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Secreted recombinant proteins are of great significance for industry, healthcare and a
sustainable bio-based economy. Consequently, there is an ever-increasing need for ef-
ficient production platforms to deliver such proteins in high amounts and high quality.
Gram-positive bacteria, particularly bacilli such as Bacillus subtilis, are favored for the pro-
duction of secreted industrial enzymes. Nevertheless, recombinant protein production in the
B. subtilis cell factory can be very challenging due to bottlenecks in the general (Sec) se-
cretion pathway as well as this bacterium’s intrinsic capability to secrete a cocktail of highly
potent proteases. This has placed another Gram-positive bacterium, Lactococcus lactis, in
the focus of attention as an alternative, non-proteolytic, cell factory for secreted proteins.
Here we review our current understanding of the secretion pathways exploited in B. subtilis
and L. /actis to deliver proteins from their site of synthesis, the cytoplasm, into the fermenta-
tion broth. An advantage of this cell factory comparison is that it identifies opportunities for
protein secretion pathway engineering to remove or bypass current production bottlenecks.
Noteworthy new developments in cell factory engineering are the mini-Bacillus concept,
highlighting potential advantages of massive genome minimization, and the application of
thus far untapped ‘non-classical’ protein secretion routes. Altogether, it is foreseen that en-
gineered lactococci will find future applications in the production of high-quality proteins
at the relatively small pilot scale, while engineered bacilli will remain a favored choice for
protein production in bulk.

Introduction

To thrive and survive in different ecological niches, bacteria secrete a wide range of different proteins.
This allows them to take optimal advantage of their habitat, as exemplified by the secretion of proteases
that facilitate the acquisition of peptides and amino acids, be it in the soil through the degradation of
organic matter or in the in the industrial processing of milk for the production of cheese [1]. Gram-positive
bacteria are known for their intrinsic capacity to secrete proteins directly into the extracellular milieu [2].
This relates to the relatively simple structure of their cell envelope where, in the most elementary form,
the membrane is surrounded by a relatively thick, porous cell wall composed of peptidoglycan and several
other polymers. Accordingly, some proteins can pass the cell wall directly upon membrane translocation,
while the extracellular release of others may depend on the activity of specific enzymes, such as cell wall
hydrolases [3]. In general, the secretion of proteins from the cytoplasm to the extracellular milieu is not a
spontaneous process. It requires membrane channels and an intricate machinery that converts metabolic
energy into a force that drives proteins through the membrane. Furthermore, many integral membrane
proteins are inserted into the bacterial cytoplasmic membrane via the same export pathway that is followed
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by secreted proteins. Consequently, protein translocation across the cytoplasmic membrane is an essential process
(4].

A Gram-positive bacterium that is well known for its high capacity to secrete proteins is Bacillus subtilis. In nature,
B. subtilis flourishes in the challenging niches provided by the soil and plant rhizosphere, where it secretes a cocktail of
different degradative enzymes to obtain nutrients (e.g. sugars, amino acids, phosphate and metal ions), and to defend
itself from chemical and biological insults [5]. Due to its well-developed and highly efficient secretion machinery, B.
subtilis has also become a popular biotechnological ‘cell factory’ for the bulk production of commercially relevant
secreted proteins, in particular enzymes such as proteases, amylases and xylanases [6-8]. Industrial enzymes are used
in many different markets including personal care, food and beverages, detergents, textiles, animal feed, chemicals
and biofuels. They permeate every aspect of our daily life and the markets are consequently large. Today there is a
need for new, improved and more versatile enzymes in order to develop more novel, sustainable and economically
competitive production processes. Accordingly, the secretion system of B. subtilis and the full complement of secreted
proteins, the ‘secretome’, have been intensely investigated. Importantly, the studies on B. subtilis also provided new
insights into the secretion pathways present in other Gram-positive bacteria, especially bacilli, lactic acid bacteria,
streptococci and staphylococci [9,10].

Gram-positive bacteria lack the outer membrane that is present in Gram-negative bacteria, such as Escherichia
coli. This absence not only simplifies the secretion process, but it also has the great advantage that Gram-positive
bacteria lack lipopolysaccharides, also called endotoxins [11]. To avoid the barrier imposed by the outer membrane,
E. coli-based expression systems often aim at protein production in the cytoplasm. This allows the accumulation of
massive amounts of product in the cytoplasm but, at the same time, it significantly complicates the downstream pro-
cessing of the produced proteins. This is further convoluted by the fact that proteins overproduced in the cytoplasm
often aggregate, forming so-called inclusion bodies from which the product can only be recovered upon cell disrup-
tion and treatment with strong denaturing agents, such as urea. Conversely, the downstream processing of proteins
secreted into the fermentation broth of Gram-positive bacteria is generally easy, non-denaturing and cost-effective
[11]. Amongst the Gram-positive bacteria, B. subtilis and related bacilli offer the additional advantage that they can
be readily fermented at large scale using cheap carbon sources, which adds to the cost-effectiveness. This is important
as industrial enzymes, in contrast with biopharmaceuticals, are marketed at relatively low prices [11]. A particular
advantage of B. subtilis is that, due to the absence of toxins, products from this cell factory have obtained the Gen-
erally Recognized as Safe (GRAS) status from the United States Food and Drug Administration (FDA). In addition,
B. subtilis is on the list of organisms with Qualified Presumption of Safety (QPS) status, assembled by the European
Food Safety Authority (EFSA) [11]. This makes B. subtilis very attractive as a cell factory, not only for food enzymes,
but perhaps even more so for biotherapeutics that are used to treat an increasingly wide range of serious diseases.

Despite all the advantages, production of secreted recombinant proteins in B. subtilis is frequently challenging.
In particular, the fact that B. subtilis naturally secretes multiple proteases can interfere with the production of pro-
teins that are sensitive to degradation [7,12]. Even though strains lacking up to ten different proteases have been
developed, this problem has still not been completely overcome, as detailed in Supplementary Table S1. Moreover,
various other secretion bottlenecks are also known to exist at the levels of membrane targeting, translocation and
post-translocational protein folding [11]. Thus, while B. subtilis is overall a highly attractive cell factory that is in-
tensively exploited in the industry [13], there is room for additional, preferably Gram-positive, bacterial platforms
for secretory protein production in which the aforementioned disadvantages can be circumvented. One such plat-
form could be Lactococcus lactis, a food-grade Gram-positive bacterium which is, thus far, used mostly in the dairy
industry.

Sec-dependent protein translocation pathway

In Gram-positive bacteria like B. subtilis and L. lactis, protein secretion is mainly facilitated by the so-called
Sec-dependent protein translocation pathway. To specifically transport proteins from the ribosome in the cytosol
to a translocation channel in the cytoplasmic membrane, the respective proteins are synthesized with N-terminal sig-
nal peptides (SPs). The different known SPs are variable in length and show little amino acid sequence similarity [14].
Nevertheless, they show structural conservation as they invariably consist of (i) a positively charged N-terminal re-
gion with lysine or arginine residues and, incidentally, histidine residues, (ii) a central H-region, consisting of mostly
hydrophobic residues, with the potential to adopt an «-helical conformation, and (iii) a hydrophilic C-region with a
type I signal peptidase recognition site including the Ala-x-Ala consensus motif. The C-region of SPs from secreted
proteins has a (3-stranded conformation to allow recognition and subsequent cleavage C-terminally of the Ala-x-Ala
motif by multiple type I signal peptidases (SipS-SipW) in B. subtilis [9,14,15], or by the unique type I signal peptidase
SipLin L. lactis [16]. In contrast, the SPs of lipoproteins, which remain attached to the membrane by a diacyl-glyceryl
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modification, contain a consensus Leu-x-x-Cys motif for recognition by type II signal peptidase (LspA), where cleav-
age takes place N-terminally of the strictly conserved Cys residue [17]. While many different SPs are applied for
protein production in B. subtilis (Supplementary Table S1), the preferred SP for protein production in L. lactis is
derived from the major secreted lactococcal protein Usp45 (Supplementary Table S2).

The Sec-dependent secretion machinery can be divided into six sections: (i) cytosolic factors like chaperones
that may keep exported proteins in an unfolded state prior membrane translocation (i.e. CsaA, GroEL/ES, DnaK,
DnaJ, GrpE, trigger factor) or that guide the exported proteins to the membrane (i.e. SRP, FtsY); (ii) the pre-
cursor protein translocase consisting of the ATP-dependent translocation motor (i.e. SecA) cooperating with the
membrane-embedded translocation channel (i.e. SecYEG, SecDF-YajC, Spolll]/YqjG/YidC); (iii) the aforementioned
signal peptidases that cleave the SP from the precursor protein during the translocation process, especially SipS-SipW
[9,14,15] in B. subtilis and SipL in L. lactis [16]; (iv) SP peptidases that remove remnants of SPs from the cell mem-
brane (i.e. SppA, TepA, RasP in B. subtilis; RasP and TepA in L. lactis); (v) membrane-associated folding catalysts to
ensure proper folding of the translocated proteins at the trans-side of the membrane (i.e. PrsA, BdbB-D in B. subtilis;
PrtM, PmpA in L. lactis); and (vi) a range of different exported proteases that drive the quality control of secretory
proteins (i.e. HtrA-C, WprA, PrsW [in the cell envelope] and AprE, Bpr, Epr, Mpr, NprB, NprE Vpr [extracellular] in
B. subtilis; HtrA, PrtP in the cell envelope of L. lactis). The similarities and differences in the secretion machinery
of both organisms are schematically represented in Figure 1.

The widely conserved mechanisms of Sec-dependent protein secretion have been extensively reviewed in recent
years [2,14,18,19]. Therefore, they are not detailed in the present review. Instead, we focus attention on studies that
provide clues for further optimization of recombinant protein production by the microbial cell factories B. subtilis
and L. lactis.

Strain improvement

The earliest efforts to optimize B. subtilis as a cell factory for secreted heterologous proteins were focused on the
identification and subsequent removal of extracellular proteases that are, due to their intrinsic function, respon-
sible for product loss. This led to the successive construction of frequently applied protease mutant strains like
DB104 (AaprE, AnprE), WB600 (AnprE, AaprE, Aepr, Abpr, Ampr, AnprB), WB700 (WB600 Avpr) and WB800
(WB700 AwprA) [13,20-22]. More recently the BRB strain collection was constructed, which includes strains lacking
up to ten extracytoplasmic and/or secreted proteases. Some of the latter strains lack the proteases deleted from the
WBS800 strain plus HtrA and HtrB [13]. While the WB600-WB800 strains still include an erythromycin resistance
marker, all BRB strains have ‘clean’ deletions of the respective protease genes. The WB800 strain is, to date, the most
frequently used B. subtilis strain for production and secretion of heterologous proteins (Supplementary Table S1).
Noteworthy examples of the use of protease mutants include the production of a thermostable 3-1,3-1,4-glucanase
trom Clostridium thermocellum [23], and pharmaceutical proteins, such as single-chain antibodies [24] or human
interleukin-3 [21].

Major efforts have also been made to tune the protein secretion machinery of B. subtilis for heterologous protein
production. For example, it was shown at the laboratory scale that overexpression of the signal peptidase SipS [25,26],
or the peptidyl-prolyl cis/trans isomerase and foldase PrsA with or without the chaperone DnaK [27,28] could en-
hance the secretion of particular proteins. Besides this, it was recently shown that the co-expression of heterologous
PrsA proteins with amylases from the same origin can enhance the secretory production of the respective amylase,
thereby reducing secretion stress significantly [29]. On the other hand, improved export rates of the x-amylase AmyQ
could also be achieved by deleting the signal peptidase genes sipS or sip U [30]. The latter observation could be ex-
plained by the fact that different B. subtilis signal peptidases compete for binding the same precursor molecule, but
may have different catalytic efficiencies. Elimination of less effective redundant signal peptidases would thus have
a beneficial effect on enzyme secretion. Furthermore, the co-expression of heterologous secretion machinery com-
ponents was shown to be potentially beneficial for enhancing protein secretion in B. subtilis, as exemplified with
SecB of E. coli [31] and the staphylococcal thiol-disulfide oxidoreductase DsbA [32]. More extensive engineering
approaches have also been applied to improve the capacity of the Sec machinery of B. subtilis. In one case, this
involved a deletion in the C-terminal linker domain of SecA, which led to 2.2-fold enhanced secretion of human
interferon-a2b [33]. In another case, B. subtilis SecA was provided with the SecB-binding 32 C-terminal residues
of E. coli SecA to enhance the effects of SecB co-expression. This allowed the improved secretion of model proteins
derived from E. coli, in particular a mutant of the maltose-binding protein (MalE11) and the alkaline phosphatase
PhoA [34]. Possibly the most noticeable improvement was achieved by overexpressing the intramembrane protease
RasP, which enhanced the secretion of two enzymes that were difficult to produce approx. 2.5- to 10-fold in industrial
fermentation-mimicking conditions. This result suggests that the activity of RasP, which is cleaving peptides in the
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Figure 1. Comparison of the main components of the Sec-dependent protein translocation machinery of B. subtilis and L.
lactis

Overview of components of the Sec-dependent protein export machinery of (A) B. subtilis and (B) L. lactis. (i) Upon ribosomal (R)
translation, exported membrane and secretory precursor proteins will be specifically targeted to the Sec pathway by means of
their SP. In addition, these proteins will be recognized by cytoplasmic chaperones and targeting factors, including SRP/FtsY, CsaA
and SecA, which may keep the exported proteins in a translocation-competent state. (ii) The Sec translocase consists of the AT-
P-dependent SecA motor protein and channel components SecY, SecE and SecG. The Sec translocase of B. subtilis also includes
the proton-motive force-dependent translocation motor SecDF-YajC. Particular membrane proteins require the homologous Spol-
11J/YqjG or YidC insertases for membrane biogenesis. (iii) Shortly after or during the translocation process, the precursor protein
is cleaved by one of the type | signal peptidases (SPase; SipS-V, SipL or SipW), or the type Il signal peptidase LspA. (iv) TepA,
SppA, and RasP have been implicated in the degradation of cleft SPs. (v) The folding of various exported proteins is dependent
on the action of the folding catalysts PrsA, PmpA, PrtM, or BdbB-D. (vi) HtrA, HtrB, HtrC, WprA and PrsW are implicated in quality
control of the membrane and secretory proteins. Of note, HtrA and HtrB of B. subtilis have a dual localization in the membrane and
growth medium. Extracellular proteases AprE, Bpr, Epr, Mpr, NprB, NprE and Vpr of B. subtilis can have roles in the degradation
of secreted proteins. HtrA and PrtP are the major proteases of L. lactis. Intracellular proteases ClpC-ClpP, ClpE-ClpP, ClpX-ClpP,
AprX, IspA and TepA may be involved in the degradation of mis-targeted exported proteins. Secretion machinery components that
have been engineered for improved protein secretion are marked in bold. Of note, staphylococcal DsbA in B. subtilis and B. subtilis
SecDF in L. lactis were heterologously expressed in in B. subtilis and L. lactis, respectively (dotted line).
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plane of the membrane, helps to remove remnant SPs or precursor proteins that perturb the membrane, which would
render the overall protein secretion less effective [35]. Altogether, the previously published observations show that
engineering of the Sec machinery for enhanced protein secretion is a feasible approach. However, probably not one
single engineering scenario will resolve all encountered bottlenecks. This relates to the fact that different secretion
bottlenecks are encountered for different heterologous proteins [36,37].

A relatively new approach for enhancing the protein secretion capacity of B. subtilis is genome engineering, which
has become feasible due to the identification of all essential genes of this bacterium and the availability of effective
tools to delete large parts of the chromosome [38]. In doing so, strain PG10 was developed which lacks approx. 36%
of the B. subtilis genome [39]. In fact, the PG10 strain represents the most minimized Bacillus chassis known to date.
This ‘mini-Bacillus’ was shown to be favorable for the secretion of ‘difficult-to-produce proteins’ [38]. In particular,
strain PG10 overcomes several bottlenecks in the production of staphylococcal antigens, which seems to relate to
strongly reduced production of proteases and an increased translational efficiency.

Recent studies have demonstrated that L. lactis can also be exploited in the production of various protease-sensitive
proteins, including potential antigens for vaccination [40-43]. Intriguingly, despite the important role of proteolysis
in the degradation of casein during cheese ripening, L. lactis produces no more than three major proteases that can
have an impact on protein production. The major secreted protease needed for cheese production is PrtP, but this
plasmid-encoded enzyme is dispensable for growth of L. lactis on media other than milk [44,45]. L. lactis possesses
two additional house-keeping proteases, namely the extracytoplasmic protease HtrA and the cytoplasmic protease
ClpP. Deletion of the htrA gene results in highly reduced proteolysis of various recombinant secreted proteins (Sup-
plementary Table S2), showing a major function in extracytoplasmic protein turnover [46-48]. In particular, Sriraman
et al. showed that the degradation of secreted streptokinase was substantially reduced when the protein was produced
in a strain lacking htrA [49]. In contrast, deletion of the cIp P gene does not further enhance extracellular protein pro-
duction, as exemplified with the secreted nuclease Nuc of Staphylococcus aureus and the human papillomavirus E7
protein fused to Nuc [46]. The notion that the low proteolytic activity of L. lactis is advantageous was further sup-
ported by the observation that several proteinaceous antigens from S. aureus can be produced and secreted by L.
lactis, but not in wildtype B. subtilis or mutant B. subtilis strains lacking particular protease genes. This was only
recently shown to be possible in the aforementioned genome-engineered ‘mini-Bacillus’ strain PG10 [38]. Further,
similar to the situation in Bacillus, it seems that also the secretion capacity of L. lactis can be enhanced through the
introduction of heterologous Sec components. This was exemplified with SecDF, which is absent from wild-type L.
lactis strains. Nonetheless, it was shown that protein export in this bacterium can be enhanced to some extent by het-
erologous expression of secDF from B. subtilis [50]. Also, the overexpression of the extracytoplasmic folding catalyst
PmpA, a homologue of B. subtilis PrsA, allowed improved production of a lipase from Staphylococcus hyicus [51].
A particularly noteworthy L. lactis strain improvement was achieved by deleting the gene for the major autolysin
AcmA, leading to substantially reduced levels of cell lysis and, therefore, lowered levels of contaminating cytoplasmic
proteins. Using an htrA acmA double mutant, i.e. L. lactis strain PA1001, various staphylococcal antigens were stably
produced and secreted into the growth medium [41,43,47].

Despite the attractive traits of L. lactis for recombinant protein production, it has to be noted that the overall
production yields achieved with L. lactis have so far remained significantly lower than those achieved with B. subtilis
[47]. At the laboratory scale, the difference in yields is approx. 100-fold with B. subtilis secreting proteins in the gram
per liter range. Under optimized fermentation conditions B. subtilis can easily produce 25 grams of protein per liter
culture [6,8,11]. Although there have been no systematic comparisons for the secretion kinetics and final production
levels of the same proteins in B. subtilis and L. lactis, the apparent difference in productivity may be attributable
to multiple factors. First, B. subtilis can be grown to much higher cell densities than L. lactis. Further, L. lactis has
the tendency to acidify its growth medium due to lactate production, which requires strict pH control and may set a
limit to growth. Importantly, the secretory capacity of L. lactis appears lower, which may relate to differences in the
machinery for protein secretion as detailed above and evolutionary pressures. While the secretion machinery of L.
lactis was geared towards growth in milk [52], B. subtilis has evolved in environments with mostly polymeric carbon
sources that require extracellular degradation before they can be utilized by the bacterium. Still, the fact that B. subtilis
secretes more proteins than L. lactis is not necessarily related to the capacity of the respective secretion machinery. In
particular, protein production levels in the gram per liter range have been obtained with highly optimized B. subtilis
strains while, so far, less efforts have been undertaken to optimize the productivity of L. lactis.

A novel ‘non-classical protein secretion’ approach

A common phenomenon among bacteria is the release of cytoplasmic proteins into the growth medium [9,10,53-55].
The mechanisms underlying the release of these ‘extracellular cytoplasmic proteins’ (ECPs) [56] is not clearly defined,
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but it has been associated with as yet unidentified protein export pathways, the synthesis of autolysins, prophage activ-
ity, the production of cytolytic toxins and surfactants, shedding of membrane vesicles, and cell death [57-61]. The level
of ECPs that can be detected in B. subtilis is inversely related to protease production with protease-deficient strains
showing high ECP levels, and protease-overproducing strains showing low ECP levels [54,57]. Thus, the numbers of
identified ECPs may range between ~24 and a few hundred proteins, depending on the B. subtilis strain and the sen-
sitivity of the applied proteomics approach for extracellular protein detection [9,57]. For L. lactis, at least four ECPs
have been reported [62]. In pathogens the non-classically secreted proteins can serve important biological functions,
for example in the bacterial adherence to substrates or host cells and tissues, or in biofilm formation [63-68]. This
raises the intriguing question whether non-classical protein secretion can also be useful for biotechnological applica-
tions. Indeed, in recent years several publications have reported on the successful non-classical secretion of homol-
ogous proteins, and even heterologous bacterial or eukaryotic proteins in B. subtilis, which bypassed the SP- and
Sec-dependent protein export pathway. Instead, the target proteins were fused to a D-psicose 3-epimerase from Ru-
minococcus sp. [69]. Proteins thus produced were effectively recovered from the growth medium, and the published
data suggest that this secretion route could be independent of cell lysis or extracellular membrane vesicle formation
[70,71].

Conclusion

The present overview summarizes the pros and cons of the Gram-positive bacterial cell factories B. subtilis and
L. lactis. Based on the available data, we conclude that B. subtilis and closely related bacilli are most suitable for
the bulk production of recombinant proteins. However, B. subtilis is highly proteolytic which represents a serious
drawback as this may lead to a loss of product and/or the accumulation of cleaved product derivatives. This can be
overcome by the deletion of protease genes, but the resulting strains are oftentimes more sensitive to autolysis, leading
to increased amounts of contaminating cytoplasmic proteins in the fermentation broth. The increased sensitivity for
lysis is probably one of the main reasons why multiple protease-deficient Bacillus strains are not frequently used in
the industrial setting. On the other hand, the possible use of L. lactis is increasingly explored for secreted protein
production. Although the amounts of protein that are produced by L. lactis are significantly lower than is generally
the case for B. subtilis (Supplementary Tables S1 and S2), L. lactis has one big advantage over Bacillus, namely the
nearly complete absence of protease activity once the prtP and htrA protease genes have been eliminated. Strains
lacking these two genes allow enhanced secretory production of several recombinant proteins. Another advantage of
the L. lactis protease-deficient strains is the low level of autolysis, in particular when the acmA gene encoding for the
major autolysin is deleted. Engineering of autolysins in protease-deficient Bacillus strains was not yet systematically
explored, but it could definitely lead to improved strains that are less prone to cell lysis. In this context, it is important
to bear in mind that the industrial Bacillus strains that produce secretory proteins in very high quantities are, in
general, strains that have a long history of optimization with respect to their fermentation properties and protein
production. In contrast, protein production in L. lactis has only just started to be explored, which leaves open many
opportunities for further strain improvements. Nonetheless, based on the current species-specific differences in the
capacity for protein secretion, we conclude that B. subtilis and related bacilli are the more suitable platforms for
protein production in bulk amounts. On the other hand, L. lactis appears to be most useful for the pilot production
of recombinant proteins that are highly susceptible to degradation, such as antigens for vaccine production. It seems
likely that the latter can also be achieved with engineered Bacillus species, such as the aforementioned mini-Bacillus,
but this will require a better understanding of the interplay between the proteolytic and autolytic systems of these
bacteria.

Summary

e Gram-positive bacteria secrete proteins directly into the fermentation broth, making them particularly
suited as cell factories for recombinant protein production.

e B. subtilis is best-suited for recombinant protein secretion in bulk.
e L. lactis can be applied to produce high-quality proteins at pilot scale.

e Secretory pathway engineering and genome engineering open up new avenues for recombinant pro-
tein production in microbial cell factories.

e There is benefit in exploring ‘non-classical’ protein secretion routes for recombinant protein produc-
tion.
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Supplementary Table 1: Protein production and secretion in B. subtilis protease-deficient strains

Product (origin) / Naturally secreted Producing Strain Secreted yield Biological active/ Ref.™

via Sec (Y/N)*? vector/Promoter/SP* Degradation”

L-asparaginase (ASN) (B. subtilis) / Y (original SP pP43NMK/P43 variant (B2, WB600 After deletion of the N-terminal 25- Y/N [1]

mentioned?) -28:A->G, 13:A->G)/WapA residues of ASN 407.6 U/mL (2.5 g/L)

Pullulanase (Bacillus naganoensis) / N pMAQ911/Phpall or WB600, Best yield obtained using WB600 in Y/n.d. [2]
P43/LipA WBS800 combination with SP-/ipA and P43 (24.5 +

0.3 U/ml, 6.28x better than original

(WB800 SP-lipA and P-hpall)
Recombinant alkaline a-amylase (Unknown pMAQ0911-amy/Phpali/n.d.  WB600 Yield increased with 35.0% and Y/N [3]
origin) / Y (mentioned in text?) mut-12# productivity with 8.8%, the extracellular

protein concentration increased 37.9%

when compared to WB600

CotA-laccase (Bacillus pumilus) / N pMAQ911/ Phpall/WapA WB600 373.1U/mL Y/n.d. [4]
y-Polyglutamic acid synthetase (B. subtilis) / N pWB980/P43/n.d. WB600 1.74g/L n.d./N [5]
Cellobiohydrolases (cbhA, celK, celO, cel48Y, pP43JM2/P43/NprB WB600, Efficient secretion for all but CelO. No Y/ [6]
cel48S) and endoglucanase (celA) (Clostridium WBS800 quantification

thermocellum) / n.d.

Keratinase (Bacillus licheniformis) | Y pMAO0911/Phpall/native WB600 323 units/mL (non-induced) Y/N [7]
(JQ8944912)
Xylanase (Thermoanaerobacterium sp) / Y pJX33/Pbj31/native WBS800 (8.4U/ml) Y/Y [8]

(mentioned in text?)



Bacillopeptidase F (B. subtilis) / Y (KT2590452)

Synthesized cecropin A-melittin mutant (U) / n.d.

a-Amylase (Bacillus amyloliquefaciens) /Y

(mentioned in text?)

Lysozyme (Bacillus licheniformis) / Y (mentioned
in text)

Protease (Halobacillus sp) / n.d.

B-1,3-1,4-glucanase (LicB) (C. thermocellum) / Y
(mentioned in text?)

Nattokinase (B. subtilis VTCC-DVN-12-01) / Y
(EF0614572)

Cellobiose 2-epimerase from (Caldicellulosiruptor
saccharolyticus) / n.d.

PA (component of the anthrax toxin)( Bacillus

anthracis) / n.d.

1,3-1,4-B-glucanase(U) / n.d.

pMD18-T/native/+Proseq,

native
pDMO030/Pglv(maltose-
inducible)/SacB

pP43X/P43/32aa (non-
specified)

pGJ203/P43 fused to
PsacB/SacB
pSaltExSePR5/PopuAA
(NaCl induction)/SubE

pP43JM2/P43/NprB

n.d./PacoA/n.d.

pMA09/n.d./n.d.

pHT28pagA/Pgrac/AmyL

WB700

WB700

WB800

WB800

WB800

WB800

WB800

WB800

BRBO7,
BRBOS,
BRB11,
BRB12,
BRB14

WB600

n.d.

159 mg/L

5566 U/mg, 1.48x increased production in
WB800, when compared to wildtype

78 U/ml

9.1U/ml

1.18 U/g cell mass

600 mg/L

5.3 U/mL

BRBO7: Approximately 1 g/L, BRBOS:

Slightly more than 1 g/L, BRB11-14: Slightly
less than 1 g/L

2493.8 U/mL

Y/Y

Y/N

Y/

Y/?

Y/

Y/Y

Y/N

Y/Y

n.d./Y in BRBO7-12,

hardly any
degradation in BRB14

Y/n.d.

(9]

[10]

[11]

[12]**

(13]

[14]

[15]

[16]

(17]

(18]



Paramyosin (Clororchis sinensis) / N (cyst wall)

Pullulanase (Bacillus naganoensis) / N

B-Mannanase (Bacillus clausii) / Y
(WP_041823500.1?)

Phospholipase D (Streptomyces
racemochromogenes) / Y (AB5732322)

L-Asparaginase (Bacillus cereus) / N

GH30-8 endoxylanase (B. subtilis) / Y (mentioned
in text?)
Cel8A endoglucanase fused to LysM cell wall

binding module (C. thermocellum) / n.d.

Endo-inulinase (Pseudomonas mucidolens) / n.d.

Nattokinase / Y (mentioned in text?)

B-galactosidase (Bacillus megaterium) / n.d.
Chitinase (Bacillus sp. DAU101) / Y (mentioned in

text?)

pEBO3-CotC-

CsPmy/PcotC/spore located

pMAQ0911/ Psac/LipA

Pma5/P43/LipA

pMAQ0911/Hpall/AmyE
RBS optimized
pP43NMK/P43/AmyE

pMAO5/n.d./n.d.

pBL113/P IPTG inducible/
PhrC

Integration vector

PHY300PLK/P43/NprB

Integration vector

pBSG03/P08 (CodY biding
sequence deleted)/WapA
pMAO05/n.d./n.d..

pP43NMK/P43/NprB also
RBS optimized

WB600

WB600,
WB800

WB600

WB600

WB600

WB800

WB800,
BRBO7,
BRBOS,
BRB14
WBS800-R

WB800

WB800

WB600

n.d.

Simultaneous DegQ production let to 60%
increased enzyme activity in WB800.

26.5 U/ml

1050 U/ml

24.2 U/ml

374.9 U/ml

55 U/mL

n.d. BRBO8 highest production without

causing secretion stress

67.84+0.72 g/L

292 FU/ml

17.55 U/ml

51.67 U/mL

Y/n.d.

Y/n.d.

Y/n.d.

Y/n.d.

Y/n.d.

Y/N

Y/Y

Y/n.d.

Y/N

Y/n.d.

Y/reduced when
compared to previous

results

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]



Pullulanase (Bacillus naganoensis) / N

Alkaline serine protease (BcaPRO, Bacillus clausii)
/Y (FJ940727.12)

Cyclomaltodextrin glucanotransferase (Bacillus
firmus) / Y (KF270899)

B-mannanase (Bacillus sp. MK-2) / Y
(CAB12407.22)

Nattokinase (B. subtilis natto) / Y (mentioned in

text?)

CIPS/SCIN/IsaA/Nuc (Stapylococcus aureus) / Y
(mentioned in text?)

Diacetylchitobiose deacetylase R157T
(Pyrococcus horikoshii) / N

a-amylase (AmySA K82E/S405R, Bacillus
stearothermophilus) / Y (mentioned in text?)
Recombinant keratinase, KerZ1 (Bacillus
licheniformis) / Y (mentioned in text?)
Polyethylene terephthalate hydrolase (PETase,
Ideonella sakaiensis) / Y (mentioned in text?)
Adenylate deaminase (AMPF, Aspergillus oryzae
GX-08) / Y (mentioned in text?)

Chlorothalonil hydrolytic dehalogenase (Chd,
n.d.)/n.d.

OUC-Lipase 6 (Streptomyces violascens) / N

Chromosomally
inserted/PHpall/LipA
pWPRON/PBsamy-
PBaamy/DacB
pWB980/P43/SacB

pP43NMK/P43/NprB

pMA0911-wapA-pro-

NK/PHpall-PHpall-

PP43/WapA

pRAG3/PspaS/AmyQ

pMAQ0911/P43/ YncM

pBE/PaprE/YojL

pP43NMK/p43/NprB

pUBC19/P43/Amy

pMAS5/PHpall/n.d..

Integrated in
chromosome/PaprE

pP43NMK/P43/NprB

WB800

WB600

WB600

WB800

WB800

WB800

PG10 (mini

Bacillus)

WB600

WS11

(AhrcA)™**

WB600

WB600

WB600

WB800

WB800

30.32 U/ml

18.83 U/ml

27,860 U/ml

1.33 umol B-CD/min/mL

2802 U/mg

816.7 +30.0 FU/mL

Production in mini-Bacillus when this was

not possible in the wt Bacillus strain (168)

3,112.2 U/mg

9201.1U mL-1

426.60 KU/mL

Increased 8 fold when compared to wt SP

2540 U/mL

2622 U/L

Increased activity 3.24 fold

Y/N
Y/Y

Y/n.d.

Y/Y

Y/n.d.

Y/N

Y/Y

Y/Y

Y/n.d.

Y/N

Y/n.d.

Y/n.d.

Y/n.d.

Y/n.d.

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

[38]

[39]

[40]

[41]

[42]



Lantibiotics (B. subtilis) / Y (mentioned in text?) Integration in PG10 (mini n.d., clean background to simplify Y/n.d. [43]
chromosome/Pspank- Bacillus) downstream processing

hy/leader peptide SpaS

erified with SignalP4.1 if a Genbank accession was available

2Where appropriate the Genbank accession code or a reference to the main manuscript is indicated
'Y, yes; N, no; n.d., not described; |, inconclusive

“"References cover the period between 2012 and 2020

“Only the abstract is publicly available.

“*Mutation results in overexpression of chaperones GroEL-GroES and DnaK-Dnal-GrpE



Supplementary Table 2: Protein production and secretion in L. lactis, using various strains and expression systems

Product / Naturally secreted via Sec Producing Strain Secreted yield Biologically active/ Ref™
(Y/N")%2 vector/Promoter/SP* recognized”
Virulence factors (SA0620, FtsL, CIfB, SA2100, pNG4110/PnisA/Usp45 PA1001 mg/L range, post-translational Y (partially done)/Y [44]
Pro-Atl, IsdB) (Staphylococcus aureus) / Y pNG4111/PnisA/Usp45 phosphorylation obtained
(mentioned in text?) pNG4210/PnisA/Usp45
Virulence factors (HtrAl, HtrA2)( S. aureus) /Y  pLB145/PZitR/Exp4 MG1363 2.5 and 2.2 mg/L (HtrAl and HtrA2 resp.)  Y/N [45]
(KF322112 and KF3221112) Max 7 mg
S. aureus virulence factors (LytM, Nuc, Aly, pNG400/PnisA/Usp45 PA1001 22;18.8; 1.4; 4.2 mg/L (LytM, Nuc, Y/Y [46]
SA0620, SA2097) / Y (mentioned in text?) SA2097, Aly resp.)
B-Cyclodextrin Glucanotransferase / Y pNZ8048/PnisA/native-SP NZ9000 SPK1 secretion efficiency higher than Y/Y [47]
(mentioned in text?) (NSP), SPK1 or Usp45 Usp45. Total protein production higher
for Usp45-fusion proteins
Designed Ankyrin Repeat Proteins (DARPins) pNZ8148/PnisA/Usp45 NZ9000 n.d. Y/N [48]
fused to LysM-domain / n.d.
Murine IL-10, murine TGF-B1, human Elafin, pSEC/PnisA/Usp45 NZ9000 (wt) IL-10: 40 ng/ml (wt) Y/ [49]
murine SLP-1 /Y (mentioned in text?) and TGF-B1:50 ng/ml (wt)
NZ9000AhtrA Elafin: 37 ng/ml (wt) vs 55 ng/ml (AhtrA)
(AhtrA) SLP-1: 100% secreted, yield not
quantified (wt)
Kisspeptin / Y (BC022819.12) pNZ401/PnisA/Usp45 + NZ9000 27.9 pg/ml Y/I [50]
LEISSTCDA pro-peptide
B. subtilis originated Subtilisin QK-2 / Y pRFO1 (pNZ8149 NZ9000 Nd Y/ [51]
(AJ579472.22) derivative)/PnisA/Usp45 NZ3900



Mouse heme oxygenase-1/ n.d.

Pancreatitis-associated protein | (PAP) / n.d.

Human interleukin 22 (IL-22) / Y (mentioned in
text?)

HSP65-61A2P2 as autoantigens against T1
diabetes / n.d.

Carcinoembryonic antigen / n.d.

Infectious

bronchitis virus (1BV) multi-epitope EpiC fused
to protein A anchor S. aureus / n.d.
Campylobacter jejuni originated CjaA antigen
presenting CjaD peptide epitopes fused to the
C-terminus of the L. lactis YndF containing the
LPTXG motif / Y (mentioned in text2)
Bacteriocin Pediocin PA-1 /Y (mentioned in

text)

Leuconostoc mesenteroides originated

glucansucrase (Dsrl)*™™* / Y (mentioned in text?)

Thymic stromal lymphopoietin / n.d.

Mature sakacin A (SakA) and its cognate

immunity protein (Sakl), two chimeras

pNZ8148#2:SEC/PnisA/Usp
45
pSEC/PnisA/Usp45

PSEC/PnisA/Usp45

pCYT/PnisA and
pHJ/P32/Usp45
PSEC:LEISS/PnisA/Usp45 +
LEISSTCDA pro-peptide
pNZ8149/PnisA/Usp45

pUWM1000/Pusp45/Uspa5

pSEC/PnisA/Usp45 +
LEISSTCDA or SD pro-
peptide
pMSP3535H3/PnisA/Usp45,

pLB333/PgroESL/Exp4

pNZ8048/PnisA/Usp45
pMG36¢/P32/Usp45

NZ9000

NZ9000

NZ9000

NZ9000

NZ9000

NZ3900

IL1403

NZ9000

LM0230

MG1363

NZ9000

Intracellular production, 5.37 ug/ml

n.d.

10 ng/ml

n.d.

Surface display on L. lactis cells using
LcsB anchor

27 mg/L

n.d., however protein was detected on
the surface of the L. lactis 1L1403

producing cells

~2-4 umol pediocin PA-1 equivalents/g of

dry weight bacteria.

380 mg/L (at pH 6.0, in optimized
fermentation set-up, high copy number
plasmid (45-85 copies per cell))
Maximum of 2500 pg/ml/OD bacteria,
SICE system

3.2 and 4.9 ug/mg dry weight bacteria
producing EntP/SakA or SakA, resp.

Y/N

Y/n.d.

Y/Y

Y/n.d.

Y/Y

Y/Y

Y/

Y/n.d.

Y/

Y/n.d.

Y/N

(52]

(53]

(54]

(55]

(56]

(57]

(58]

[59]

(60]

[61]

(62]



mimicking the N-terminal end of mature
enterocin P (EntP/SakA) and mature enterocin
A (EntA/SakA) together with Sakl / mentioned
in text; SakA contains 18 aa leader peptide,
Sakl not secreted

Panel of 31 recombinant proteins (Plasmodium
falciparum) / mentioned in text; diverse sub-
cellular locations?

Phytase (Escherichia coli) / n.d.

E6 oncoprotein (Human papillomavirus) / n.d.

Tumor necrosis factor-related apoptosis-
inducing ligand (synthetic human) /N
(transmembrane)

Plantaricin E (Lactobacillus plantarum) / Y
(mentioned in text)

Apical membrane antigen 1 (Eimeria tenella) /
N (transmembrane)

Nuclease (S. aureus) / Y (mentioned in text)

Microbial transglutaminase (Streptomyces
mobaraensis) / Y (DQ132977)

MPB70 (Mycobacterium bovis) / Y (mentioned
in text?)

VP1 (enterovirus 71) / n.d. (located on virion

surface)

pSSi/n.d./n.d

pFUMO003/PlacA/Usp45

pNZ8123/PnisA/Usp45

pNZ8124/PnisA/Usp45

pNZ8148/PnisA/PInA

pTX8048/PnisA/Usp45

pS
(integrative)/P170/Usp45
pNZ8048/Pp5 or
PnisA/Usp45 or Usp45(K2A)
pNZ8048e/PnisA/
Usp45TM8
pMG36e/P32/Uspa5

MG1363

NZ9000

NZ9000

NZ9000

NZ3900

NZ9000

NZ9000

NZ9000

NZ9000

MG1363

n.d.

19 U/ml

n.d.

97.4 ng/ml

n.d.

n.d.

n.d.

43.5+0.4 mg/L

n.d.

n.d.

Y/N

Y/N

Y/N

Y/Y

Y/n.d.

Y/Y

Y/N

Y/N

Y/n.d.

Y/n.d.

[63]

(64]

[65]

(66]

[67]

(68]

[69]

[70]

[71]

[72]



B-1,3-1,4-glucanase (Bacillus sp. SJ-10) / n.d.

cyclodextrin glucanotransferase/ Y (mentioned
in text?)

Tumour necrosis factor-related apoptosis-
inducing ligand (Human) / N (transmembrane
protein)

E7 oncoprotein (optiE7; human papillomavirus
type 16) / Y (mentioned in text?)

IMP1 (Eimeria tenella) / N (membrane protein)

Circumsporozoite protein (Plasmodium
falciparum) /Y (mentioned in textZ; sporozoite

surface located)

pNG8149/PnisA/Usp45

pNG8048/PnisA/G1

pNG7021/PpepN/Usp45

pNZ8123/PnisA/Usp45

pTX8048/PnisA/Usp45

pSS1/n.d./n.d.

NZ3900

NZ9000

MG1363

NZ9000

NZ9000

MG1363

n.d.

16.89 U/ml

n.d.

35.49 pg/mL

n.d.

25 mg/L

Y/N

Y/n.d.

Y/Y

Y/N

Y/n.d.

Y/n.d.

(73]

[74]

[75]

[76]

[77]

[78]

Verified with SignalP4.1 if a Genbank accession was available

2Where appropriate the Genbank accession code or a reference to the main manuscript is indicated

'Y, yes; N, no; n.d., not described; I, inconclusive
“*References cover the period between 2012 and 2020

*First publication describing industrial application of L. lactis for secreted protein production
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