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Abstract 

Lactic acid bacteria (LAB) have ev olv ed into fastidious microorganisms that r equir e amino acids from environmental sources. Some 
LAB ha ve cell en velope proteases (CEPs) that drive the proteolysis of high molecular weight proteins like casein in milk. CEP activity 
is typically studied using casein as the predominant substr ate , even though CEPs can hydrolyze other protein sources. Plant protein 

hydr ol ysis by LAB has rar el y been connected to the activity of specific CEPs. This study aims to show the activity of individual CEPs 
using LAB growth in a minimal growth medium supplemented with high molecular weight casein or potato proteins. Using Lactococcus 
cremoris MG1363 as isogenic background to express CEPs, w e demonstr ate that CEP activity is directly related to growth in the protein- 
supplemented minimal growth media. Proteolysis is analyzed based on the amino acid release, allowing a comparison of CEP activities 
and analysis of amino acid utilization by L. cremoris MG1363. This approach provides a basis to analyze CEP activity on plant-based 

protein substrates as casein alternatives and to compare activity of CEP homologs. 

Ke yw ords: Lactococcus cremoris ; cell envelope proteases; minimal growth medium; proteolysis; plant protein; amino acid secretion 
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Introduction 

Lactic acid bacteria (LAB) play an important role in traditional 
fermented foods. Se v er al LAB hav e highl y ada pted pr oteol ytic 
systems that can induce pr otein c hanges in food raw materials 
(Christensen et al. 2022 ). Peptides liberated from plant proteins,
like potato proteins, can entail bioactivities such as antioxidant 
and emulsifying activities (García-Moreno et al. 2020b ). Addition- 
ally, amino acid (AA) liberation can affect pH and flavor formation 

(Gänzle 2015 ). 
LAB hav e ada pted to nutrient ric h habitats, becoming fas- 

tidious micr oor ganisms with complex nutritional r equir ements 
(Makar ov a et al. 2006 ). Se v er al LAB ar e auxotr ophic for a number 
of AAs, and only some LAB possess a proteolytic system to satisfy 
their AA r equir ements . T he pr oteol ytic system of Lactococcus cre- 
moris [formerly Lactococcus lactis subsp. cremoris (Li et al. 2021 )] has 
been c har acterized in dairy fermentations. Among the milk pro- 
teins , caseins ha ve been shown to be the pr eferr ed substr ates for 
the pr oteol ysis (Savijoki et al. 2006 ). A cell-wall anc hor ed pr otease,
PrtP, hydr ol yzes casein into oligopeptides of 4 to 30 AAs with no 
or minor release of di- or tripeptides or free AAs (Konings 2002 ,
Juillard et al. 1995a ). Oligopeptides of 4 to 35 AAs can be trans- 
ported across the cell membrane into the bacterial cell by the 
oligopeptide transport system (Opp) of ABC transporters (Bernts- 
son et al. 2011 ). During lactococcal growth in milk, oligopeptides 
Recei v ed 25 November 2023; revised 19 February 2024; accepted 12 Mar c h 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. All r
journals.permissions@oup.com 
r e pr eferr ed as AA source ov er av ailable fr ee AAs (Juillard et al.
995b ). Following the peptide uptake, intracellular peptidases hy- 
r ol yze the oligopeptides into free AAs for protein biosynthesis.
itrogen metabolism based on oligopeptide uptake rather than 

ndividual AAs is not likely to generate AAs in the balanced ratio
 equir ed for protein biosynthesis (Konings 2002 ), leaving an intra-
ellular excess of certain AAs . T he excess of AAs can be precursors
or other AAs, metabolic intermediates, or volatile organic com- 
ounds (VOCs) like alcohols , aldehydes , and esters (K onings 2002 ,
mit et al. 2005 ). AAs in excess can also be secr eted fr om the cy-
oplasm into the environment (Hernandez-Valdes et al. 2020 ) via
pecific lactococcal symporter systems (Konings 2002 ). 

Incr easing le v els of intr acellular br anc hed-c hain AAs stim ulate
he r epr ession by the CodY r egulon in L. cremoris (den Hengst et al.
005a ). CodY is a r epr essor pr otein, whic h tar gets the pr omoter
egion of prtP, prtM , and genes encoding other proteins of the pro-
eolytic system and AA metabolism (den Hengst et al. 2005b , Gajic
003 ). The maturase PrtM is a prolyl cis/trans isomerase, which is
 equir ed for proper activation of some, but not all PrtP homologs
Siezen 1999 , Liu et al. 2010 , Ikolo et al. 2015 ). 

LAB from both dairy and plant-based habitats can possess PrtP
ith similar structures (Christensen et al. 2023 ), though dairy
ssociated PrtP homologs dominate the liter atur e dealing with
ioc hemical c har acterization of this pr otease gr oup (Christensen
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t al. 2022 ). The most studied PrtP homologs ar e fr om dairy as-
ociated L. cremoris NCDO712, SK11, and Wg2 (Gasson 1983 , Kok
t al. 1988 , de Vos et al. 1989 ). PrtP homologs ha ve , based on their
electiv e cleav a ge of the casein proteins, been divided into two
ajor types, PI and PIII (Exterkate et al. 1993 , Savijoki et al. 2006 ).

rtP Wg2 , a PI-type, primaril y hydr ol yses β-caseins and to lesser ex-
ent κ-caseins, whereas PrtP SK11 , a PIII-type, degrades αs1 , β-, and
-caseins equally well. PrtP SK11 and PrtP Wg2 differ in 45 positions
f their first 1800 AAs (Christensen et al. 2023 ) and share high se-
uence identity with other less c har acterized PrtP homologs like
rtP MS22333 of L. lactis MS22333, from which they differ in 68 and
0 AA positions, r espectiv el y (Hansen and Marcatili 2020 ). The
ubstrate selectivity and specificities of these and other PrtP ho-
ologs have been studied with casein proteins and peptides as

ubstrates. Ho w ever, the underlying mechanisms for the prote-
l ytic div ersity among PrtP homologs r emain to be clarified. 

The specific activity of extracellular proteases on plant pro-
ein substrates has rarely been analyzed (Christensen et al. 2022 ).
lant proteins have different structural-physiochemical proper-
ies than casein (Sim et al. 2021 ), necessitating other medium con-
itions to pr e v ent pr ecipitation of the pr oteol ytic tar get, besides
alancing the optimal conditions for LAB growth and PrtP activ-

ty (Christensen et al. 2022 ). Plant-based protein suspensions with
r otein concentr ations similar to or higher than dairy products
ay contain low molecular weight peptides for LAB utilization.

uch peptides will activate the CodY repression of PrtP expres-
ion besides stimulating LAB acidification, blurring the impact of
rtP activity on LAB growth and metabolite production. 

This study analyzes PrtP activity in a c hemicall y defined
edium, providing the minimal growth requirements of L. cre-
oris with a high molecular weight protein source . P otato protein

s applied as a plant pr otein alternativ e to the known casein sub-
trate of the studied dairy associated PrtP homologs. Extracellular
r oteol ytic activity is dir ectl y r elated to LAB growth of strains car-
ying PrtP homologs inserted into L. cremoris MG1363 as isogenic
ac kgr ound. 

ethods 

trains and plasmids 

acterial strains and plasmid constructs used in this study are
isted in Table 1 . The strains were propagated in M17 broth with
.5% (w/v) glucose or on corresponding agar plates at 30 ◦C. Ad-
itionall y, 5 μg/mL erythr omycin (Ery) was added for selection of
ry-r esistant str ains (Ery R ). 

Genomic DNA of the wild-type L. cremoris and L. lactis strains
as purified, using the pr ocedur e of the DNeasy UltraClean Mi-

robial Kit (Qiagen). The Plasmid Mini AX kit (A&A Biotechnol-
gy) was used to purify recombinant plasmids of L. cremoris (Ta-
le 1 , Fig. S1 ), following the protocol of the manufacturer with
n extended cell lysis step. Resuspended cells in lysis buffer were
ixed with 8000 U lysozyme (A&A Biotechnology) and 100 U mu-

anol ysin (A&A Biotec hnology), following incubation at 50 ◦C for
0 min. 

Recombinant plasmids were constructed following the pro-
edure of the Gibson Assembly Master Mix (New England Bio-
abs), using linear DNA with designed ov erla pping termini of the
AK80 vector fragment (5151 bp) and the prtM / prtP inserts regions

6962-7325 bp) from the wild-type strains SK11, Wg2 and MS22333
Table 1 ). Linear DN A w as PCR amplified with specific oligonu-
leotide primers (TAG Copenhagen A/S) and Phusion™ High-
idelity DNA Pol ymer ase (Thermofisher) ( Table S1 ). PCR amplified
inear DN A w as extr acted fr om SYBR Safe (ThermoFisher) stained
ris-acetate-EDT A (T AE) buffer ed a gar ose gels using the QIAEX II
el Extraction Kit (Qiagen). Purified recombinant plasmids were
alidated by Sanger sequencing, using the Mix2Seq Kit (Eurofins
enomics) with the primers pAK80_seq_fw and pAK80_seq_rv
 Table S1 ). Recombinant plasmids of the Gibson reaction mix were
ir ectl y tr ansferr ed into electr ocompetent L. cremoris MG1363 by
lectr opor ation (Holo and Nes 1989 ). 

inimal growth medium 

he c hemicall y defined medium (CDM) was inspir ed by a minimal
r owth medium de v eloped for L. cremoris (Jensen and Hammer
993 ) ( Table S2 ). Our CDM did not contain any AAs, but instead
ach CDM contained a high molecular weight protein source.
CDM contained casein (Casein Sodium Salt from Bovine Milk,
005–46-3, Sigma) and PCDM contained potato protein (soluble
ood-gr ade pr otein extr act, KMC-food, Brande, Denmark) as ni-
rogen source. HCDM contained casein hydrolysate (65072–00-6,
XOID) as a low molecular weight source of organic nitrogen. 
Pr otein stoc k solutions (0.3% (w/v) were prepared, solubiliz-

ng protein powder in distilled water before autoclaving (121 ◦C,
5 min). 10 x MOPS [3-(N-Mor pholino)pr opanesulfonic acid] solu-
ion and 100 x vitamin solution were prepared (Neidhardt et al.
974 , Jensen and Hammer 1993 ) with 1.5 mM Na-acetate and
ithout NaCl. To obtain the final media with a pH of 7.0 and a
rotein content of 0.25% (w/v), 10 x MOPS solution, 100 x vitamin
olution, 0.132 M K 2 HPO 4 , and 1 M Glucose were added to the pro-
ein stock solutions in the specified order ( Table S2 ). 

atch culture cultiv a tion 

he inoculum for growth experiments was pr epar ed fr om
v ernight cultur es of L. cremoris str ains cultiv ated in M17 with
lucose and Ery. Cells were harvested by centrifugation (4000 x g,
0 min, 4 ◦C) and washed in 0.9% (w/v) NaCl follo w ed b y an extra
entrifugation step. The washed cells were resuspended in 0.9%
w/v) NaCl and standardized to OD 600 of 1.0. All growth experi-

ents used 1% (v/v) of the standardized washed cells as inocu-
um. Sterile water was added instead of the inoculum for negative
ontr ols. Biological r eplicas wer e made using differ ent colonies of
ac h str ain. 

Homogenized and pasteurized skimmed milk (0.1% fat, Arla,
enmark), supplemented with 1.0% (w/v) glucose and 5 μg/ml
ry, was used in the milk fermentation as control experiment.
he bacterial cultures were cultivated as 100 mL standing batch
ultures at 30 ◦C under aseptic conditions. Milk acidification was
onitored using an iCinac Wired L.A.B Fermentation Monitor

AMS Alliance) for pH measurements every minute. 
Fr eshl y pr epar ed CDM, HCDM, CCDM and PCDM were supple-

ented with 5 μg/mL Ery and cultivated as 45 mL batch cultures
n 50 mL tubes with scr e w ca ps . T he cultur es wer e incubated as
tanding cultures at 30 ◦C and were handled under sterile condi-
ions during sampling for pH, colony forming units (CFUs), and

etabolite measurements. CFUs were counted on Ery selective
17 agar plates, making relevant serial culture dilutions in pep-

one physiological salt solution. 

xtracellular metabolite analyses 

ells wer e immediatel y r emov ed fr om the batc h cultur e samples
y centrifugation (13 000 × g, 10 min, 4 ◦C). The supernatant was
tored at –20 ◦C until sample preparation for high-performance
iquid c hr omatogr a phy (HPLC) and ultr a-performance liquid
 hr omatogr a phy (UPLC) anal yses. Glucose and lactate as well

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
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Table 1. Bacterial strains and plasmid constructs used in this study. 

Strains and plasmids Description a Source or reference 

Strains 
Lactococcus cremoris subsp. cremoris 
MG1363 

Recombinant, Plasmid-free L. cremoris 
NCDO712 

(Gasson 1983 , Liu et al. 2010 ) 

L. cremoris subsp. cremoris MS22418 MG1363 derivate with pAK80, Ery R , PrtP − This work 

L. cremoris subsp. cremoris MS22421 MG1363 derivate with plasmid pIL18, Ery R , 
PrtP + (PrtP SK11 : DQ149245.1) 

This work 

L. cremoris subsp. cremoris MS22425 MG1363 derivate with plasmid pIL22, Ery R , 
PrtP + (PrtP Wg2 : P16271) 

This work 

L. cremoris subsp. cremoris MS22427 MG1363 derivate with plasmid pIL24, Ery R , 
PrtP + (PrtP MS22333 : WWDI00000000) 

This work 

L. cremoris subsp. cremoris SK11 WT strain, PrtP + (PrtP SK11 : DQ149245.1) (Siezen et al. 2005 ) 

L. cremoris subsp. cremoris Wg2 WT strain, PrtP + (PrtP Wg2 : P16271) (Otto et al. 1982 , Haandrikman et al. 1990 ) 

Lactococcus lactis subsp. lactis 
MS22333 

WT strain, PrtP + (PrtP MS22333 : 
WWDI00000000) 

(Br a gason et al. 2020 , Hansen and Marcatili 
2020 ) 

Plasmids 

pAK80 Contains the minimal theta replicon of 
pCT1138, Ery R 

(Israelsen et al. 1995 ) 

pIL18 pAK80 derivate containing the prtP/prtM 

genic region of L. cremoris SK11, Ery R 
This work 

pIL22 pAK80 derivate containing the prtP/prtM 

genic region of L. cremoris Wg2, Ery R 
This work 

pIL24 pAK80 derivate containing the prtP/prtM 

genic region of L. lactis MS22333, Ery R 
This work 

a Erythr omycin r esistance (Ery R ), Accession number of PrtP homologs ar e fr om either the UniPr ot database or the NCBI database 
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as acetoin, acetate, ethanol, formate, lactose and pyruvate were 
quantified by HPLC (v an Rijswijc k et al. 2017 ). To quantify AAs,
UPLC was used and comprised a deproteinization and a deriva- 
tization step on undiluted samples with L-norvaline as internal 
standard (Scott et al. 2021 ). 

For VOCs measurement, 2 mL of each batch culture was 
dir ectl y tr ansferr ed to 10 mL GC vials. Samples were k e pt 
at –20 ◦C until analysis by headspace solid phase microex- 
traction (HS-SPME) coupled to gas chromatography-mass spec- 
tr ometry (GC-MS) (v an Rijswijc k et al. 2017 ), using a SPME 
fiber assembly Di vinylbenzene/Carbo xen/Polydimethylsilo xane 
(DVB/CAR/PDMS) (Supelco). 

Chr omeleon 7.2 Chr omatogr a phy Data System Softwar e was 
used to pr e-pr ocess r aw HPLC and UPLC data and to identify 
VOCs. After r ele v ant data normalization, concentr ations wer e de- 
termined using the calibr ation curv es of the applied standards for 
HPLC and UPLC data. For VOC anal ysis, peak integr ation was car- 
ried out with ICIS algorithm. Mass spectral profiles of VOCs were 
matched with known profiles in the NIST main libr ary (v an Rijswi- 
jck et al. 2017 ). 

Sta tistical anal ysis 

Statistical analyses and plots were performed in R version 4.1.1 (R 

Core Team 2021 ), as shown in supplementary material . 
All analyses used a significance le v el of 0.05. Anal ysis of v ari- 

ance (ANOVA) was used to test gr oup differ ences, with Kruskal- 
Wallis test as a non-parametric alternative when appropriate. Sig- 
nificant ANOVA and Kruskal-Wallis tests were followed by pair- 
wise group comparisons using t-test or Wilcoxon test, respec- 
tiv el y, with no assumption of equal variance . False disco v ery r ate 
method was used to correct for multiple testing (Benjamini and 

Hoc hber g 1995 ). 
Z-scor es wer e calculated, using the r elativ e AA abundances of
ach sample ( x ), the mean of all non-inoculated samples ( μMedia ),
nd the column standard deviation ( σCol ): 

z = 

x − μMedia 
σCol 

The z-scores were visualized in a heat map with samples hier-
rc hicall y cluster ed based on Euclidean distances. Differences in
istances between groups were tested using permutational anal- 
sis of variance using distance matrix (PERMANOVA) and visual- 
zed using a principal coordinate analysis (PCoA). 

esults 

rowth on high molecular weight proteins 

 minimal growth medium for L. cremoris was supplemented with
igh molecular weight casein or potato protein to analyze the
xtr acellular pr otease activity by monitoring lactococcal growth.
he potato protein composition was r ecentl y anal yzed (García-
oreno et al. 2020a ), and it was applied as an alternative to casein

hat r epr esents the standard substr ate for the dairy associated
rtP homologs. CCDM and PCDM w ere designed to contain lo w
r otein concentr ations in order to reduce the le v els of oligopep-
ides and free AAs present in the protein pre parations. Oligope p-
ides and free AAs would support growth of our strains inde-
endent of pr oteol ytic activity. The AA contents of the pr otein-
upplemented media correspond to the minimal growth require- 
ents of L. cremoris ( Table S3 ), assuming that the entir e pr otein

an be hydr ol yzed and utilized for lactococcal growth. The basic
DM was given a low ionic strength and a high buffer capacity

n order to k ee p the protein in solution during the fermentation
 Table S2 ). 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
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F igure 1. Gro wth of Lactococcus cremoris in protein-supplemented media. A chemically defined medium (CDM) was supplemented with casein 
hydr ol ysate (HCDM) or a high molecular weight protein as casein (CCDM) and potato pr otein (PCDM). Batc h cultur es wer e incubated at 30 ◦C for 6 days 
(Day 0–6). Samples were taken at day 1 and 6 for non-inoculated media and at day 1, 2 and 6 for monocultures of recombinant L. cremoris strains. L. 
cremoris MS22418 is PrtP-negative (PrtP −–), while L. cremoris MS22421, MS22425, and MS22427 are PrtP-positive expressing PrtP SK11 , PrtP Wg2 , and 
PrtP MS22333 , r espectiv el y. L. cremoris gr o wth w as anal yzed based on pH c hanges (A) and c hanges in glucose (B) and lactate (C) concentrations. Horizontal 
dashed lines indicate the pH and glucose concentration of the original, non-inoculated media. The boxplot includes biological replicates as follows: 
CCDM and PCDM at day 1 (n = 3), day 2 (n = 2–3) and day 6 (n = 3–4), CDM (n = 2), HCDM (n = 2). 
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PrtP SK11 , PrtP Wg2 , and PrtP MS22333 wer e expr essed and activ e in
he cloned PrtP-positive L. cremoris strains (MS22421, MS22425, and
S22427), which all acidified bovine milk in contrast to the PrtP-
egativ e str ain MS22418 (Table 1 , Figs S1 and S2 ). The a pplied v ec-
or was chosen because it has a lo w cop y number (Israelsen et al.
995 ), mimicking the natural abundance of the prtP/prtM regions.
he prtP/prtM inter genic r egions of the PrtP homologs contain ap-
r oximatel y 330 bp, showing high sequence identity (91–98%) with

dentical promoter elements ( Fig. S3 ). Based on the comparable
romoter activity of L. cremoris SK11 and Wg2 (Gajic 2003 ), we as-
ume that the sequence variations of the prtP/prtM intergenic re-
ions will have only minor effect on the PrtP homologs’ expres-
ion. 

Non-inoculated media maintained a stable pH during the
ourse of the experiment (Fig. 1 ). pH of CDM lacking AAs remained
onstant with all inoculated strains, indicating absence of growth.
CDM was used as positive control and reached a pH of 5.0 by day
, for all strains. In CCDM and PCDM, only the two PrtP-positive
trains MS22425 (PrtP Wg2 ) and MS22427 (PrtP MS22333 ) r eac hed pH
.0. The PrtP-negativ e str ain MS22418 and the strain MS22421
xpressing PrtP SK11 did not acidify CCDM but did acidify PCDM
oder atel y to 6.2 and 6.0, r espectiv el y. The best acidifying PrtP-

ositiv e str ains MS22425 and MS22427 r eac hed high viable plate
ounts, showing that the presence of either PrtP Wg2 or PrtP MS22333 

acilitates lactococcal growth on the high molecular weight pro-
eins ( Fig. S4 ). Ho w e v er, all cultur es sho w ed a reduction of the
iable plate count at day 6 compared to day 1. As expected, no
olony forming units were detected in non-inoculated media. The
rtP-positiv e str ains MS22425 and MS22427 depleted glucose in
CDM befor e PCDM, wher eas the other str ains did not r eac h glu-
ose depletion of the media (Fig. 1 ). A glucose to lactate molar
onv ersion r atio of 1 to 1.7 was found. These observ ations demon-
trate that the PrtP-positive strains MS22425 and MS22427 grow
ell on both pr otein substr ates, with casein pr oviding the fastest
rowth. 

The potato protein supplement must contain short peptides
nd/or free AAs that the bacteria could access, as the PrtP-
egativ e str ain MS22418 and the str ain MS22421 expr essing
rtP SK11 gr e w slightl y in PCDM but not in CCDM. Ho w e v er,
he pr oteol ytic-negativ e str ains sho w ed distinctly lo w er gro wth

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
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Figure 2. Total amount of free amino acids over time. Concentration of 
total free amino acids (TFAAs) at day 1, 2, and 6 were measured in 
CCDM and PCDM that were chemically defined media (CDM) 
supplemented with casein and potato pr oteins, r espectiv el y. The boxplot 
includes biological triplicates (n = 3) at day 1 and 2, and biological 
quadruplicates (n = 4) at day 6. 
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as compared to the pr oteol ytic-positiv e str ains MS22425 and 

MS22427 in both media. This indicates that L. cremoris express- 
ing PrtP Wg2 or PrtP MS22333 were proteolytically active in CCDM and 

PCDM, whereas the L. cremoris expressing PrtP SK11 , like the PrtP- 
negativ e str ain, was not. 

Quantitati v e and qualitati v e amino acid analysis 

Extr acellular pr oteol ytic activity was studied indir ectl y by mea- 
suring changes in the extracellular AA pool over time. Both media 
w ere lo w in total free AAs (TFAAs), with similar stable TFAA lev- 
els over time without L. cremoris growth (Fig. 2 ). The PrtP-negative 
strain MS22418 and the MS22421 strain expressing PrtP SK11 did 

not significantly change the TFAA levels of CCDM, but MS22421 
slightl y incr eased the TFAA le v el of PCDM at da y 6. T her efor e,
PCDM might contain small peptides for PrtP targeted hydrolysis.
Cultur es of str ains expr essing PrtP Wg2 and PrtP MS22333 both pr o- 
vided significant increase in the TFAA pool sizes when compared 

to cultures of strains expressing PrtP SK11 , with PrtP MS22333 achiev- 
ing in both tested media the highest increase in pool size . T hese 
observ ations ar e in a gr eement with the growth data, establish- 
ing L. cremoris MS22425 and MS22427 as pr oteol ytic str ains . T hese 
str ains pr eferr ed casein ov er potato pr oteins, pr oviding signifi- 
cantly higher TFAA enhancements in CCDM compared to PCDM. 

The r elativ e AA abundances of all samples wer e hier arc hicall y 
clustered in the heat map (Fig. 3 ). Samples of biological repli- 
cas cluster closely. The non-inoculated medium samples cluster, 
showing that the r elativ e AA abundances of CCDM and PCDM 

were similar. The non-proteolytic L. cremoris strains MS22418 and 

MS22421 did not induce large changes of the AA composition in 

CCDM. Ho w e v er, those str ains induced c hanges of the AA compo- 
sition of PCDM o ver time . Samples of the pr oteol ytic str ains clus- 
ter together, though the r elativ e AA abundances a ppear ed to dif- 
fer in PCDM and CCDM. Additionally, the AAs wer e cluster ed into 
two ov er all gr oups in the heat ma p. Ile, Tr p, Ser, Gly, Tyr, Thr, and 

Val clustered together, having relative low abundances with lit- 
tle sample variations . T he cluster of the other AAs such as His,
Pro, Cys, and Phe sho w ed lar ger v ariation in their r elativ e abun- 
dances between the samples. A PERMANOVA test of the Euclidian 

distances , confirmed that strain, time , and medium significantly 
ontributed to AA composition variance. Almost 49% of the vari-
nce can be explained by the str ain alone, wher eas the time and
he medium each explain 9% and 8% of the variance . T he com-
ination of strain and medium explains an additional 19% of the
 ariance. Her eby, the pr otein substr ate of the medium is the sec-
nd most important contributor to the AA composition, after the
train type. 

The PCoA plot based on the same distance matrix summa-
izes the lar gest differ ences of the AA compositions (Fig. 4 ). In the
CoA plot, PC1 and PC2 each explain 62% and 26% of the varia-
ion. PC1 is dominated by the variations of Tr p, Ile, Gl y, Tyr, and
er, whereas PC2 captures the variations in the remaining AAs.
he AA compositions of CCDM and PCDM were similar with rel-
tiv el y high abundances of Ile, Trp, and Gly, which sho w ed no
 hanges ov er time. PC1 v alues decr eased ov er time, for all in-
culated media, which was consistent with depletion of Ile and
rp pools by L. cremoris ( Fig. S5 ). The AA changes appeared faster
or the pr oteol ytic str ains than the non-pr oteol ytic. On day 6,
amples with non-pr oteol ytic str ains had negativ e PC1 v alues,
ithout changes in PC2 for CCDM samples, while PC2 values for
CDM samples decreased. The enrichment of relative and abso- 
ute abundances of Ala, Asp, Glu and Gln/Arg in PCDM, compared
o CCDM, might be caused by L. cremoris utilization of smaller pep-
ides present in PCDM (Figs 3 and 4 , and Fig. S5 ). PC2 values in-
reased for CCDM samples with pr oteol ytic str ains, corr espond-
ng to higher r elativ e and absolute abundances of His , Leu, Lys ,
ro, and sulfur-containing AAs . T he PC2 v alues wer e less affected,
ut became negative for PCDM samples with pr oteol ytic str ains.
trains carrying PrtP MS22333 and PrtP Wg2 delivered similar AA com- 
osition changes in both CCDM and PCDM, which appeared to oc-
ur slightly faster in cultures of L. cremoris expressing PrtP MS22333 

s compared to cultures of L. cremoris expressing PrtP Wg2 (Fig. 4 ). A
upplementary PERMANOVA test r e v ealed that the proteases sig-
ificantly explained 2% of the AA composition variance between 

he pr oteol ytic str ains, indicating that their PrtP homologs had sig-
ificantl y differ ent activities. 

In summary, the extracellular proteolytic activity caused quan- 
itati ve and qualitati ve AA changes in PCDM and CCDM when
ompared to non-proteolytic strains . T he proteolytic strains’ abili-
ies to change relative and absolute AA abundances depend on the
r otein substr ate, with CCDM ac hie ving the quic kest c hanges for
he two pr oteol ytic str ains . T he pr otease activities of those str ains
 ppear ed to be significantly different from each other, contribut-
ng to the ov er all AA changes. 

olatile organic compounds (VOCs) 
he profiles of VOCs of the non-inoculated and the inoculated
CDM and PCDM were examined to determine if AA changes
ould be linked to potential differences in VOC formation. 

The VOC le v els in both the non-inoculated and inoculated me-
ia were low, with only a few VOCs identified (Fig. 5 ). Hexanal,
 common off-flavor in legumes, was detected in non-inoculated 

CDM, and the le v el of this compound was significantly reduced
y all L. cremoris strains. Benzaldehyde and acetaldehyde were the
nly detected VOCs that might be products of AA catabolism.
enzaldeh yde and acetaldeh yde wer e found to be significantl y
nriched in cultures of the two proteolytic L. cremoris strains in
CDM. L. cremoris transaminase pathways generate benzaldehyde 

rom Phe via α-keto acids, whereas L. cremoris lyase pathway with
hreonine aldolase converts threonine to glycine and acetalde- 
yde (Smit et al. 2005 ). Pr oteol ytic L. cremoris pr oduced signifi-
antl y mor e Phe and Thr than non-pr oteol ytic L. cremoris in both

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data


6 | FEMS Microbiology Letters , 2024, Vol. 371 

F igure 3. Hierar chical clustered heat map of the composition of the extracellular amino acid pool. The relative abundance of amino acids is compared 
across all samples of non-inoculated and Lactococcus cremoris inoculated minimal growth media supplemented with high molecular weight casein 
protein (CCDM) or potato protein (PCDM). The heat map shows the scaled data by row. The data is scaled according to a modified z-score, using the 
mean of non-inoculated CCDM and PCDM. The heat map is organized by hierarchical clustering of samples, using Euclidean distances. Data include 
biological replicas (n) at day 1 and 2 (n = 3) and at day 6 (n = 4). Sample names, such as DP6-1, were given as follow: D (Strain D = MS22425), P 
(Medium P = PCDM), 6 (Day 6)-1 (Sample number to specify among the biological replicas). 
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edia. Ho w e v er, the pr oteol ytic str ains wer e found to pr oduce sig-
ificantl y mor e acetaldeh yde and benzaldeh yde as compared to
he non-pr oteol ytic str ains in CCDM, but not in PCDM. In CCDM,
he pr oteol ytic str ains pr oduced equal amounts of Thr, whereas
he strain expressing PrtP MS22333 provided significantly more Phe,
xplaining why this strain produced significantly more benzalde-
yde than L. cremoris expressing PrtP Wg2 . 

iscussion 

his current study applies a minimal medium with high molec-
lar weight protein sources to study the extracellular proteolytic
ctivity of L. cremoris based on growth. This medium has the bene-
t of having a well-defined composition in comparison to milk and
ther raw food matrices. Additionall y, the pr otein supplemented
inimal medium has the adv anta ge of modeling the situation
n food for AA source uptak e, unlik e CDM supplemented with
ndividual AAs. L. cremoris is known to favor uptake of oligopep-
ides over free AAs, importing oligopeptides with pr efer able 9 AAs
ia Opp (Juillard et al. 1995a , b ). The energetics of peptide up-
ake is more favorable than the energetics of individual AA up-
ake (Konings 2002 ). The oligopeptide import via Opp may cost 2
TP molecules per peptide molecule translocated, just as for other
BC importers, irr espectiv e of the peptide length (Oldham et al.
008 , Locher 2016 ). The intracellular excess of AAs represents a
uildup in entropy energy, which can be converted to an electro-
hemical potential by symporters (K onings 2002 ). T he symport of
n AA with a pr oton fr om the intr acellular to extr acellular envi-
onment can yield a quarter to a third of an ATP molecule (Kon-
ngs 2002 ). In this way, the import of oligopeptides longer than six
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F igure 4. Principal coor dinate anal ysis (PCoA) plot of the extr acellular amino acid (AA) pool. The extr acellular AA composition of Lactococcus cremoris 
strains was studied over time (Day 1, 2 and 6) in chemically defined medium supplemented with casein (CCDM) or potato protein (PCDM). The PCoA 

plots r e v eal that the first tw o principal coor dinates on axis 1 (PC1) and 2 (PC2) explained 62% and 26% of the AA variance betw een the groups . T he 
weight of each AA is represented with arrows, indicating how each AA contributed to the overall variation. The length of each arrow represents the 
strength with which each AA drags the variation in a specific direction. 
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to eight residues might generate energy by intracellular hydroly- 
sis and subsequent secretion by a ppr opriate symporters. Lactococ- 
cus has symporters for at least 14 AAs (Konings 2002 ). Lactococcal 
AA secretion will be fundamentally different in situations where 
the bacterium is growing on high molecular weight proteins in 

comparison to the situation of growth on minimal medium sup- 
plied with only essential AAs . T herefore , minimal media with high 

molecular weight proteins as a nitrogen source have several ad- 
v anta ges for studying AA metabolism and flavor formation. 

In CCDM and PCDM, L. cremoris MS22421 expressing PrtP SK11 did 

not differ entiate fr om the PrtP-negativ e str ain, showing the inabil- 
ity of PrtP SK11 to hydr ol yse casein and potato proteins in CDM. Low 

expression is unlikely to be the cause of the PrtP-negative pheno- 
type as the strain is PrtP-positive in milk. PrtP SK11 may have a lo w er 
affinity for the protein substrate than PrtP Wg2 and PrtP MS22333 , re- 
quiring higher substrate concentrations for efficient proteolysis 
than provided in the minimal growth media. The close PrtP ho- 
mologs have critical sequence variations in their substrate bind- 
ing regions (Vos et al. 1991 , Børsting et al. 2015 , Christensen et 
al. 2023 ), which may affect the yet-to-be-determined kinetic pa- 
rameters . T he PrtP homologs’ activity is dependent on salt con- 
centrations (Exterkate 1990 ). Calcium depleted media can release 
PrtP SK11 and PrtP Wg2 from the cell en velope , with different effects 
on their activity and stability (Exterkate and Alting 1999 ). There- 
for e, the PrtP homologs ar e likel y liber ated in CDM. Cell bound 

PrtP can facilitate high local peptide availability of the cell and 

consequently support lactococcal growth and fitness (Bachmann 

et al. 2011 ). In co-cultures with PrtP-positive and PrtP-negative 
str ains, this adv anta ge of bound PrtP is onl y ac hie v ed when the 
PrtP-positiv e is underr epr esented. The PrtP r elease fr om the cell- 
n velope ma y lo w er the local peptide av ailability, r educing the
actococcal growth in the start of the fermentation of CDM with
rotein supplements. Although the low ionic strength of CDM is
 equir ed to k ee p potato proteins in solution, salt concentrations
ay be optimized to support specific activities of PrtP homologs. 
Different factors limit the growth of proteolytic L. cremoris in

CDM and PCDM, whic h hav e pr otein supplements with theor eti-
all y similar AA pr ofiles ( Table S3 ). For the two pr oteol ytic str ains,
oth media provide sufficient nitrogen to allow complete con- 
umption of glucose. Ho w e v er, the AA av ailability seems to be
ate-limiting in PCDM as glucose depletion and acidification in 

his medium occur later than in CCDM. 
Pr oteol ytic L. cremoris generates excess of AAs, including some

r anc hed-c hain and aromatic AAs in CCDM and PCDM. These
As, together with sulfur-containing AAs, are the main precursors 
f VOCs related to nitrogen metabolism in dairy (Smit et al. 2005 ,
lahaut et al. 2013 ). Nonetheless, the gener all y low VOC le v els in
he protein-supplemented media highlight that released AA levels 
re limited and prioritized to support proteolysis driven growth of
. cremoris . L. cremoris with PrtP MS22333 releases significantly more 
he in CCDM than in PCDM, resulting in a higher benzaldehyde
mount in CCDM. This illustrates the dependency of flavor for-
ation on AA accessibility, though pr oteol ysis is normall y not

ighlighted as a rate-limiting step for flavor formation. L. cremoris
G1363, which is a plasmid cured strain, produces relatively low

mounts of VOCs in comparison to other L. cremoris str ains (v an de
unt et al. 2014 ). High flavor production may r equir e addition of
-ketoglutarate and pyridoxal-5-phosphate, which can enhance 
minotr ansfer ase activity, conv erting AAs into α-keto acids as the
rst metabolic step (van de Bunt et al. 2014 ). 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae019#supplementary-data
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Figure 5. Relative amounts of volatile organic compounds (VOCs). Relative amounts of acetaldehyde (A), benzaldehyde (B), and hexanal (C) were 
measured as the peak area (counts x min) for day 6. The VOCs were analyzed for non-inoculated and Lactococcus cremoris inoculated minimal defined 
media, whic h wer e supplemented with either casein protein (CCDM) or potato protein (PCDM). The boxplot includes data for biological quadruplicates 
(n = 4). 
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The growth of proteolytic L. cremoris shows that the essential
A r equir ements ar e met in both media, though not all AAs are
ecreted in excess. L. cremoris can have diverse AA secretion pro-
les, of which some L. cremoris strains have relatively low secre-
ion of essential AAs (Hernandez-Valdes et al. 2020 ). Different L.
actis strains appear to secrete more Glu than other essential AAs,
hough Val and Leu are also secreted in relatively high amounts
Hernandez-Valdes et al. 2020 ). This is consistent with the obser-
ations in CCDM and PCDM. Met, on the other hand, is secreted
n r elativ el y lo w amounts b y pr oteol ytic L. cremoris in CCDM but
s absent in PCDM. All the enzymatic genes for Met biosynthesis
r e pr esent in L. cremoris MG1363, but Cys inhibits MetC activity
Flahaut et al. 2013 ). Ther efor e, the auxotr ophy to Met may de-
end on the presence of Cys. Due to the lack of Cys in PCDM, L.
remoris may be able to produce Met via biosynthesis if proteolysis
s insufficient. 

A striking result of the AA analysis is the complete depletion of
le and Trp by all str ains, e v en by the two pr oteol ytic str ains. Ile is
he main regulator of the CodY repressor (den Hengst et al. 2005a ,
005b ). Ther efor e, L. cremoris m ust avoid intr acellular Ile accum u-
ation as this would lead to r epr ession of a large set of genes in-
olved in nitrogen metabolism, causing starvation for other AAs
Chambellon and Yvon 2003 ). Excess Ile is metabolized primar-
l y thr ough the tr ansaminase BcaT (Chambellon and Yvon 2003 ),
hic h conv erts Ile to α-keto- β-methylv aler ate. It would be inter-

sting to study the fate of this α-keto acid and the connected re-
eneration of α-ketoglutarate to glutamate as we did not observe
elated VOCs. L. cremoris also decreases the Trp levels in CCDM and
CDM, with no a ppar ent effect of extr acellular pr oteol ytic activity.
. cremoris MG1363 can synthesize Trp (Jensen and Hammer 1993 ,
lahaut et al. 2013 ). Trp is categorized as the most energetically
xpensive AA to synthesize (Priya et al. 2014 ), explaining a poten-
ial r estr aint of L. cremoris to secr ete Tr p. Contr ary to Ile, Tr p does
ot inhibit growth of transaminase deficient strains (Chambellon
nd Yvon 2003 ), and we do not see a metabolic need to deplete
he pool of Trp. 

Compared to the potato protein, casein was clearly preferred as
 substrate for the L. cremoris strains carrying the dairy-associated
rtP homologs PrtP Wg2 and PrtP MS22333 . This is in line with the ob-
erv ed modest micr obial extr acellular hydr ol ysis of plant pr oteins
y proteases of LAB (Reale et al. 2021 , Shirotani et al. 2021 ). The
ctivities of PrtP Wg2 and PrtP MS22333 differ significantly. PrtP MS22333 

 eac hes higher le v els of TFAAs than PrtP Wg2 , and the two proteases
ener ate differ ent AA compositions . T hese differences of their
r oteol ytic activities may not solely be kinetically determined,
ut instead, related to their different cleavage patterns. Ho w ever,
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pr oteomics studies ar e needed to elucidate the substrate selectiv- 
ity and cleav a ge specificity of these PrtP homologs. 

In conclusion, the current study demonstrates that extracellu- 
lar protease activity of L. cremoris can be detected in a minimal 
growth medium supplemented with high molecular weight pro- 
teins. Using L. cremoris MG1363 as isogenic bac kgr ound, extr acel- 
lular protease activity was found to be dir ectl y r elated to L. cre- 
moris growth. In PCDM and CCDM, proteolytic L. cremoris strains 
distinguished themselv es fr om non-pr oteol ytic L. cremoris str ains 
by their significantly better growth and higher extracellular AA 

pools. 

Supplementary data 

Supplementary figures and tables are available at FEMSLE Journal 
online . Ra w data and analyses performed in R ar e av ailable at ht 
tps:// doi.org/ 10.11583/DTU.24582246 
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