.8 mm, BIO-RAD,
Hercules, CA, USA) and determined by PDA detector (2998 PDA De-
tector Waters) at 210 nm. Acetoin and diacetyl (2,3-butanedione) were
determined by gas chromatography using a gas chromatograph 7890A
(Agilent Technologies, Palo Alto, CA, USA) equipped with a capillary
column DB-WAX (30 m x 0.25 mm, 0.25 pm) with flame ionization
detector (GC-FID). The oven temperature program was as follows: the
initial temperature (50 °C) was held for 4.0 min, then increased to
140 °C at 15 °C/min, held for 1.0 min, and finally ramped to 200 °C at
12 °C/min and held for 2.0 min. The injector and detector temperatures
were 250 °C and 300 °C, respectively. One microliter was injected into
the column, in split mode, with a split ratio of 50:1. In all analytical
methods external calibration was performed and duplicate samples were
analyzed.

2.5. Flask fermentation conditions for strains screening

Flask experiments were performed to quantify the ability of the
selected strains to produce both acetoin and diacetyl. Overnight pre-
cultures were inoculated in SSM-G (SSM with 30 g/L glucose instead of
5 g/L) and SSM-GC (SSM-G with 8.8 g/L of sodium citrate dihydrate)
media (Passerini et al., 2013) at initial concentration values of 1 x 10°
cells/mL and incubated at 30 °C for 24 h. Fermentation products were
quantified by the methods described above.

2.6. Acetoin and diacetyl production optimization assays

To optimize the production of acetoin and diacetyl, the selected
strains CNTA 159 and CNTA 939 were inoculated in flasks containing
50 mL of M17 liquid medium supplemented with 30 g/L of glucose
(M17-G). After 24 h fermentation in a laboratory shaker set at 30 °C and
150 rpm, the pH of the culture was increased up to 6.8-7.0 using 1 M
NaOH and was incubated for another 24 h. Samples were taken to
determine the production of acetoin and diacetyl after 24 and 48 h of
fermentation. Then, bioreactor assays were performed to test the effect
of pH on the production of these compounds. Fermentations were car-
ried out with the CNTA 939 strain in 500 mL Applikon MiniBio bio-
reactors (Getinge Applikon, Delft, Netherlands) at two different
conditions. Briefly, overnight CNTA 939 precultures were used to
inoculate 400 mL of M17-G and the pH was maintained at 6.5 (M17-G-
N) or 4.8 (M17-G-A). The temperature was kept at 30 °C with a stirring
speed of 300 rpm for 48 h. Dissolved oxygen was maintained over 20 %
along the process. Samples were taken after 24 and 48 h of fermentation
to quantify sugar consumption and the production of organic acids and
C4 compounds. Moreover, as proof of concept to validate the relation
between citrate metabolism and acetoin and diacetyl production, strains
IL1403[pFL3] and IL1403[pFL4] were inoculated in flasks containing
50 mL of M17 medium supplemented with 30 g/L of glucose and 8.8 g/L
of sodium citrate dihydrate (M17-GC) plus 1 pg/mL of tetracycline and
were incubated at 30 °C for 24 h. As control, the strains were grown in
M17-G plus 1 pg/mL of tetracycline medium as well. Samples were taken
at the beginning and at the end of fermentation to quantify acetoin,
diacetyl and organic acids.

2.7. Oat milk fermentation

Fermentations of oat milk were carried out in 500 mL Applikon
MiniBio bioreactors using the CNTA 939 strain as fermentation starter.
Oat syrup containing high amounts of sugars and protein was kindly
provided by the Spanish food company AMC GLOBAL. For each biore-
actor assay, oat milk was prepared dissolving oat syrup in distilled water
to a final concentration of 130 g/L and then it was sterilized. To optimize
acetoin and diacetyl production in oat milk different key nutrients were
added (Table 4). Amino acids were supplemented adding 1.92 g/L yeast
synthetic drop-out medium supplements without uracil. Vitamins,
minerals and trace elements were supplemented as concentrated stocks
to obtain the final amount according to Jensen & Hammer (1993). 100X
vitamin stock was prepared as follows: 9.77 mg/L biotin, 98.44 mg/L

Table 4
Combination of the different stock nutrients tested in oat milk to optimized

Table 3 acetoin and diacetyl production. OM: oat milk; AA: Amino acids; V: Vitamins; M:
Primer sequences used in this study. Mineral and trace elements; YE: Yeast extract and F: Flavourzyme® treatment.
Primer Sequence (5’ — 3) Reference Condition AA v M YE F

Lhis5F CTTCGTTATGATTTTACA Beimfohr et al. (1997) oM

Lhis6R AATATCAACAATTCCATG Beimfohr et al. (1997) OM_AA X

LLhis3F AAAGAATTTTCAGAGAAA Beimfohr et al. (1997) OM_V X

LLhis4R ATTTAGAATTGGTTCAAC Beimfohr et al. (1997) OM_AA M X X

citlP ATGATGAATCACCCG Passerini et al. (2013) OM_AAV X X

cit2P ACTTCATGAATATGAC Passerini et al. (2013) OM_AA VM X X X

citM_F ATGAATGCAGCCAAGTTAG Passerini et al. (2013) OM_YE X

citG_R TGATGTGAACCGTTAGTTAC Passerini et al. (2013) OM_F X
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nicotinic acid, 97.85 mg/L riboflavin, 205.64 mg/L pyridoxine-HCL,
101.18 mg/L thiamine-HCl. 1000X folic acid stock was prepared dis-
solving folic acid in 0.1 M NaOH at a concentration of 1015.22 mg/L.
100X salt stock solution was composed of: 292.2 g/L sodium chloride,
28.6 g/L monopotassium phosphate, 4.95 g/L magnesium chloride,
0.28 g/L iron sulphate heptahydrate and 4.88 g/L potassium sulphate.
10000X micronutrients stock was prepared as follows: 554.95 mg/L
calcium chloride, 24.97 mg/L copper sulphate pentahydrate, 7.26 mg/L
sodium molybdate dihydrate, 247.32 mg/L boric acid, 38.95 mg/L co-
balt chloride, 158.33 mg/L manganese chloride tetrahydrate and 28.76
mg/L zinc sulphate heptahydrate. Oat milk supplemented with 5 g/L of
yeast extract (Springer® 0351, BioSpringer, Maisons-Alfort, France) was
used as control. To enrich its amount in assimilable nitrogen, oat milk
was treated with the peptidase mix Flavourzyme® (Novozymes,
Copenhagen, Demark) as follows: 0.2 % w/v of enzyme was added to oat
milk and was incubated at 50 °C for 4 h. Then, the treated milk was
sterilized. All fermentations were carried out for 48 h in 500 mL
Applikon MiniBio bioreactors with 400 mL working volume. An over-
night preculture of CNTA 939 strain in M17 medium was inoculated at 1
% v/v. The temperature was controlled and maintained at 30 °C. A
constant air flux was set at 0.1 vvm and initial stirring speed was set at
300 rpm. Dissolved oxygen was maintained at 20 % and controlled by
stirring cascade up to 600 rpm. pH was maintained at 6.5 using a 2 M
KOH solution. Samples were taken at 24 and 48 h to quantify sugar
consumption and the production of organic acids, acetoin and diacetyl.

2.8. Statistical analyses

All One-way ANOVA, Tukey’s multiple comparisons and t-test ana-
lyses were performed using GraphPad Prism software version 10.3.0 for
Windows 10 64-bits (www.graphpad.com).

3. Results and discussion

3.1. Selection of best acetoin- and diacetyl-producing strains and
comparison of the screening methods

23 LAB strains were submitted to the VP and KMK assays. The results
(Table 5) indicated that three lactococci, five lactobacilli and one

Table 5

Biochemical phenotype showed by the 23 tested LAB strains. VP: (++) Strong
red signal in the medium; (+) Weak red signal in the medium; (—) No colour
change in the medium. KMK: (+) Prussian blue colonies; (—) White colonies. NG:
No growth.

Strain Species VP KMK
CECT 539 Lactococcus lactis + -
CNTA 159 Lactococcus lactis - —+
CNTA 162 Lactococcus lactis + +
CNTA 939 Lactococcus cremoris ++ +
CNTA 1191 Lactococcus lactis +
CNTA 1192 Lactococcus lactis - +
CNTA 1562 Lactococcus lactis - +
CNTA 1201 Companilactobacillus crustorum - NG
CNTA 684 Lactiplantibacillus plantarum + -
CNTA 1223 Lactiplantibacillus plantarum + -
CNTA 1232 Lactiplantibacillus plantarum + +
CNTA 1238 Lactiplantibacillus plantarum + +
CNTA 1241 Lactiplantibacillus plantarum + +
CNTA 1251 Lactiplantibacillus plantarum - -
CNTA 752 Lacticaseibacillus rhamnosus + -
CNTA 756 Lacticaseibacillus rhamnosus - -
CNTA 759 Lacticaseibacillus rhamnosus - -
CNTA 163 Leuconostoc mesenteroides - -
CNTA 165 Leuconostoc mesenteroides - -
CNTA 170 Leuconostoc mesenteroides -

CNTA 184 Leuconostoc mesenteroides - -
CNTA 205 Leuconostoc mesenteroides - -
CNTA 607 Leuconostoc mesenteroides - -
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Leuconostoc showed positive VP phenotype, meaning that were able to
produce and accumulate acetoin. All Lactococcus strains except one
showed positive KMK phenotype suggesting they are citrate-fermenting
bacteria. On the other hand, three lactobacilli and only one Leuconostoc
showed positive KMK phenotype. The molecular characterization
(Table 6) showed that six Lactococcus strains belonged to the subspecies
lactis and only one to the subspecies cremoris. However, the biovariety
diacetylactis was not identified. Unexpectedly, the presence of both citP
and citM-citl-citCDEFXG genes was not detected in any Lactococcus
strain, not even in those that showed positive KMK phenotype and
belonged to the subspecies lactis. The control strain IL1403[pFL4] was
the only one that harboured all citrate transport and catabolic genes.
Thus, there is no evident relation between KMK results and the molec-
ular characterization. Based on the previous results, seven strains
showing different positive VP and KMK phenotypes were selected
(Lactococcus strains CNTA 539, CNTA 159, CNTA 162 and CNTA 939;
and lactobacilli strains CNTA 1232, CNTA 1238 and CNTA 1241). The
above-mentioned strains were cultured in SSM-G and SSM-GC to test
whether they can consume citrate and overproduce acetoin and diacetyl
or not, and to select the best producing strains. Among Lactococcus, the
strains CNTA 159 and CNTA 939 produced 60.9 mg/L and 111.9 mg/L
of acetoin, respectively, after 24 h in the SSM-G condition. Moreover,
the CNTA 159 strain was able to produce 8.47 mg/L of diacetyl in this
condition (Fig. 1A). However, none of the Lactococcus strains was able to
consume citrate, including those that showed positive KMK phenotypes,
and hence, no increase was observed in the production of both acetoin
and diacetyl in the SSM-GC condition compared to SSM-G. Under the
SSM-GC condition, strain CNTA 939 produced 119.4 mg/L of acetoin,
whereas no acetoin production was detected for strain CNTA 159
(Fig. 1A). Recent studies used positive KMK and VP phenotypes and the
939 bp amplicon detection as criteria to declare many L. lactis strains as
subspecies lactis bv. diacetylactis (Fusieger et al., 2020) yet our results
indicated that this approach is not suitable because there is not a clear
relation between a KMK positive phenotype and citrate consumption.
Therefore, the KMK biochemical test is not reliable to detect
citrate-fermenting LAB. Based on our results and those obtained by
Passerini et al. (2013), the best method to detect a citrate-fermenting
Lactococcus strain, and in consequence, a potential good acetoin and
diacetyl producer is the detection of citrate catabolic genes by PCR.
Detection of the a-AL synthase, acetoin/diacetyl reductase and o-AL
decarboxylase genes implied in C4 compounds production from pyru-
vate could complement the above-mentioned approach to identify
promising acetoin/diacetyl-producing strains. As for the lactobacilli
strains tested, different results were obtained since they consumed little
amounts of citric acid (Fig. 1B) and they were only able to produce

Table 6

Molecular characterization of the Lactococcus strains. IL1403[pFL4] DNA was
used as positive control for citP and citM-citl-citCDEFXG PCR reactions. NP: Not
performed.

Strain Lhis5F/ LLhis3F/ subspecie citP  citM-citl-
Lhis6R LLhis4R citCDEFXG
CECT 934 343 lactis - -
539
CNTA 934 343 lactis - -
159
CNTA 934 343 lactis - -
162
CNTA 1149 ND cremoris - -
939
CNTA 934 343 lactis - -
1191
CNTA 934 343 lactis - -
1192
CNTA 1149 343 lactis - -
1562
1L1403 NP NP lactis bv. + +
[pFL4] diacetylactis
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Fig. 1. (A) Production of acetoin and diacetyl after 24 h of fermentation by the tested LAB strains and (B) Initial and residual citric acid concentration after 24 h of

fermentation with three L. plantarum strains.

acetoin in the condition SSM-GC, yet in much lower concentration
compared with the amount produced by the Lactococcus strains CNTA
159 and CNTA 939 (Fig. 1A). The latter strain showed a strong positive
VP phenotype but the remaining strains that were VP positive showed a
weak red colour signal concordant with the lower acetoin production.
Therefore, the VP method is reliable to detect a good acetoin producer
only when a strong signal is observed. The results indicated that strains
CNTA 159 and CNTA 939 were the best acetoin or diacetyl producers
and were selected to optimize the production of both compounds.

3.2. Optimization of acetoin and diacetyl production

After 24 h of fermentation in M17-G medium, strain CNTA 939

produced 508 mg/L of acetoin and 19 mg/L of diacetyl (Fig. 2A),
whereas strain CNTA 159 produced only 36 mg/L of acetoin and diacetyl
production was below the quantification limit (<4 mg/L) in two of three
replicas (Supplementary Table 2). To maintain metabolic activity and
promote sugar consumption, the pH was manually adjusted from
4.3-4.5 to 6.8-7.0 and fermentation was extended for an additional 24
h. During this time, strain CNTA 939 increased acetoin and diacetyl
production to 651 mg/L and 25 mg/L, respectively. However, the strain
CNTA 159 was unable to increase the production of acetoin and diacetyl
(Fig. 2A). The fact that strain CNTA 939 produced more acetoin and
diacetyl in M17-G medium with manual pH adjustment compared with
SSM-G medium with no pH adjustment (Fig. 2A vs. 1A) indicates that the
production of these compounds can be increased when metabolic
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activity is kept at high levels throughout fermentation, which could be
achieved if sugars are consumed under appropriate environmental and
process conditions. Moreover, the production of these compounds is
strain-dependent and strain CNTA 939 showed the best capability to
produce both acetoin and diacetyl from glucose. It has been reported
that the metabolic flux towards the production of C4 compounds in
L. lactis is increased at acidic pH (Garcia-Quintans et al., 2008). Thus,
fermentations were carried out in bioreactor at constant neutral
(M17-G-N) and acidic (M17-G-A) pH to control and increase the pro-
duction of both acetoin and diacetyl. After 24 h of fermentation 560
mg/L of acetoin and 10.1 mg/L of diacetyl were produced in the
M17-G-A condition. Meanwhile, at neutral pH only 265 mg/L of acetoin
were produced and diacetyl was below of detection limit (Fig. 2B). After
48 h, the acetoin and diacetyl concentrations decreased to 420 mg/L and
8.37 mg/L, respectively, in the M17-G-A condition, whereas in the
M17-G-N condition acetoin production slightly increased to 356 mg/L
and diacetyl remained below the detection limit (Fig. 2B). Based on
lactic acid production in both conditions, acidic pH not only favoured a
higher acetoin and diacetyl production but also improved the respective
yields relative to sugar consumption (Fig. 2B & Supplementary Table 3).
Thus, we demonstrated that production and yield of C4 compounds can
be increased by setting acidic pH conditions throughout fermentation,
which is in line with previous observations (Garcia-Quintans et al.,
2008). However, there are other factors that might play a relevant role
in modulating acetoin/diacetyl production such as the dissolved oxygen,
and hence, the redox balance of the cells due to the C4 compound 2,
3-butanediol pathway by which the equilibrium between acetoin and
2,3-butanediol can be shifted depending not only on the activity of the
butanediol dehydrogenase enzyme but also the NADH/NAD™ ratio
(Suttikul et al., 2023). Another factor that may impact on acetoin/dia-
cetyl production is the size of inoculum (Liu et al., 2021b). Thus, such
factors should be addressed to better control the production of these
compounds.

Since we have not identified a wild citrate fermenting Lactococcus
lactis. sp lactis bv. diacetylactis in this study, we wanted to demonstrate as
proof of concept the potential amounts of acetoin and diacetyl that can
be produced with this particular specie. Therefore, we carried out fer-
mentations with the strains IL1403[pFL3] and IL1403[pFL4] (Table 2)
which harbour the citP gene under the control of S. pneumoniae polA
promoter and its native promoter, respectively. After 24 h, although the
IL1403[pFL3] produced 61.8 mg/L of acetoin and no diacetyl in the
M17-G condition, the same strain was able to produce 1423 mg/L of
acetoin and 13.7 mg/L of diacetyl in the M17-GC condition and all cit-
rate was consumed (Fig. 3). Conversely, even though in the M17-G
condition the strain IL1403[pFL4] produced 51 mg/L of acetoin and
diacetyl was below the limit of detection, acetoin production in the M17-
GC condition increased only slightly up to 131 mg/L and an insignificant
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citrate consumption was observed (Fig. 3). Citrate metabolism in L. lactis
subsp. lactis bv. diacetylactis is induced at acidic pH (below 5) (Magni
et al., 1999). However, the pH value was over 5 after 24 h of fermen-
tation in the condition M17-GC (Supplementary Table 4). Thus, since the
strain IL1403[pFL4] carries the citrate permease under the control of its
inducible P1 promoter at low pH the levels of the citrate permease ac-
tivity were low at the above-mentioned conditions, and hence, insig-
nificant citrate consumption and low increment of both acetoin and
diacetyl production were observed compared to IL1403[pFL3]. The re-
sults indicated that a L. lactis subsp. lactis bv. diacetylactis strain showing
great capacity to consume citrate is an ideal candidate to obtain both
acetoin and diacetyl at high amounts.

3.3. Oat milk supports limited fermentative capacity to L. cremoris CNTA
939

Since the food industry remains heavily inclined towards the use of
microorganisms deemed natural, CNTA 939 strain (best wild-type ace-
toin and diacetyl producer in synthetic medium) was selected over
IL1403[pFL3] and IL1403[pFL4] strains as fermentation starter to
overproduce these compounds in a PBM matrix such as oat milk. When
oat milk was fermented with CNTA 939, a slight glucose consumption of
4.7 g/L was observed after 48 h, and 0.15 g/L and 3.57 g/L of acetic and
lactic acid were produced, respectively (Fig. 4B-OM). However, a little
amount of acetoin was produced and diacetyl was below the quantifi-
cation limit (Fig. 4A-OM). Interestingly, sugar consumption increased to
16.1 g/L when 5 g/L yeast extract was supplemented to oat milk
(Fig. 4B, OM_YE) and, in consequence, 1.74 g/L and 14.09 g/L of acetic
and lactic acid were produced (Fig. 4A, OM_YE). In addition, production
of acetoin increased to 368 mg/L and 297 mg/L after 24 and 48 h of
fermentation, respectively. These results indicate that oat milk by itself
does not support all nutrients that are required by the strain CNTA 939
to ferment optimally and overproduce acetoin and diacetyl.

3.4. Optimization of the production of acetoin and diacetyl in fermented
oat milk

Yeast extract provides a variety of nutrients (Tao et al., 2023) and to
identify those that, when absent, limit the fermentation capacity of the
strain CNTA 939, concentrated stocks of different nutrients including
amino acids, vitamins and minerals were prepared. When amino acids
were added to oat milk, practically similar amounts of sugars were
consumed after 48 h compared to oat milk supplemented with yeast
extract (Fig. 4B, OM_AA) and acetic and lactic acid production was 0.19
g/L and 17.8 g/L, respectively. As for the C4 compounds, acetoin pro-
duction titers after 24 and 48 h were 36.0 mg/L and 68.2 mg/L,
respectively, and notably 7.46 mg/L of diacetyl were produced after 48
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Fig. 3. (A) Production of aromatic compounds of the strains IL1403-pFL3 and IL1403-pFL4 after 24 of fermentation. Experiments were carried out by duplicate. (B)
Residual citric acid concentration after 24 h of fermentation. Statistical differences were obtained through an ANOVA (acetoin and citric acid) and t-test analysis
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Fig. 4. Production of fermentative compounds in oat milk fermented with the strain CNTA 939. (A) Production of acetoin (left) and diacetyl (right) after 24 and 48 h
of fermentation. (B) Production of lactic and acetic acid (left) and glucose consumed (right) after 48 h of fermentation. OM: oat milk; OM_YE: oat milk with yeast
extract, OM_AA: Oat milk with amino acids; OM_V: Oat milk with vitamins; OM_AA_M: Oat milk with amino acids and minerals; OM_AA_V: Oat milk with amino acids
and vitamins; OM_AA_V_M: Oat milk with amino acids, vitamins and minerals; OM_F: Oat milk treated with Flavourzyme®.

h (Fig. 4A, OM_AA). On the other hand, the sole addition of vitamins did
not impact on the consumption of sugars, yet a slight increment of
acetoin was observed compared to oat milk without nutrients (Fig. 4A
and B, OM_V). The best results were obtained when amino acids and
vitamins were added together, since acetoin production increased up to
475.4 mg/L after 48 h, which means that production was 7 times higher
compared to oat milk supplemented with only amino acids (Fig. 4A,
OM_AA_V vs. OM_AA). Interestingly, the addition of minerals had an
opposite effect on the production of both acetoin and diacetyl. When
amino acids and minerals were added, the production of acetoin was
reduced to 31.8 mg/L after 48 h and diacetyl was below the detection
limit (Fig. 4A, OM_AA_M vs. OM_AA). The same pattern was observed
when amino acids, vitamins and minerals were added together, since
acetoin production was reduced to 45.2 mg/L and diacetyl was below
the detection limit (Fig. 4A, OM_AA_V_M vs. OM_AA_V). Therefore, the
results indicated that amino acids are key nutrients required by the
strain CNTA 939 to ferment oat milk and that addition of vitamins fa-
vours both acetoin and diacetyl production when amino acids are pre-
sent. As many LAB, Lactococcus strains are characterized by being
auxotrophic for a variety of amino acids including leucine, isoleucine,
valine, methionine, histidine and glutamic acid (Chopin, 1993; Jensen &
Hammer, 1993). Considering the amino acid requirements identified in
strain CNTA 939, we tested an alternative to external supplementation
to provide oat milk with free amino acids. Oat milk proteins contain all
the amino acids required by L. lactis (Makinen et al., 2017) yet they are
not free and available to the starter. However, they can be released by

proteolytic treatment (Bonke et al., 2020). Therefore, we treated oat
milk with the commercial peptide mix Flavourzyme® and carried out
the fermentation. Surprisingly, the strain CNTA 939 showed a strong
fermentation capacity in which all fermentable sugars were consumed
after 24 h (Fig. 4B & Supplementary Table 5) and production of acetic
and lactic acid were 0.38 g/L and 21.67 g/L after 48 h, respectively
(Fig. 4B, OM_F). Most importantly, acetoin and diacetyl production were
similar to that obtained when external amino acids were added (Fig. 4A,
OM_F vs. OM_AA), and surpassed their aroma threshold concentrations
in water by 2-fold and approximately 1500-fold, respectively (50 and
0.005 mg/L) (Peyer et al., 2016). Therefore, we demonstrated that oat
milk can be converted into a good fermentation substrate for Lactococcus
strains such as CNTA 939 after proteolytic treatment and overproduce
acetoin and diacetyl at amounts which can potentially improve the
sensory properties of PBM.

4. Conclusion

This study tested various reported methodologies to select a LAB
strain capable of producing significant amounts of the butter- and
cream-like aromatic compounds acetoin and diacetyl. The objective was
to identify citrate-fermenting LAB, ideally wild Lactococcus lactis subsp.
lactis bv. diacetylactis strains, as it is reported to be one of the best pro-
ducers of these compounds from citrate. We first tested the KMK method
but found it unsuitable due to numerous false positives. In the case of
Lactococcus strains, we found that molecular characterization by PCR to
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detect the citrate catabolic gene citP and operon citM-citl-citCDEFXG is
suitable for performing a first screening and then submit those to a
fermentation assay in a citrate-containing medium to test acetoin/
diacetyl production and citrate consumption. For the remaining LAB
tested (Leuconostoc and lactobacilli), similar molecular methods should
be developed by designing specific primers for them. We also demon-
strated that the VP method is reliable to detect acetoin-producing LAB
strains from simple sugars only when a strong signal is observed. Based
on this method we could identify the strain Lactococcus cremoris CNTA
939 as a potential acetoin/diacetyl producer, which was then confirmed
after quantification of the acetoin and diacetyl produced in synthetic
medium. To optimize the production of these compounds we demon-
strated the importance of ensuring good environmental conditions such
as an acidic pH along the process, to allow the strain to ferment great
amounts of sugar and increase both acetoin and diacetyl yields. Other
factors such as dissolved oxygen and inoculum size must be addressed to
further improve the production of these compounds. Even though the
greatest amounts of both acetoin and diacetyl in synthetic medium were
obtained using a recombinant L. lactis subsp. lactis bv. diacetylactis strain
with strong capacity to metabolize citrate without the necessity to
control pH, the strong preference for wild type strains for industrial
purposes led us to choose the CNTA 939 strain to further explore the
production of these compounds in PBM matrices such as oat milk. We
observed that oat milk did not provide all the required nutrients, iden-
tified as mainly amino acids, to support a great fermentation capacity by
this strain, and demonstrated that external supplementation can be
avoided by carrying out a proteolytic treatment to the oat milk before its
sterilization. The fermentation capability of the strain CNTA 939 sub-
stantially increased in the treated oat milk, where the production of
acetoin and diacetyl readily surpassed their respective aroma thresholds
in water. This approach could therefore be a suitable strategy to improve
the sensory attributes of fermented PBM products without adding
external flavour agents.
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