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ABSTRACT Lactococcus lactis subsp. lactis (referred to here as L. lactis) is a model lactic
acid bacterium and one of the main constituents of the mesophilic cheese starter used
for producing soft or semihard cheeses. Most dairy L. lactis strains grow optimally at
around 30°C and are not particularly well adapted to the elevated temperatures (37 to
39°C) to which they are often exposed during cheese production. To overcome this
challenge, we used adaptive laboratory evolution (ALE) in milk, using a setup where the
temperature was gradually increased over time, and isolated two evolved strains (RD01
and RD07) better able to tolerate high growth temperatures. One of these, strain RD07,
was isolated after 1.5 years of evolution (400 generations) and efficiently acidified milk
at 41°C, which has not been reported for industrial L. lactis strains until now. Moreover,
RD07 appeared to autolyze 2 to 3 times faster than its parent strain, which is another
highly desired property of dairy lactococci and rarely observed in the L. lactis subspecies
used in this study. Model cheese trials indicated that RD07 could potentially accelerate
cheese ripening. Transcriptomics analysis revealed the potential underlying causes re-
sponsible for the enhanced growth at high temperatures for the mutants. These
included downregulation of the pleiotropic transcription factor CodY and overexpression
of genes, which most likely lowered the guanidine nucleotide pool. Cheese trials at
ARLA Foods using RD01 blended with the commercial Flora Danica starter culture,
including a 39.5°C cooking step, revealed better acidification and flavor formation than
the pure starter culture.

IMPORTANCE In commercial mesophilic starter cultures, L. lactis is generally more
thermotolerant than Lactococcus cremoris, whereas L. cremoris is more prone to auto-
lysis, which is the key to flavor and aroma formation. In this study, we found that ad-
aptation to higher thermotolerance can improve autolysis. Using whole-genome
sequencing and RNA sequencing, we attempt to determine the underlying reason
for the observed behavior. In terms of dairy applications, there are obvious advan-
tages associated with using L. lactis strains with high thermotolerance, as these are
less affected by curd cooking, which generally hampers the performance of the mes-
ophilic starter. Cheese ripening, the costliest part of cheese manufacturing, can be
reduced using autolytic strains. Thus, the solution presented here could simplify
starter cultures, make the cheese manufacturing process more efficient, and enable
novel types of harder cheese variants.

KEYWORDS Lactococcus, adaptive mutations, autolysis, dairy, food microbiology, heat
shock, stress adaptation

Lactic acid bacteria (LAB) are widely applied in food fermentations, and they are par-
ticularly well known for their essential roles in the dairy industry (1). To stress the

latter, in 2019, approximately 852 million tons of milk were produced globally, of which
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approximately 30% was fermented using LAB, resulting in products like cheese, yogurt,
and fermented butter (2, 3). Ever since the first cheeses were produced more than
9,000 years ago, the urge to produce new products has driven the diversification and
optimization of production processes and the responsible LAB (1, 4, 5). More than 75%
of all cheeses are produced using the same steps (6). First, raw milk is pasteurized to
inactivate pathogens and spoilage microorganisms and then standardized according
to fat and protein content (7, 8). Subsequently, the milk is coagulated by proteolytic
enzymes, for example, rennet, and fermented by LAB (6). The moisture content (firm-
ness) and flavor of the cheese are controlled by heating the curd, which is called cook-
ing or scalding (9). The temperature and duration of the cooking step determine which
LAB can be used in the production. For cooking temperatures below 40°C, mesophilic
LAB, such as Lactococcus lactis subsp. lactis (referred to here as L. lactis), are used,
whereas for higher temperatures, thermophilic LAB, such as Streptococcus thermophi-
lus, are applied (10). The ripening phase is essential for flavor development and the
costliest part of cheese production, as ripening is a slow process. Large, specialized
facilities ensuring a stable environment in terms of temperature and humidity are
required for storing the young cheeses for up to several months or even years. For
example, the costs for a 9-month ripening period were estimated to be 500 to 800 e

per ton of cheese. Therefore, short ripening times are desired, still allowing the com-
plex biochemical reactions to occur, which facilitate flavor formation (11).

L. lactis and Lactococcus cremoris (formerly L. lactis subsp. cremoris [12]) have out-
standing flavor-forming capacities and therefore constitute the main components of
mesophilic cheese starter cultures. Nevertheless, their mesophilic nature limits the
range of cheese variants that can be produced with these particular LAB (13). For
example, Cheddar cheese is made using a mesophilic starter culture combined with a
relatively high cooking temperature up to 39°C, and to ensure robust acidification at
even slightly higher cooking temperatures, such as 39.5°C, S. thermophilus is often
used to supplement the starter cultures (14–16). It is widely recognized that the lysis of
LAB facilitates cheese ripening through the release of intracellular enzymes, and this is
a rate-limiting step in flavor formation (10, 17–22). Generally, autolysis is highly strain
dependent, and traditionally L. cremoris is more autolytic than L. lactis (21, 23).
Consequently, mesophilic cheese starter cultures contain many LAB strains, typically L.
cremoris, which autolyze well under the processing conditions (10, 22, 24, 25). Autolysis
is usually initiated by environmental factors such as nutrient depletion (26), heat shock
(27), or salt stress (28), which induce the expression of peptidoglycan (PG) hydrolases,
so-called autolysins, that degrade the bacterial cell wall. In L. lactis and L. cremoris, two
major autolysins have been reported, AcmA and AcmB, of which the former is consid-
ered to contribute most strongly to autolysis (29, 30).

Due to the complexity of the underlying mechanisms, stress tolerance is usually
improved by applying random mutagenesis or evolutionary engineering (4, 5). In this
context, adaptive laboratory evolution (ALE) has recently gained much attention as
advancements in laboratory automation, sequencing technologies, and genome edit-
ing have emerged (31, 32). High-throughput sequencing technologies are vital for ALE
experiments, as the beneficial mutations can be identified quickly and studied subse-
quently by editing the genome of the parent strain (33). ALE has become one of the
most reliable methods for producing desirable phenotypes and gaining insight into
the underlying mechanisms that control physiological stress responses. Last, this
approach is particularly suitable for optimizing LAB which are intended to be applied
in the food industry, as strains derived from ALE experiments are considered natural.

Here, we investigated if long-term ALE of L. lactis subsp. lactis bv. diacetylactis SD96
(SD96 in short), an industrial dairy strain (34), could be applied to obtain thermotoler-
ant mutants with superior properties. ALE was carried out in milk to maintain essential
plasmid-encoded traits, such as lactose metabolism or proteolytic activity. Two
mutants were isolated, RD01 and RD07, which showed improved thermotolerance and
autolysis, both desired industrial properties, with RD07 being superior in all aspects.
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The underlying molecular mechanisms were studied by identifying genetic and tran-
scriptomic changes using next-generation sequencing.

(This research was conducted by Robin Dorau in partial fulfillment of the require-
ments for a Ph.D. degree from the Technical University of Denmark [35].)

RESULTS
ALE results in strains that acidify milk faster at both low and high temperature.

As a starting point for the ALE, we chose L. lactis SD96, a dairy isolate that grows well
in milk and is generally insensitive to phage attacks (34). Although the optimum
growth temperature for this particular strain is between 30°C and 37°C, growth was
possible at 39°C in ultrahigh-temperature (UHT)-pasteurized milk and pasteurized milk
(PM). For ALE, SD96 was subjected to growth at constant high temperature in UHT
milk, resulting in the evolved strains RD01 and RD07. RD01 was isolated after approxi-
mately 150 generations, of which 67 were carried out at 39°C and 83 at 40°C. After iso-
lation of RD01, the culture from which RD01 was isolated was propagated at 41°C for
approximately 250 generations until RD07 was isolated. In total, RD07 was adapted for
nearly 1.5 years, corresponding to approximately 400 generations (Fig. 1A). Upon isola-
tion, the mutants were selected from agar plates as blue colonies, which indicates ci-
trate utilization, to guarantee their ability to produce diacetyl.

SD96 and the evolved strains RD01 and RD07 were tested in various milk fermentations.
The time required for the strains to acidify to pH 5.2 was used to compare the mutants in

FIG 1 Overview and results of the central experiments carried out in this study. (A) Adaptive
laboratory evolution (ALE) of SD96 (rose) at high temperature in ultrahigh-temperature (UHT)-
pasteurized milk resulted in the evolved strains RD01 (blue) and RD07 (green). (B) Thermotolerance
was improved as shown by decreased time until pH 5.2 was reached in UHT milk and pasteurized
milk (PM). SD96 was compared to the evolved strains RD01 and RD07 at 30°C, 37°C, 39°C, 40°C, and
41°C. Additionally, the strains were tested by applying the temperature profile “30-42-30,” meaning
that the strains were grown for 1 h at 30°C, followed by incubation for 1 h at 42°C and then
returning to 30°C for 24 h. Experiments were carried out in three independent biological replicates.
At the different temperatures, differences between the strains are statistically significant according to
a t test (P , 0.05), except where data are indicated as nonsignificant (ns).
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UHT milk and PM (Fig. 1B). In UHT milk, adaptation was most apparent, as SD96 acidified
this growth medium relatively slowly, even at low temperatures. At 30°C and 37°C, both
evolved strains acidified UHT milk to pH 5.2 within approximately 6 h, while SD96 needed
approximately 12 h, indicating that adaptation to the UHT milk environment had occurred.
RD07 required the least time to reach pH 5.2 throughout all temperatures and was the only
strain that could acidify UHT milk to pH 5.2 at 41°C (12.1 6 1.8 h). In comparison, RD01
required approximately 1.7-fold longer to reach pH 5.2 at 40°C than RD07 (13.2 6 1.7 h,
and 7.8 6 0.3 h, respectively). In addition to these experiments, as a simple approximation
of a real-life cheese fermentation with an unusually high cooking temperature, we also
examined the impact of a 1-h exposure to 42°C. A fresh 1% inoculum was added to UHT
milk and left for 1 h at 30°C. This was followed by a 1-h exposure to 42°C, whereafter the
culture was returned to 30°C, and pH was monitored until pH 5.2 was reached. The evolved
strains acidified the milk approximately two times faster than SD96.

Because of the slow growth of SD96 in UHT milk, the effect of the high-temperature
adaptation was more revealing when PM was used, in which SD96 acidified to pH 5.2
in roughly the same time as RD01 or RD07 at 30°C (SD96, 6.6 6 0.2 h; RD01, 6.0 6 0.3
h; RD07, 6.0 6 0.5 h). Interestingly, at 40°C, SD96 was still able to acidify PM to pH 5.2
but required approximately 2.7-fold more time than at 30°C, while RD01 was only 1.9-
fold and RD07 1.3-fold slower. At 41°C, reasonable acidification was observed only with
RD01 and RD07, which needed 13.7 6 0.2 h and 10.7 6 0.3 h, respectively, which are
1.9-fold and 1.5-fold longer than at 30°C. When the 42°C heat shock treatment, as
described above, was applied, RD01 and RD07 required approximately 1.2-fold less
time than SD96 to reach pH 5.2.

Adaptation of SD96 to elevated growth temperature leads to enhanced
autolysis. When characterizing growth in liquid cultures, we noticed a rapid drop in
cell density after lactose depletion, and we speculated that this could result from auto-
lysis. To examine this, we used previously reported methods for quantifying autolysis
(36–39). In the data below, the autolytic activities are defined as the percent decrease
in optical density at 600 nm (OD600) compared to the initial OD600 after 3 h at 30°C.
Using M17 medium for cultivation, we found that RD07 showed 2.7-fold increased au-
tolytic activity compared to SD96, while RD01 did not show significantly altered autoly-
sis. (Fig. 2, left). The autolytic activity was also tested with cells isolated during milk fer-
mentation at pH 5.2, which is similar to the fresh cheese curd environment, even
though different amounts of residual lactose are present (11). Additionally, we added a
surfactant to induce autolysis and determined autolytic activities of 15.5% 6 1.8%,
21.3% 6 0.8%, and 27.9% 6 3.8% for SD96, RD01, and RD07, respectively, revealing a
trend similar to that previously observed (Fig. 2, middle). Last, we tested if RD07 also
shows increased autolytic activity in a lactate buffer, simulating the conditions in the
cheese curd (40). SD96 and RD01 showed similar autolytic activity after 48 h, but RD07
showed approximately 1.4-fold-increased autolysis compared to SD96 (Fig. 2, right).

To evaluate if the increased autolysis of RD07 could contribute to accelerated
cheese ripening, model cheese curds were prepared, and the release of free amino
acids was measured as an indication for proteolysis and autolysis (Fig. 2B). With RD07,
in the first 3 days, significantly higher free amino acid levels were observed, which
were 1.8-fold to 1.3-fold higher than with SD96. After the fourth day, similar free amino
acid levels were detected, indicating that complete proteolysis had been achieved.

Genome resequencing reveals plasmid loss and diverse mutations. The evolved
strains RD01 and RD07 were sequenced, and mutations in both the chromosome and
the plasmids were compared to SD96 (see Section S1 in the supplemental material). The
mutations are summarized in Table 1, and more details are given in Data Set S1 in the
supplemental material. RD01 and RD07 were derived from the same lineage, and there-
fore, it was not surprising that they shared some mutations. Both strains had lost genetic
material during the ALE through plasmid loss (pSD96_01, pSD96_03, pSD96_06, and
pSD96_10) and a large chromosomal deletion (approximately 80 kb) (Data Set S2). RD01
and RD07 shared an interesting mutation in UDP-N-acetylmuramate-L-alanine ligase
(MurC), which is involved in the biosynthesis of peptidoglycan (mutations RD01-4 and
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RD07-2). Furthermore, RD01 was found to have a mutation located 64 bp upstream of
codY (RD01-1), potentially affecting transcription of this gene by altering the promoter
region. In RD07, in total, eight mutations were identified (Table 1). Probably the most in-
fluential mutation, RD07-8, was located in purR, encoding the pur operon regulator PurR,
a phosphoribosyl pyrophosphate (PRPP)-sensing transcriptional activator, and the muta-
tion caused a glycine-to-serine substitution at position 206 (G206S).

Mobile genetic elements encoding phage defense systems were lost in RD01
and RD07. SD96 contains 10 plasmids, which encode, among others, the cell wall-
bound proteinase PrtP and citrate permease CitP and carry lactose metabolism and
phage resistance genes (Table S1). Plasmids pSD96_01, pSD96_06, and pSD96_10,
which had been lost in RD01 and RD07, carried genes for phage resistance, such as a

FIG 2 Autolysis and ripening of SD96 and the evolved strains RD01 and RD07. (A) Autolytic activity of
SD96 (rose) and the evolved strains RD01 (blue) and RD07 (green) under different conditions. (Left)
Autolysis after 3 h induced by nutrient depletion in 50 mM sodium phosphate buffer at pH 7.0 using
cells harvested during the exponential phase in M17. (Middle) Autolysis after 3 h induced by Triton X-100
in 50 mM sodium phosphate buffer at pH 7.0 using cells harvested during milk fermentation at pH 5.2.
(Right) Autolysis after 48 h induced by salt stress (0.5 M NaCl) in lactate buffer at pH 5.0 using cells
harvested during milk fermentation at pH 5.2. (B) Ripening of model cheeses made with SD96 (rose) or
RD07 (green). The release of free amino acids into the cheese matrix was measured using the OPA
reagent. All values were determined from three biological replicates, and statistically significant
differences determined by a t test are indicated with asterisks (ns, not significant [P . 0.05]; *, P , 0.05;
**, P , 0.005).

TABLE 1 Results of genome resequencing of the mutant strains RD01 and RD07

Gene or protein Mutation in RD01 Identifier Mutation in RD07 Identifier
codY Upstream RD01-1
relA V469L RD01-2
EamA family transporter Silent RD01-3 Silent RD07-1
murC F54L RD01-4 F54L RD07-2
Chromosomal deletion 1823878–1897135 1823878–1897135
pheT R546S RD07-3
Hypothetical protein V957E RD07-4
DNA primase A410S RD07-5
ftsH Upstream RD07-6
rexA D311Y RD07-7
purR G206S RD07-8
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complete type I restriction-modification system (RMS) on pSD96_06 and two additional
specificity subunits on pSD96_01 and pSD96_10. Additionally, the large chromosomal
deletion (80 kb), lost in RD01 and RD07, contained a complete RMS (FTN78_RS09530
to FTN78_RS09570). The loss of phage resistance genes resulted in a sensitivity of
RD01 and RD07 to 9 of more than 100 phages tested (Fig. 3), whereas SD96 was fully
phage resistant. The nine phages which managed to infect RD01 and RD07 were
f Sa1, f Sa3, f Sa4, f Sa5, f Sa6, and f Sa7 from Sacco’s internal collection (phage
identifiers were changed due to confidentiality) and f Bil67, fC6A, and f P001 from
the Félix d’Hérelle Reference Center for Bacterial Viruses (Université Laval, Canada). The
last three phages belong to the c2 group of the family Siphoviridae, which are rarely
involved in failed dairy fermentations (41, 42). Additionally, RD01 was attacked by
f Sa8, but RD07 was resistant to this phage. In contrast, RD07 was sensitive to f Sa2,
but RD01 was not.

RNA sequencing revealed strong changes in amino acid metabolism in RD01
and nucleotide metabolism in RD07. To characterize the changes that had taken
place in the evolved strains, we decided to conduct a global transcription analysis for
each of the strains. Sample distance and principal-component analysis (PCA) confirmed
the clustering of the biological replicates and the data’s eligibility for analysis (Fig. S1
and S2). Clusters of Orthologous Groups (COG) analysis was conducted to evaluate the
mutants’ global expression patterns (Fig. 4A and B). Therefore, significantly differen-
tially expressed genes (DEGs) (absolute log2 fold change . 1 and adjusted P value
[Padj] , 0.05) were assigned to COG categories, excluding the nondescriptive category
Function Unknown (category S).

Comparing RD01 and RD07 with SD96 at 30°C revealed 133 upregulated and 163
downregulated genes in RD07, while RD01 showed 48 upregulated and 48 downregu-
lated genes (Fig. 4A). Most of the DEGs were in the category Amino Acid Metabolism
and Transport (category E), where RD07 showed 39 downregulated DEGs and 8 upreg-
ulated genes (Fig. 4B). Next, the category Replication and Repair (category L) was rep-
resented strongly in RD01 and RD07, with 30 and 28 downregulated genes and 0 and
1 upregulated gene, respectively, which could be explained by the loss of genetic ma-
terial, since many genes located on the lost plasmids and the deleted 80-kb fragment
belonged to this category. It was remarkable that RD07 had 29 upregulated genes in
the categories Carbohydrate Metabolism and Transport (category G) and 27 upregu-
lated genes in Nucleotide Metabolism and Transport (category F), while RD01 showed
only 3 and 2 upregulated genes in these categories, respectively.

At 39°C, the numbers of DEGs were higher than at 30°C with 215 upregulated and
253 downregulated genes in RD07 and 104 upregulated and 118 downregulated
genes in RD01 (Fig. 4A). Here, the category Replication and Repair (category L) was
also strongly represented, with 45 downregulated genes in RD01 and 47 in RD07.

FIG 3 Phage profiling of SD96 and the evolved strains JA24, RD01, and RD07. Over 100 phages were
tested, of which 26 were from Félix d’Hérelle Reference Center for Bacterial Viruses (Université Laval,
Canada). Phage profiling was performed by challenging liquid cultures of the three strains SD96,
RD01, and RD07 with different phages. If a particular phage halted growth/acidification, this is
indicated by “1” (attack in 1st passage). If growth/acidification occurred, the supernatant of the
outgrown culture was used to infect a second culture, and if this second culture was affected, this is
indicated by “2” (attack in 2nd passage). If not, the procedure was repeated. If the third or fourth
culture was affected, this is indicated by “3” (attack in 3rd passage) or “4” (attack in 4th passage),
respectively. However, if the culture withstood phage attack after three rounds of dilution, this is
indicated by “no attack.”
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Again, categories E and F showed remarkable differences between RD01 and RD07. In
category E, 7 genes were downregulated in RD01 versus 33 in RD07, and in category F,
14 genes were upregulated in RD01 versus 34 in RD07. Surprisingly, category G was
only weakly affected at 39°C in both strains. Interestingly, the category Translation (cat-
egory J) contained 46 upregulated genes for RD07 but only 5 for RD01, indicating that
protein biosynthesis was more affected in RD01 than in RD07. Changes in this category
could also be due to the different growth rates of the strains at high temperatures.

DEGs, either upregulated or downregulated by high temperature, were determined
for each strain by comparing gene expression at 30°C and 39°C (Fig. 4C). Interestingly,
many significantly upregulated genes with large log2 fold changes in SD96 were
located on the chromosomal region, which had been lost in RD01 and RD07 (“Deleted

FIG 4 Overview of the transcriptomics analysis using DESeq2. Only significant DEGs were considered,
fulfilling the following criteria: absolute log2 fold change . 1 and Padj , 0.05. RD01 is shown in blue,
RD07 in green, and SD96 in rose. (A) Total numbers of significant DEGs were derived from comparing
RD01 and RD07 with SD96 at 30°C (top) and 39°C (bottom). Negative values indicate the number of
downregulated genes, while positive values indicate upregulated genes. (B) COG analysis comparing
RD01 and RD07 with SD96 at 30°C (left) and 39°C (right). Categories are as follows: C, Energy
Production and Conversion; E, Amino Acid Metabolism and Transport; F, Nucleotide Metabolism and
Transport; G, Carbohydrate Metabolism and Transport; H, Coenzyme Metabolism; J, Translation; K,
Transcription; L, Replication and Repair; P, Inorganic Ion Transport and Metabolism; V, Defense
Mechanisms. (C) Volcano plots showing DEGs for SD96 and the evolved strains RD01 and RD07,
comparing expression at 30°C with expression at 39°C. Numbers of upregulated and downregulated
DEGs are as follows: SD96, 348 and 370; RD01, 139 and 245; RD07, 101 and 191. Significant DEGs in
SD96 located on regions deleted in RD01 and RD07 are shown in light blue. Corresponding COG
analysis is shown in Fig. S3.
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DEGs”), indicating that those genes imposed a burden on SD96 at 39°C without con-
tributing to thermotolerance.

To summarize, the data revealed that at both 30°C and 39°C, RD07 showed more
DEGs than RD01, but many categories were affected similarly. Differences between RD01
and RD07 were mostly related to amino acid and nucleotide metabolism (Fig. 4B).
Compared to SD96, both mutants had lost an 80-kb chromosomal fragment carrying
temperature-induced genes (Fig. 4C).

The CodY regulon is overexpressed in RD01, and nucleotide metabolism is
overexpressed in RD07. As the COG analysis revealed significant differences in amino
acid and nucleotide metabolism in RD01 and RD07, we hypothesized that the genes
under the regulation of transcription factors which were affected by mutations, CodY
(RD01) and PurR (RD07), might be differentially expressed in the evolved strains.
Therefore, we evaluated the expression of the genes belonging to COG categories E
and F in detail (Fig. 5). Additionally, genes of the CodY regulon, as described elsewhere
(43), were included.

In RD01, a nearly 3-fold reduction of codY expression was detected, which did not
seem to be influenced by growth temperature (Table S2). Accordingly, derepression of
codY-regulated genes was detected, including dppA, ilvD, gltD, icD, citB, and prtP (Fig. 5A
and Data Set S3). In contrast, in RD07, many of these genes were downregulated. One
striking exception is the expression of prtP, the cell wall bound and plasmid-encoded
protease, which is essential for fast growth in milk. At 30°C, prtP was upregulated in
RD01 (3.0 6 1.1-fold) and RD07 (4.0 6 1.1-fold), and even more at 39°C, i.e., 10.6 6 1.1-
fold and 18.4 6 1.1-fold, respectively. In agreement with this observation, an increase in
proteolytic activity was observed for RD01 and RD07 (28%6 3% and 61%6 6%, respec-
tively), compared to SD96 (Section S2).

Only RD07 displayed significant changes in gene expression in nucleotide metabo-
lism (Fig. 5B and Data Set S4). The purine biosynthesis genes were significantly upregu-
lated in RD07 at 30°C and 39°C with approximately 2-fold and 4-fold increases.

FIG 5 Differential expression of selected genes involved in amino acid and nucleotide metabolism.
RD01 and RD07 were compared to SD96 at 30°C and 39°C. The mutants RD01 and RD07 are shown
in blue and green, respectively. (A) Genes belonging to the COG category Amino Acid Metabolism
and Transport (category E) and CodY regulon (squares). (B) Genes belonging to the COG category
Nucleotide Metabolism (category F). Squares represent pyrimidine biosynthesis genes.
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Notably, the guaC gene stands out with high differential expression at both 30°C
(7.2 6 1.2-fold) and 39°C in RD07 (9.3 6 1.1-fold). Interestingly, genes belonging to the
pyrimidine metabolism were also upregulated, particularly at 39°C.

RD01 provides appealing flavor in high-temperature-cooked Havarti-style
cheese. As an initial test for its applicability in a starter culture, the evolved strain RD01
has been tested in cheese trials at Arla Foods in Denmark. Two batches of cheese were
made, including and excluding the evolved strain. Before inoculation, RD01 was mixed
1:5 (vol/vol) with a commercially available undefined mesophilic starter culture (Flora
Danica; Chr. Hansen, Hørsholm, Denmark). Havarti-style cheeses were made according
to Arla’s internal protocols using an exceptionally high cooking temperature of 39.5°C.
According to a panel of six experts, the cheeses involving RD01 had a taste superior to
that of the control cheeses (Flora Danica only). Cheese trials with RD07 are planned.

DISCUSSION
RD01 and RD07 are unique thermotolerant strains with industrially relevant

phenotypes.We report two thermotolerant strains of L. lactis subsp. lactis biovar diac-
etylactis SD96, RD01 and RD07, obtained by using high-temperature ALE. Previously,
ALE has been used to increase the thermotolerance of L. cremoris MG1363, resulting in
the thermotolerant mutant TM29. A maximal growth temperature of 40°C in GM17 was
realized in that study, but preincubation at high temperature was required to allow
slow growth at 40°C (44). So far, this has been the only example where the maximal
growth temperature of an LAB has been increased by using ALE. As an alternative to
ALE, short-term exposure to sublethal high temperatures was frequently used to
obtain strains with improved survival at high temperatures based on spontaneous
mutations (40, 45, 46). Comparing our mutants, RD01 and RD07, with other thermoto-
lerant L. lactis strains is complicated, as different strains, experimental setups, or suc-
cess criteria have been used (45–51).

Adaptation to growth in UHT milk resulted in dramatic downregulation of
CodY and overexpression of PrtP. The different heat treatments used for preparing
UHT milk and PM altered the milk proteins’ availability for utilization by LAB. For exam-
ple, it has been shown that caseins and whey proteins are more denatured after UHT
treatment than pasteurization and experience temperature-induced interactions (52–
54). Those structural differences are believed to affect L. lactis’ ability to metabolize the
milk proteins (55). Consequently, we hypothesize that SD96 suffered from amino acid
starvation when grown in UHT milk, which RD01 and RD07 overcame by different
means. This hypothesis could be supported by the observation that supplementing
UHT milk with peptone was beneficial for acidification using SD96 (Fig. S4). In RD01,
we detected strong downregulation of codY expression, causing upregulation of amino
acid metabolism. Furthermore, bifunctional (p)ppGpp synthetase (RelA) was mutated
in RD01 (RD01-2), which plays a crucial role in modulating the stringent response by
mediating the synthesis of the second messenger (p)ppGpp (56). RelA senses the avail-
ability of amino acids by being activated by uncharged tRNAs (57, 58). These two
mutations strongly support the hypothesis that SD96 starved for amino acids during
ALE in UHT, which was overcome in RD01 by downregulating codY and mutating RelA.
Surprisingly, RD07 did not have mutations affecting amino acid metabolism, but we
found the cell wall-bound proteinase PrtP to be upregulated 18-fold, which might be
sufficient to overcome amino acid limitation in UHT milk.

The autolytic activity of RD07 is comparable to that of other highly autolytic
strains. Besides showing increased thermotolerance, RD07 appeared more autolytic
than SD96, which is highly unusual as typically L. cremoris are considered more autoly-
tic than L. lactis. Compared to L. cremoris CO and 2250, two highly autolytic strains,
with 45% and 36% autolytic activities, respectively, RD07 showed similar autolytic ac-
tivity (40.7% 6 0.9%). Cheese trials will reveal how RD07 affects cheese ripening com-
pared to SD96. Since the role of autolysis in cheese ripening is still discussed in the sci-
entific literature, SD96 and RD07, as nearly isogenic strains with different autolytic
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behavior, present an interesting test bed for studying the role of autolysis in flavor for-
mation during cheese ripening (59).

Previously, Smith et al. described thermotolerant mutants of L. cremoris MG1363
and the industrial strain L. cremoris ASCC892185, which were more sensitive to osmotic
pressure, indicating increased autolytic properties (45). Analogously, Spus et al. iso-
lated spontaneous thermotolerant mutants of Lactobacillus helveticus DSM 20075 and
revealed that temperature adaptation led to improved autolytic properties of the strain
(40). In summary, these studies and our findings suggest a conserved connection
between thermotolerance and autolysis in LAB, which may be independent of how
thermotolerance was achieved.

Altered amino acid metabolism might be responsible for increased autolysis.
Huang et al. showed that L-Ala starvation caused an autolytic phenotype by preventing
cross-linking of the PG units (60). RD01 and RD07 both have the same mutation (F54L)
in MurC, the enzyme responsible for incorporating L-Ala into PG. This mutation might
influence the PG structure, and thereby the mutants’ phenotypes, by affecting the sub-
strate specificity or activity of MurC (61–63). Solopova et al. established that L-Asp avail-
ability, modulated by pyrimidine metabolism, influences the cell wall rigidity of L. lactis
and thus its autolytic properties (64). In RD07, but not in RD01, pyrimidine biosynthesis
was upregulated, which might contribute to its autolytic phenotype, as pyrimidine bio-
synthesis requires L-Asp, which is essential for cross-linking PG units, and a limited sup-
ply might lead to a fragile cell wall. Interestingly, SD96 showed a tendency to form
globular cell aggregates, while RD01 and RD07 did not, which indicates that cell sur-
face properties of RD01 and RD07 were altered (Fig. S5).

Transcriptional analysis into the expression of autolysins revealed no significant
alterations when RD07 and SD96 were compared. As autolysis has generally been
shown to correlate with the presence of temperate prophages, we investigated the
presence of putative prophages in SD96 (65). For this, we mined the genome of SD96
using the PHASTER tool (66, 67). Seven prophages were identified, of which five were
intact according to the tool (Table S3). Only prophages 1 and 3 encode lysin genes,
which were expressed at low levels in all strains and conditions (,40 transcripts per million
[TPM]), which did not suggest that prophages were responsible for the increased autolysis of
RD07. Since the autolysis experiments were carried out in a buffer without sugars or nutrients,
we further exclude gene expression changes as a cause of the lytic phenotype, as such
changes require much ATP.

Changes in nucleotide metabolism possibly result in a multistress-resistant
phenotype in RD07. Previously, purine metabolism and, more specifically, the excess
of guanine nucleotides were shown to induce stress sensitivity toward acid and heat
stress in lactococci (51). Since, in comparison to RD01, RD07 stands out with many up-
regulated genes in the category Nucleotide Metabolism and Transport, we investi-
gated this category further. We examined the genes involved in guanine biosynthesis
or scavenging. Among adk, apt, gmk, guaA, guaB, guaC, hpr, hpt, pyk, xpt, and the pur
genes, only guaC, xpt, and the pur genes were differentially expressed in RD07. Most
strikingly, compared to SD96 and RD01, guaC and the pur genes were upregulated in
RD07. Overall, this expression pattern could result in a reduced guanidine nucleotide
pool, as overexpression of guaC, purA, and purB would favor adenine nucleotide syn-
thesis (Fig. 6). A similar observation was described previously, where the inactivation of
guaA led to multistress resistance (68, 69). Consequently, we speculate that a reduced
guanine nucleotide pool in RD07 might be the reason for its heat-resistant phenotype.

Other unique mutations in RD07 are involved in stress response mechanisms.
Mutation RD07-6 lies in the promoter region of hflB/ftsH, coding for ATP-dependent zinc met-
alloprotease FtsH, which is involved in cellular stress regulation (70). This enzyme is essential
for stress resistance and thermotolerance, as it contributes to the quality control of cytosolic
and membrane proteins (71, 72). The deletion of FtsH in Lactobacillus plantarum resulted in a
heat-sensitive phenotype, while overexpression produced a robust strain (73). Our transcrip-
tomic analysis revealed that FtsH was downregulated in RD07 (Table S2). This observation is
surprising, as the opposite would be expected. Potentially, FtsH has other functions in L. lactis
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than in Lactobacillus plantarum and is, for instance, involved in regulating cell envelope com-
position, as suggested previously (74). Mutation RD07-7 caused a point mutation (D311Y) in
RexA, an ATP-dependent exonuclease (subunit A) which is involved in the repair of double-
strand breaks (75). This mutation might be advantageous for repairing DNA damage originat-
ing from reactive oxygen species at high temperatures (13). Interestingly, increased expression
of chaperones or transporter proteins, as observed in TM29, was not detected in RD07 (44).

Unfortunately, genetic manipulation of SD96 was hindered by a low transformation
efficiency, and thus, unambiguous evidence for the mutations’ effects on SD96 leading
to thermotolerance could not be produced. Hence, we decided to integrate the
genomics analysis with RNA sequencing-based transcriptomics analysis at low and
high temperatures to identify the most likely underlying reason for improved growth
in UHT milk and thermotolerance.

In conclusion, we have described two naturally evolved strains, namely, RD01 and
RD07, with increased thermotolerance and autolytic properties derived from L. lactis
subsp. lactis bv. diacetylactis SD96 by ALE. Both strains showed improved acidification
in milk, with RD07 being the most thermotolerant and efficient strain. This strain can
efficiently acidify milk at 41°C, which is rare for a mesophilic L. lactis subsp. lactis strain.
Besides having an increased phage attack susceptibility, the mutants have kept their
ability to grow independently in milk and produce flavor compounds from citrate.
Moreover, we demonstrated that RD07 is more autolytic than SD96 and that it has the
potential to accelerate cheese ripening, which will be studied in more detail in future
cheese trials. Genome and RNA sequencing revealed genomic and transcriptomic
changes, which were established during ALE. Both mutants seem to have found differ-
ent strategies for improved growth in UHT milk and increased survival at high temper-
atures. RD07, the most thermotolerant strain, also showed the most complex set of
mutations, and their potential effects on the phenotype are discussed. We argue that
the drainage of the guanidine nucleotide pool is a likely cause of the thermotolerance
of RD07. Other mutations involved in DNA and protein quality control mechanisms
likely support the stress resistance of this strain.

To summarize, we showed how ALE could be applied for producing promising strains
for the starter culture industry. As the mutants are based on an industrial strain already
used in many starter cultures, they are readily applicable for cheese production.

MATERIALS ANDMETHODS
Adaptive laboratory evolution. L. lactis subsp. lactis biovar diacetylactis SD96 was cultivated on

M17 agar supplemented with 0.5% lactose (LM17), and a single colony was used to start two separate
cultures in 9 ml UHT milk. Generally, when the milk was coagulated, the culture was considered fully

FIG 6 Scheme of purine metabolism with emphasis on the differential expression in RD07. Compared
to SD96 and RD01, in RD07, guaC is strongly upregulated (thick arrow), while the pur genes, xpt, and
hpr were only moderately upregulated (medium arrows), and the remaining genes were unaltered
(thin arrows). This differential expression pattern suggests a reduced GMP pool, which is beneficial
for stress tolerance. adk, adenylate kinase; apt, adenine phosphoribosyltransferase; gmk, guanylate kinase;
guaA, GMP synthase; guaB, IMP dehydrogenase; guaC, GMP reductase; hpt, hypoxanthine/guanine
phosphoribosyltransferase; hpr, hypoxanthine/guanine phosphoribosyltransferase; purA, adenylosuccinate
synthase; purB, adenylosuccinate lyase; pur operon, purCSQLF, purMN, and purDEK; pyk, pyruvate kinase; xpt,
xanthine phosphoribosyltransferase. A, adenine; Hx, hypoxanthine; PRPP, phosphoribosyl diphosphate; X,
xanthine; G, guanine; I, inosine; sAMP, adenylosuccinate. xMP, monophosphate; xDP, diphosphate; xTP,
triphosphate (where x is A, G, I, or X). Modified from reference 51.
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grown with approximately 1010 cells (76). Fully grown cultures were homogenized by shaking and
propagated in 9 ml fresh UHT milk. Then the procedure was repeated. Every week, the culture was saved
by mixing a fully grown culture with 50% glycerol 1:1 and storing it at 280°C. When required, freshly
inoculated cultures were stored at 220°C.

The culture was kept continuously at high temperatures. To avoid a long time between propagation
steps, the coagulated, fully grown culture was propagated by diluting 10-fold into 9 ml fresh UHT-milk,
which corresponds to 3.32 generations per propagation step. Initially, SD96 was grown at 39°C, and the
coagulation of the UHT milk was observable after approximately 48 h. Twenty propagation steps were
conducted until coagulation was observable after ca. 24 h, and then the temperature was increased to
40°C, again resulting in coagulation after ca. 48 h. After 25 propagation steps at 40°C (45 propagation
steps in total, 150 generations), coagulation was observable after 24 h, and RD01 was isolated. RD01 was
isolated approximately 5 months after the ALE was started. Subsequently, the temperature was
increased to 41°C, and another 75 propagation steps (120 propagation steps in total, 400 generations)
were needed until solidification was visible after 24 h, which was when RD07 was isolated. Overall, ALE
was carried out for more than 1 year.

When the cultures began to grow more slowly than before, judged by visual inspection, they were
enriched for protease-positive strains by plating on UHT milk agar (1% UHT milk, 1.5% agar) and subse-
quent harvesting of the colonies. On the UHT agar, protease-positive strains formed larger colonies so
that after harvesting, they constituted a larger fraction of the entire culture. After the enrichment step,
the fraction of protease-positive strains was increased by approximately 7-fold (Section S3). This enrich-
ment was done twice during the ALE at high temperatures.

Isolation of evolved strains. The evolved strains RD01 and RD07 were isolated from the propagated
cultures at the time points indicated above. As plasmid loss was reported to occur frequently during
propagation in milk (76), we screened for strains that grew fast in milk and utilized citric acid. Therefore,
cultures were plated on medium containing 1% (wt/vol) skim milk powder, 0.25% peptone, 0.25% lac-
tose, 1.5% agar, 0.1% potassium ferricyanide, 0.025% ferric citrate, and 0.02% sodium citrate, as adapted
from reference 77. The skim milk powder, peptone, lactose, and agar were mixed and dissolved. Then,
the pH was adjusted to 6.5, and the mixture was autoclaved and cooled to 60°C. A 10% potassium ferri-
cyanide solution and a solution containing 2.5% ferric citrate and 2.5% sodium citrate were steamed at
100°C for 30 min and added 1:100 into the agar solution. Large, dark blue colonies, indicating efficient
lactose and citric acid utilization, were streaked on medium containing 1% UHT milk and 1.5% agar.
Protease-positive strains formed larger colonies on this agar than protease-negative strains. A simple
coagulation test confirmed several candidates. For this, 1 ml UHT milk was inoculated with a single col-
ony and incubated at 30°C overnight. When the milk was fully coagulated, the strain was considered
protease positive. Lastly, the thermotolerance of several isolates fulfilling the above criteria was assessed
by measuring the acidification curve at the temperatures applied during ALE using 96-well microtiter
plates with integrated chemical, optical pH sensors (HydroPlate HP96U; PreSens Precision Sensing
GmbH, Germany), in combination with a Tecan Infinite 200 Pro microplate reader (Tecan Trading AG,
Switzerland). From those measurements, the fastest strain was chosen and designated RD01 or RD07.

Milk acidification. Cultures were inoculated from LM17 agar into fresh milk (UHT milk, PM, or recon-
stituted skim milk [RSM]) and, as a first preculture, cultivated at 30°C for 16 h. A second preculture was
started by diluting the first preculture 1:100 into fresh milk, followed by incubation at 30°C for 16 h. The
number of CFU was determined before inoculation (Fig. S6). Then, the cultures were inoculated into pre-
warmed fresh milk using a 1:100 dilution. The cultures were equipped with a pH probe, and acidification
was monitored for 20 h using an iCinac instrument. For cultivations applying the 42°C heat shock, the
cultures were transferred between two water baths, one at 30°C and one at 42°C, so that a rapid temper-
ature change happened. Before inoculation, the pH probes were calibrated at the temperature applied
during milk fermentation. From the acidification curve, the time needed to reach pH 5.2 was calculated
and presented.

Surfactant-induced autolysis.Milk fermentation was carried out using RSM with 10% milk solids af-
ter autoclaving at 121°C for 5 min. From an LM17 plate, the first preculture in RSM was inoculated using
a single colony and incubated at 30°C for 16 h. This preculture was used to inoculate a second precul-
ture in RSM using 100-fold dilution, followed by incubation at 30°C for 16 h. The second preculture was
used to inoculate 50 ml RSM 1:100, followed by incubation at 30°C. The pH was monitored using an
iCinac instrument. When pH 5.20 was reached, the cultures were put on ice to stop the fermentation.
Then, the cultures were diluted 10-fold into a cold EDTA solution (2 g/liter, pH 12.0) to dissolve the
casein. Cells were harvested by centrifugation at 10,000 � g for 10 min at 4°C and washed again using
EDTA solution to remove residual casein. The obtained pellets were washed twice using cold sodium
phosphate buffer (50 mM, pH 7.0), and OD600 was determined. Finally, the cells were resuspended to an
OD600 of 1 in sodium phosphate buffer (50 mM, pH 7.0) supplemented with 0.05% Triton X-100.
Autolysis was determined by observing the decrease of intact cells by measuring OD600 over time. Two
hundred microliters of each suspension was transferred into a honeycomb microplate, and OD600 was
measured every 20 min using a Bioscreen C analyzer while incubating at 30°C for 36 h. Before each mea-
surement, the plates were shaken vigorously to ensure homogenous suspension of the cells. Two techni-
cal replicates were analyzed. Autolytic activity, defined as a decrease in OD600 after the first 3 h (in
percent), was derived from the data.

Ripening of model cheeses. The effect of the adaptive laboratory evolution on cheese ripening was
estimated using model cheeses prepared as described by Garbowska et al. with alterations (78). The
model cheeses were prepared using three independent replicates. Fresh pasteurized milk with 1.5% fat
was purchased 1 day after filling and immediately used for the experiment. In sterile centrifugation
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tubes, 250 ml milk was inoculated with 2.5 ml overnight culture of either SD96 or RD07. After 30 min
incubation at 30°C, sterilized rennet from Mucor miehei (Sigma-Aldrich; R5876) was added to a final con-
centration of 0.008% (wt/vol), followed by incubation at 30°C for 30 min. The resulting curds were cut
using sterile L-shaped cell spreaders as follows: first, the curds were cut vertically into four equally sized
pieces using a cross pattern, and second, by rotating the spreader at three vertical positions, the curds
were cut horizontally into 20 equally sized pieces. Immediately after cutting, the curds were incubated
at 39°C for 1 h to facilitate syneresis. Afterward, the curds were centrifuged at 20 � g for 3 min, and the
whey was removed by decanting. The resulting soft curds were cut into four equally sized pieces and
washed with 150 ml sterile water (30°C) by shaking for 2 min, followed by a second centrifugation step
using the same conditions. The water was removed by decanting, and the pressed curds were sub-
merged with sterile water and equipped with a pH probe (iCinac). The curds were returned to a 30°C
water bath and incubated until pH 5.20 was reached. After reaching the desired pH, the water was
removed, and the curds were suspended in a brine solution (270 g/liter NaCl) and incubated at 20°C for
5 min. The brine solution was removed by decanting after centrifugation (100 � g, 3 min). Next, the
curds were transferred into sterile 100-ml flasks and incubated at 30°C for 1 week. The relatively high
temperature was chosen to accelerate the experiment. Whey was removed regularly. Samples were
taken daily and stored at 220°C until analysis.

During the analysis, the curds were kept on ice. The curds were resuspended with a 2-fold amount
of water (vol/wt) and homogenized using a FastPrep at maximal speed (6.5 m/s) for 1 min. The homoge-
neous mixtures were centrifuged for 2 min at 20,000 � g, and the supernatants were filtered with 0.45-
mm syringe filters. The resulting extracts were diluted 100-fold with water, and eventually, 10 ml was
mixed with 100 ml o-phthaldialdehyde (OPA) reagent (Sigma-Aldrich; P0532). After 2 min incubation at
20°C, the fluorescent intensity was measured (excitation, 430 nm; emission, 455 nm). An amino acid
standard (Sigma, Supelco; AAS18) ranging from 5 mg/ml to 100mg/ml was used for quantification.

Phage profiling. Phage profiling was carried out at Sacco S.r.l. using the internal comprehensive
phage collection. The collection comprised over 100 phages, of which 26 were from the Félix d’Hérelle
Reference Center for Bacterial Viruses, Université Laval, Canada, including f bIL170, f P008, f sk1,
f 712, f hp, f c2, f bil67, f rlt, f eb1, fQ54, fml3, fC6A, f Tuc2009, f P369, f 949, f P335, f P270,
f P107, f 1706, f 936, f ul36, f p2, f P087, f 1483, f BK5-T, f P001. Single phages were contained in
whey obtained from infected strains and filtered before use (0.4mm). Phages were mixed in pools of five
to seven phages. Five milliliters of RSM supplemented with 0.1% yeast extract, bromcresol green, and
bromcresol purple was inoculated with 100 ml of a fully grown culture in RSM. Next, 100 ml of whey con-
taining a phage pool or a single phage was added, followed by incubation at 30°C in a water bath.
Acidification was monitored by observing the milk’s color change in a 96-well plate using a custom-
made pH scanner. When acidification failed using a phage pool, the single phages contained in the pool
were tested individually. Each pool or single phage was propagated four times as follows. When the
milk was acidified successfully, meaning that no phage had attacked or the attack happened late during
the fermentation, the culture was centrifuged (5,000 � g, 10 min), and the whey was collected and used
as described above for infecting a new culture. In this manner, attacking phages were concentrated and
identified, even if they required a higher titer for attacking than was initially present.

DNA isolation and genome resequencing. De novo sequencing of SD96 is described elsewhere
(34). Further bioinformatics analysis was carried out by homology search using BLAST, and phage
defense genes were identified using a database containing lactococcal phage defense proteins, mapped
to the genome of SD96 (79, 80). Genome resequencing of the evolved strains was performed as
described previously with minor modifications (34). Cells from the early stationary phase were harvested
from LM17 broth. Cell growth was monitored by measuring the optical density at 600 nm (OD600). The
cell wall was digested for 16 h at 22°C using 0.5 mg/ml lysozyme in Tris-NaCl buffer (10 mM each, pH
8.0) with 1% Triton X-100 and 10 mM EDTA. DNA was then isolated using a genomic DNA purification kit
(Thermo Fisher Scientific; product number K0512), following the standard protocol with minor modifica-
tions. The chloroform-precipitated cell lysate was centrifuged for 15 min at 20,000 � g instead of 2 min.
Sequencing was carried out by BGI China on an Illumina HiSeq 4000 platform using PE150 PCR-free libra-
ries. The raw paired-end 150-bp reads were processed using Geneious Prime (version 2019.1.3) (81).
First, adapter sequences and low-quality sequences were trimmed from both ends, and, finally, reads
shorter than 50 bp were discarded. The reads were assembled to the chromosome and plasmids of
SD96 (accession numbers NZ_CP043518 to NZ_CP043528) using Bowtie2 (version 2.3.0) in Geneious
(82). Next, variant calling was performed using the respective function in Geneious accepting variants
with .95% variant frequency. For identifying false-positive mutations, variant calling was also per-
formed using sequencing data from SD96 using the same methods as for the mutants. Mutations occur-
ring in both evolved strains and SD96 were not considered in the analysis.

RNA isolation, sequencing, and differential expression analysis. RNA sequencing was carried out
for SD96, RD01, and RD07 grown in RSM at 30°C and 39°C. Those conditions were chosen to guarantee
proper growth for all strains. At 39°C, the growth of SD96 was severely inhibited but measurable after a
longer lag phase than the other strains. In praxis, 10 ml RSM was inoculated with LM17 using a single
colony and incubated for 16 h at 30°C (first preculture). A second preculture was inoculated from the
first using a 100-fold dilution. The second preculture was used to inoculate 50 ml prewarmed RSM.
Growth was monitored spectrophotometrically (OD600) after 10-fold dilution in EDTA solution (2 g/liter,
pH 12.0), and the pH was monitored simultaneously using an iCinac instrument as described above.
When the cultures reached the exponential phase (OD600, 0.7 to 0.9), cells were harvested. Thus, 10 ml of
the culture were withdrawn, immediately cooled on ice, and centrifuged at 4°C (5,000 � g, 10 min). The
resulting pellet was quickly resuspended in RNAlater solution (Invitrogen) and stored at 4°C. Half of the
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collected sample was used for isolating RNA using the RNeasy minikit (Qiagen) according to the protocol
“Purification of total RNA from bacteria (RY28 Nov-06).” The following steps, including RNA sequencing,
were carried out at BGI China. rRNA was removed using the Ribo-off rRNA depletion kit (bacteria) from
Vazyme. RNA sequencing was carried out using a PE100 library on a BGISEQ (DNBseq Technology) plat-
form, resulting in paired-end 100-bp reads. Next, quality trimming and mapping to the SD96 genome
were carried out in Geneious, as described above. Raw-read counts (reads per kilobase per million
[RPKM], fragments per kilobase per million [FPKM], and TPM) were calculated in Geneious using the
built-in Calculate Expression Levels feature. For differential gene expression analysis, raw-read counts
were exported and analyzed manually using the DESeq2 package in RStudio (83). Log2 fold changes and
corresponding log2-fold standard errors were obtained. The adjusted P value (Padj) was considered for
evaluating the confidence of the differential expression values. Clusters of Orthologous Groups analysis
was carried out by annotating all coding sequences (CDS) of SD96 using the eggNOG-mapper v2 (84)
based on eggNOG v5.0 clusters and phylogenies (85). CDS which were not assigned to a COG category
were excluded from the analysis. Furthermore, CDS located on lost genetic elements in RD01 and RD07
were treated separately during the analysis.

Data availability. All experimentally generated data are included in this article or its supplemental
files. Sequencing data are publicly available, including DNA sequencing results of RD01 (SRR13214404) and RD07
(SRR13214403) and the RNA sequencing data set (BioProject accession number: PRJNA670051).
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