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INTRODUCTION

Bovine mastitis, an inflammation of the cow's udder, 
remains the most important disease impacting the 
dairy industry mainly due to decreased milk production, 
treatment costs and premature culling of diseased an-
imals (Geary et al., 2012; Hogeveen et al., 2011; Rollin 

et al.,  2015). Udder inflammation is usually the result 
of an intramammary infection, with the most frequently 
isolated Gram-positive bacteria being Streptococcus 
uberis, Streptococcus dysgalactiae, Staphylococcus 
aureus and to a lesser extent Streptococcus agalac-
tiae (de Jong et al.,  2018; Persson et al.,  2011; Saini 
et al., 2012; Verbeke et al., 2014). Despite progress in the 
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Abstract
Bacteriophage-derived endolysins are a novel class of antimicrobials known 
to rapidly kill bacteria, including antibiotic-resistant strains. We here engi-
neered endolysins against the bovine mastitis pathogens Streptococcus ub-
eris, Streptococcus agalactiae and Streptococcus dysgalactiae, also targeting 
intracellular survival and biofilm formation. For this purpose, high-throughput 
DNA assembly was used to create a library with >80,000 theoretical endoly-
sin variants for screening of their bacteriolytic activity against Gram-positive 
isolates from (sub)clinically affected cows. This lytic activity was evaluated by 
turbidity reduction and time-kill assays in phosphate-buffered saline and pas-
teurized whole cow's milk to allow a rank up of the most potent leading can-
didates. A top candidate was selected with a 4.0 log killing efficacy against 
S. uberis, also showing similar activity against S. agalactiae and S. dysgalac-
tiae. This top candidate eradicated S. uberis biofilm and showed intracellular 
activity in two bovine mammary epithelial cell lines as was confirmed by con-
focal microscopy. A potentiating effect on cloxacillin, a beta-lactam penicillin 
used to intramammarily treat bovine Gram-positive mastitis, was observed 
for this top candidate endolysin in raw cow's milk from (sub)clinically infected 
udders. Our in vitro results indicate that engineered endolysins may have a 
future role as add-on in the treatment of bovine streptococcal mastitis.
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prevention of bovine mastitis by applying novel housing 
techniques, additional hygiene measures, vaccination 
and the use of probiotic agents (Collado et al.,  2018; 
De Vliegher et al.,  2018; Gomes & Henriques,  2016; 
Pereira et al., 2011; Rainard & Foucras, 2018; Verbeke 
et al., 2014), mastitis still frequently occurs in the dairy 
industry. Farmers not only treat diseased animals with 
antibiotics, but also often intramammarily administer 
antibiotics as a preventive strategy known as dry cow 
treatment (Gomes & Henriques,  2016). This (ab)use 
of antibiotics has several disadvantages. The milk of 
treated animals needs to be discarded, which results in 
food waste, an additional loss of income and an expo-
sure of the environment to the antibiotics used (Oliver 
et al., 2011). Bovine streptococci are able to form bio-
films and penetrate the mammary epithelial cells, caus-
ing the udder infection to persist during the next lactation 
even after antibiotic treatment (Bardiau et al.,  2016; 
Niemi et al., 2021; Schönborn et al., 2017; Tamilselvam 
et al., 2006; Varhimo et al., 2011). Antibiotics that are 
considered critical by the World Health Organization 
(WHO) such as cephalosporines belonging to the third 
and fourth generation (e.g. cefaperazone, cefquinome) 
are still registered for bovine mastitis, while the use of 
antimicrobials in animal agriculture should be dimin-
ished as much as possible to counteract resistance 
development from a one health approach (Garcia 
et al., 2019; Krömker & Leimbach, 2017; World Health 
Organization, 2017). Emphasizing the urgent need for 
novel antimicrobials, the WHO announced that resis-
tance to current antimicrobials is a major public health 
issue since increasing resistance levels are reported 
(World Health Organization,  2021b). Moreover, the 
WHO also warned that the number of antimicrobials 
under development are insufficient to tackle the chal-
lenge of increasing emergence and spread of antimi-
crobial resistance (World Health Organization, 2021a).

Over the past two decades, endolysins derived from 
bacteriophages have gained increasing attention due to 
their rapid activity, high specificity for the target bacteria 
and most of all their efficacy against antibiotic-resistant 
bacterial strains (Fischetti,  2010; Haddad Kashani 
et al.,  2018; Linden et al.,  2021; Nelson et al.,  2012). 
Indeed, endolysins are peptidoglycan hydrolases and 
degrade the Gram-positive cell wall resulting in osmotic 
lysis of the bacterial cell (Nelson et al.,  2012). This 
method of action circumvents the intrinsic and acquired 
resistance mechanisms of antibiotic-resistant strains. 
More specifically, endolysins are also active against 
dormant bacteria in biofilms and can act on intracellular 
pathogens (Becker et al., 2016; Gutiérrez et al., 2014, 
2015; Nelson et al., 2012; Röhrig et al., 2020). This ex-
plains why they are one of the major novel antimicrobi-
als under development, with SAL-200, CF-301 (a.k.a. 
PlySs2), P128 and Staphefekt being staphylococcal 
endolysins currently being evaluated in diverse human 
clinical trials (World Health Organization, 2021a). Also 

within the field of Gram-positive bovine mastitis, a few 
promising studies about the application of endolysins 
exist (Scholte et al.,  2018; Vander Elst et al.,  2020; 
Vander Elst & Meyer, 2018). We previously evaluated 
the wild-type endolysins PlySs2 and PlySs9 against 
S. uberis, and other endolysins have been reported with 
in vitro and in vivo activity against bovine mastitis strep-
tococci (PlyC, Ply700, λSA2 and B30) (Celia et al., 2008; 
Schmelcher et al., 2015; Scholte et al., 2018), staphy-
lococci (trx-SA1, phi11, phiH5, Lys109 and LysRODI) 
(Donovan et al.,  2006; Fan et al.,  2016; Gutiérrez 
et al.,  2020; Obeso et al.,  2008; Son et al.,  2021) or 
both (PlySs2, ClyR) (Huang et al.,  2015; Vander Elst 
et al., 2020; Yang et al., 2015). In addition, recent ad-
vances in the field of protein engineering have been 
applied to enhance and/or extend the activity of wild-
type endolysins. Indeed, endolysins targeting Gram-
positive bacteria have a modular design consisting of 
so-called enzymatically active domains (EADs) and 
cell wall-binding domains (CBDs). This allows the cre-
ation of engineered endolysins with improved activities 
compared to their wild types (Gerstmans et al., 2018; 
Nelson et al., 2012). Recently, we developed the high-
throughput DNA assembly technique VersaTile to 
rapidly assemble such engineered endolysins (Duyve-
jonck et al.,  2021; Gerstmans et al.,  2020; Gutiérrez 
et al., 2021). First, a repository of tiles corresponding 
to the individual wild-type endolysin EADs and CBDs 
is made, which is subsequently combinatorially assem-
bled. In addition, other protein engineering approaches 
can be applied to improve the potency of wild-type en-
dolysins, such as prolongation of their serum half-life 
or enhancement of their intracellular delivery (Röhrig 
et al., 2020; Seijsing et al., 2018).

Here, we describe the development of an opti-
mized engineered endolysin with activity in raw cow's 
milk against the bovine streptococcal mastitis patho-
gens S. uberis, S. agalactiae and S. dysgalactiae by 
engineering wild-type endolysins with known activity 
against these targeted pathogens. We therefore use 
the VersaTile technique to create large combinatorial 
libraries and follow an elaborated hit-to-lead screening 
approach against these streptococcal bovine mastitis 
pathogens as well as Sta. aureus. The endolysins were 
combined with cell-penetrating peptides (CPPs) to en-
hance their intracellular killing capacity.

RESULTS

EAD, CBD and CPP sourcing for VersaTile 
assembly

At the start of the study, a collection of endolysin build-
ing blocks (CBDs, EADs) and CPPs was made to cre-
ate a combinatorial endolysin library with the VersaTile 
technique. First, a selection of endolysins with known 
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activity against S. uberis, S. agalactiae, S. dysgalac-
tiae and Sta. aureus was made (Appendix S1). This in-
cluded 11 EADs and 11 CBDs from PlySs2, PlySs9, 
PlyC, Ply700, λSA2, LysRODI, LysC1C, LysA72 and 
PlyGRCS (Celia et al.,  2008; Gutiérrez et al.,  2021; 
Linden et al.,  2015; Schmelcher et al.,  2015; Scholte 
et al.,  2018; Vander Elst et al.,  2020). Subsequently, 
this selection was supplemented with bio-informatically 
discovered EADs and CBDs in intact prophage ele-
ments present in both S. uberis and S. suis genomes 
derived from the NCBI Genbank. The S. suis genomes 
were also included because we and others previously 
reported endolysins in S. suis prophages with activity 
against various streptococci and Sta. aureus, including 
bovine mastitis-derived isolates (Gilmer et al.,  2013; 
Vander Elst et al.,  2020). A multiple sequence align-
ment was performed and the protein sequences of the 
endolysin subdomains that shared <85.0% and ≤87.5% 
amino acid sequence similarity for S. suis and S. ub-
eris prophage endolysins, respectively, were selected 
for tile construction (Appendix  S2). These delineated 
domains or tiles consistently included the C-terminal 
linkers. More specifically, the amidase_5, glucosami-
nidase and CW_7 of S. suis HA0609, amidase_5 and 
CW_7 of S. suis 1081, CW_7 of S. suis SH0104 and 
SH3_4 of S. uberis NCTC3858 and NCTC4674 were 
found eligible. To also improve intracellular penetration, 
five CPPs (i.e. oligoarginine, TAT, Penetratin, Pep-1 
and H2) were selected (Appendix S3).

These selected EADs, CBDs and CPPs were used 
to create engineered endolysins by VersaTile assem-
bly, combining six designs in a four-way assembly sys-
tem to construct a total of 88,704 theoretical variants 
(Figure  1A). More specifically, three paired designs 
A/B, C/D and E/F were created with each library con-
sisting of the same backbone, but mirroring the end 
positions of the CPP and polyhistidine tag (His6-tag). 
Combinations without a CPP were also screened. This 
resulted in 1344 (= 6 × 16 × 14) theoretical combinations 
for both libraries A/B, and 21,504 (= 6 × 16 × 16 × 14) for 
each of the libraries C/D and E/F (Appendix S4).

High-throughput 
screening and hit-to-lead selection of 
VersaTile assembled endolysins

Following the construction of the six libraries by Ver-
saTile assembly, these variants were first screened 
with a halo-based assay on agar containing autoclaved 
Sta. aureus N305 (Figure  1B). The initial screening 
against autoclaved Sta. aureus cells was included for 
the possibility to select for variants with bispecific ac-
tivity against both bovine mastitis streptococci as well 
as Sta. aureus. Subsequently, colonies showing a halo 
were picked to screen on agar containing autoclaved 
S. uberis 0140J. If clearing zones were again visible, 

these Escherichia coli clones were grown for long-term 
storage and plasmids were Sanger sequenced. Eight-
een engineered endolysins (i.e. ‘hits’) were identified: 
10 hits in design A, 7 hits in design C and 1 hit in de-
sign E (Table 1). No active engineered endolysins were 
found in designs B, D and F. Thus, more hits occurred 
in designs A (p < 0.001) and C (p = 0.021), but not in B, 
D, E and F (p > 0.016) (Table 1). Within these hits, hav-
ing no CPP at position 1 was significantly (p < 0.016) 
favoured over having a CPP fused to the construct 
(Table  2). Regarding the EADs, PlySs2 CHAP and 
PlySs9 amidase_3 were significantly (both p < 0.006) 
overrepresented at position 2, LysRODI CHAP was sig-
nificantly (p < 0.006) overrepresented at position 4 and 
PlySs2 SH3_5 and Ply1081 CW_7 were significantly 
(p < 0.007) overrepresented at position 3 (Table 2). To 
narrow down the designs and building blocks, a sec-
ond screening was performed by only including the 
overrepresented designs A and C, hereafter referred to 
as narrow-down designs A (NA) and C (NC). Only the 
significantly overrepresented tiles in positions 2 and 3 
were included as candidate building blocks (i.e. PlySs2 
CHAP and PlySs9 amidase_3 in position 2 and PlySs2 
SH3_5 and Ply1081 CW_7 in position 3 respectively). 
To create engineered endolysins with improved cell 
penetrating capacities, all CPPs were included and the 
blank in position 1 was excluded. In position 4 (i.e. only 
for NC), all building blocks were included due to the lim-
ited number of seven hits found in the first screening. 
By narrowing down the designs to NA and NC with the 
selected five CPPs in position 1, two EADs in position 
2, two CBDs in position 3 and four EADs in position 4, 
a library with 100 [= (5 × 2 × 2) + (5 × 2 × 2 × 4)] theoretical 
combinations remained (Appendix  S4). Similar to the 
first screening, a halo-based plating method followed 
by Sanger sequencing was used to screen NA and NC 
in a saturating way for active engineered endolysins 
(Table 1). This narrow down to NA and NC caused an 
increased hit rate corresponding to 11- and 53-fold en-
richments respectively.

Eventually, 12 engineered endolysins were discov-
ered with lytic activity against autoclaved Sta. aureus 
N305 and S. uberis 0140J in the halo-based assay (Fig-
ure 1C). Two and nine hits belonged to designs NA and 
NC respectively. The hit found in library E during the first 
screening was also included. All hits carried the PlySs2 
CHAP domains in position 2, except for hit NA2 that 
contained the PlySs9 amidase_3. Similarly, all hits in 
design NC carried the PlySs9 amidase_3 in position 4, 
except for hit NC9 that had the LysRODI amidase_2 in-
stead. The hits in design NC always combined a CHAP 
domain with an amidase. Another important observa-
tion was that PlySs2 CHAP + Ply1081 CW_7 + PlySs9 
amidase_3 occurred in combination with all five CPPs. 
The selected CBDs in position 3 were more or less 
equally present in the nine hits retrieved from design 
NC, whereas only PlySs2 SH3_5 was observed in both 
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hits of design NA. Hit E1 consisted of the same building 
blocks as hit NC2, but in a different order. The MW and 
pI of the 12 hits ranged from 30.11 to 65.24 kDa and 
9.05 to 9.65 respectively.

Ranking of candidate 
engineered endolysins

The 12 selected engineered endolysins were first ex-
pressed and semi-purified (Appendix S5). NC4 could 
not be included for further evaluation as it disintegrated 
and precipitated during the preceding dialysis step re-
quired to remove the elution buffer's imidazole from the 
purified proteins. PlySs2 and PlySs9 were reassembled 

through VersaTile and included as positive controls 
(Figure 1C). It is important to note that VersaTile assem-
bly adds one alanine and one glycine residue at each 
junction between the domains, meaning these PlySs2 
and PlySs9 controls were not fully identical to their 
wild-type sequences. Stationary phase Gram-positive 
bovine mastitis reference strains Sta. aureus N305 and 
S. uberis 0140J, as well as a randomly chosen clini-
cal isolate of Sta. aureus, S. uberis, S. agalactiae and 
S. dysgalactiae were comparatively challenged with a 
final concentration of approximately 0.25 μM of each en-
gineered endolysin and the PlySs2 and PlySs9 controls 
in a 2-h time-kill assay (TKA) in phosphate-buffered 
saline (PBS) versus pasteurized whole cow's milk (Ap-
pendix  S6). The latter endolysin concentration was 

F I G U R E  1   VersaTile assembly, screening and hit-to-lead selection of candidate engineered endolysins. (A) Graphic display of six 
designs to screen for bispecific engineered endolysins, with the number of theoretical combinations per design. CPP, EAD, CBD and HIS: 
cell penetrating peptide, enzymatically active domain, cell wall-binding domain and polyhistidine tag. Combinations without a CPP were 
also screened. (B) Transformed Escherichia coli BL21 (DE3) pLysS with one colony expressing an engineered endolysin active against 
autoclaved Staphylococcus aureus N305 (left). This colony was subsequently picked and streaked out on the same agar containing 
autoclaved Streptococcus uberis 0140J (right). This engineered endolysin was regarded a hit since clearing zones (i.e. halos) were 
observed. (C) Graphic display of the 12 engineered endolysins withheld after screening the VersaTile assembled libraries with lytic activity 
against S. uberis 0140J and Sta. aureus N305 peptidoglycan, with their molecular weight (MW) and isoelectric point (pI). PlySs2 and PlySs9 
were reassembled through VersaTile and included as positive controls.
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chosen to ensure stringency of the assay in order to dif-
ferentiate between less and better performing variants, 
also allowing their ranking (Figure 2A). Regarding both 
Sta. aureus isolates challenged in PBS, all Δlog10 were 
<0.50. However, a Δlog10 of 1.58 ± 0.07 and 5.14 ± 0.49 
was demonstrated for NC2 and PlySs2 against Sta. au-
reus N305 in pasteurized whole milk. NC2 also had a 
1.27 ± 0.18 Δlog10 against the clinical Sta. aureus iso-
late, again observed in milk. After challenging S. uberis 
0140J in PBS (Appendix S6A), Δlog10 of 0.67 ± 0.03 and 

0.62 ± 0.38 for NC3 and PlySs2 were observed respec-
tively. Furthermore, Δlog10 of 1.68 ± 0.07 was observed 
for both NC5 and NC8 against the clinical S. uberis iso-
late, attaining the limit of detection (LOD). For S. aga-
lactiae, Δlog10 of >3.0 was measured after challenge 
with NC3, NC5, NC6 and NC8, whereas all hits derived 
from design C as well as the PlySs9 positive control 
caused Δlog10 of ≥2.0 for S. dysgalactiae, also fre-
quently reaching the LOD. Proceeding with the bacte-
rial killing in pasteurized whole milk (Appendix  S6B), 

TA B L E  1   The number of active engineered endolysins or ‘hits’ retrieved from each screened VersaTile assembled library.

Screening Design

Approximately screened Bispecific hits Binomial t test

Numeric %a Numeric % p Significance

1 A 3900 29.17 10 0.26 <0.001 b

B 3900 29.17 0 0 Not determined

C 5120 23.81 7 0.17 0.021 ns

D 6780 31.53 0 0 Not determined

E 16,220 75.43 1 0.01 0.341 ns

F 4250 19.76 0 0 Not determined

Total 40,170 45.29 18 0.04 Not determined

2 NA 145 725.00 4 2.76 Not determined

NC 275 343.15 25 9.09 Not determined

Total 420 420.00 29 6.90 Not determined

Note: A binomial t test with α = 0.016 was performed in the first screening to identify libraries that statistically contained more active engineered endolysins.
Abbreviation: ns, non-significance.
aAssuming that every possible engineered endolysin occurred only once in the performed screening.
bSignificantly different distribution compared to a uniform distribution (p < 0.016).

TA B L E  2   Overrepresentation of endolysin subdomains or ‘tiles’ present in the retrieved active engineered endolysins or ‘hits’ in position 
1 for designs A, C and E, positions 2 and 3 for designs A and C and position 4 for design C.

Position Tile

Times observed Binomial t test

Numeric % p Significance

1 CPP No CPP 16 88.89 <0.001 a

1 CPP R8 (oligoarginine) 2 11.11 0.755 ns

2 EAD PlySs2 CHAP 8 47.10 <0.001 a

2 EAD PlySs9 amidase_3 7 41.20 <0.001 a

2 EAD LysRODI CHAP 1 5.85 1.000 ns

2 EAD LysRODI amidase_2 1 5.85 1.000 ns

3 CBD PlySs2 SH3_5 10 58.80 <0.001 a

3 CBD Ply1081 CW_7 5 29.40 0.005 a

3 CBD PlySH0104 CW_7 1 5.90 1.000 ns

3 CBD PlyλSA2 CW_7 1 5.90 1.000 ns

4 EAD LysRODI CHAP 4 57.10 <0.001 a

4 EAD LysRODI amidase_2 1 14.30 0.364 ns

4 EAD PlySs9 amidase_3 1 14.30 0.364 ns

4 EAD PlyC CHAP 1 14.30 0.364 ns

Note: A binomial t test with α = 0.016 for every CPP, α = 0.006 for every EAD and α = 0.007 for every CBD was performed to identify the tiles significantly 
overrepresented at their respective position.
Abbreviation: ns, non-significance.
aSignificantly different distribution compared to a uniform distribution (CPP: p < 0.016, EAD: p < 0.006, CBD: p < 0.007).
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PlySs2 caused a 1.29 ± 0.14 and 0.49 ± 0.23 Δlog10 
against S. uberis 0140J and the clinical S. uberis strain 
respectively. While no remarkable activity was present 
for S. agalactiae, Δlog10 of 3.00 ± 0.30 and 2.71 ± 0.41 
was observed against S. dysgalactiae for NC5 and 
PlySs2 respectively.

Subsequently, the Δlog10 values under both the PBS 
and pasteurized whole milk conditions were converted 
to a relative in vitro scoring system, which allowed a 
ranking of the leading candidates within these 12 engi-
neered endolysins (Figure 2A and Appendix S7A–D). 
In a next narrow-down step, it was decided to continue 
with the four overall best-performing engineered can-
didates, which were NC2, NC3, NC5 and NC8. When 
NC3, NC5 and NC8 (which all share the same back-
bone, differing only in their CPP) were comparatively 

incubated at a concentration of 0.5 μM with S. uberis 
0140J in a turbidity reduction assay (TRA), NC5 lysed 
the bacterial cells fastest (Figure 2B). Therefore, NC5 
was compared with NC2 (the only of the four best-
performing engineered endolysins which has a differ-
ent CBD) to select one of both engineered endolysins 
as final candidate.

Final selection of one top candidate 
engineered endolysin

The lytic and antibacterial activities of the two remain-
ing candidates NC2 and NC5 were extensively evalu-
ated and compared by TRAs and TKAs in order to 
select a lead candidate (Table 3, Figure 3A–C). An ini-
tial test panel comprised the reference strain S. uberis 
0140J and nine additional isolates mainly belonging to 
the global clonal complex (GCC) sequence types (STs) 
-5 and -143, which are typically associated with (sub)
clinical bovine mastitis (Davies et al.,  2016; Käppeli 
et al.,  2019; Tomita et al.,  2008). The sensitivity was 
strain dependent, but lytic activity was demonstrated 
for all S. uberis isolates challenged by NC2 and NC5. 
Overall, no significant (p > 0.05) pairwise differences 
in Δlog10 by TKA against S. uberis were seen for NC2 
compared to NC5. However, NC5 lysed all these S. ub-
eris isolates significantly (p < 0.01) faster (shown for 
S. uberis 0140J in Figure 3A). Therefore, we proceeded 
with NC5 as the lead candidate. Bacterial killings up 
to 4.05 ± 0.07 and 3.02 ± 0.37 Δlog10 were observed for 
0.3 μM NC5 for a GCC ST-5 and -143 S. uberis isolate 
respectively. Three additional isolates of S. agalactiae 
and S. dysgalactiae, other relevant bovine mastitis 
species, were similarly challenged with 0.3 μM NC5 to 
analyse the spectrum of NC5. NC5 showed consistent 
lytic activity on all isolates with bacterial killings up to 
1.50 ± 0.02 and 1.77 ± 0.43 Δlog10 respectively (Table 3, 
Figure 3B,C). Since we included Sta. aureus to poten-
tially generate engineered endolysins with possible 
bispecific activity, we also tested the activity of NC5 
against reference strain Sta. aureus N305 and nine ad-
ditional isolates of one cap 5+ agr I and eight cap 8+ agr 
I, II or III isolates. Such isolates are typically associated 
with (sub)clinical bovine mastitis (Bardiau et al., 2014, 
2016; Rossi et al., 2021). The lytic activity as evaluated 
by TRA was generally poor or absent [≤0.01 (ΔOD600/
min)/μM] against these Sta. aureus strains and no kill-
ing was observed (Appendix S8). Also, when a three-
fold increased concentration of NC5 (0.9 μM) was used 
against two relevant Sta. aureus isolates belonging to 
cap 5+ agr I and cap 8+ agr II (Appendix S9), no signifi-
cant (p > 0.05) activity could be observed against these 
Sta. aureus isolates. Thus, the selected top candidate 
NC5 is a potent endolysin against S. uberis, S. agalac-
tiae and S. dysgalactiae, but not against Sta. aureus. 
For completion, protein integrity of the selected top 

F I G U R E  2   Ranking of candidate engineered endolysins. 
(A) Relative in vitro scoring system of the engineered endolysins 
in PBS and pasteurized whole milk against the bovine mastitis 
pathogens Streptococcus uberis, S. agalactiae, S. dysgalactiae 
and Sta. aureus. NC4 could not be included due to its insufficient 
stability in PBS. PlySs2 and PlySs9 were included as positive 
controls. A cumulative score of 3.0 corresponds to a theoretical 
candidate with the maximum score in each of the individual 
conditions performed. (B) Comparative turbidity reduction assay 
performed with 0.5 μM of the engineered endolysins NC3 (pink 
square), NC5 (blue triangle) and NC8 (green diamond) and the 
PlySs2 positive control (yellow hexagon) against stationary phase 
S. uberis 0140J. Bacteria in PBS (black circle) served as negative 
control.
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candidate NC5 was checked by ELISAs in addition to 
SDS-PAGE, which confirmed the presence of the TAT 
peptide on NC5 (Appendix S10A–D).

The top candidate engineered 
endolysin equals or outperforms the 
VersaTile reassembled PlySs2 and 
PlySs9 endolysins against S. uberis, 
S. agalactiae and S. dysgalactiae in PBS

The bactericidal activity of NC5 was compared in PBS 
with that of PlySs2 and PlySs9, which were reassembled 
by VersaTile, against a randomly selected mastitis-derived 
S. uberis GCC ST-5, S. agalactiae and S. dysgalactiae at a 
differentiating dose of 0.3 μM (Figure 3D–F). NC5 consist-
ently showed the highest bacterial killing, with significant 

(p < 0.001) Δlog10 of 1.17 ± 0.06, 1.50 ± 0.12 and 1.11 ± 0.17 
against S. uberis GCC ST-5, S. agalactiae and S. dys-
galactiae respectively. PlySs2 and PlySs9 also caused 
significant Δlog10 of 0.71 ± 0.11 (p < 0.01) and 0.87 ± 0.21 
(p < 0.001) against S. uberis GCC ST-5, of which the PlySs2 
reduction was significantly (p < 0.05) lower than that of NC5 
(Figure 3D). No significant (p > 0.05) log10 reduction was 
caused by PlySs2 against S. agalactiae in comparison 
with the PBS negative control, to which NC5 performed 
significantly (p < 0.001) better (Figure 3E). PlySs9 caused 
a significant (p < 0.01) Δlog10 of the selected S. agalactiae 
strain of 0.62 ± 0.23, which differed significantly (p < 0.001) 
from NC5. Regarding S. dysgalactiae, PlySs2 and PlySs9 
caused significant Δlog10 of 0.75 ± 0.17 (p < 0.01) and 
0.48 ± 0.13 (p < 0.05), which did not differ significantly 
(p > 0.05) and differed significantly (p < 0.01) from NC5 re-
spectively (Figure 3F). Overall, NC5 killed S. uberis GCC 

F I G U R E  3   Bactericidal activity of candidate engineered endolysins against multiple bovine mastitis-derived streptococcal isolates. (A) 
Turbidity reduction assay with 0.3 μM NC2 (orange diamond), NC5 (blue triangle) and PlySs2 (open square) on stationary phase Streptococcus 
uberis 0140J, the same bacteria in PBS served as the negative control (black circle). (B) Turbidity reduction assay with 0.3 μM NC5 on bovine 
mastitis-isolated stationary phase S. uberis belonging to the global clonal complex (GCC ST-) 5 and 143, S. agalactiae and S. dysgalactiae 
(purple, red, yellow and green triangles respectively). S. uberis GCC ST-5 in PBS served as a representative negative control for all strains 
tested (black circle). (C) Time-kill assay with 0.3 μM NC2 on S. uberis 0140J (orange diamond) and NC5 (blue triangles) on S. uberis 0140J and 
bovine mastitis-isolated stationary phase S. uberis belonging to the global clonal complex (GCC ST-) 5 and 143, as well as S. agalactiae and 
S. dysgalactiae. Time-kill assays with 0.3 μM PlySs2 (open square), PlySs9 (filled square) and NC5 (blue triangle) on bovine mastitis-isolated 
stationary phase (D) S. uberis GCC ST-5, (E) S. agalactiae and (F) S. dysgalactiae. Bacteria in PBS (standardized to 106 CFU/mL) served as 
negative controls (black circle). The difference in log10 (CFU/mL) is represented as mean ± standard deviation. LOD: limit of detection; *, ** and 
*** indicate p < 0.05, p < 0.01 and p < 0.001, whereas ns indicates non-significance corresponding to a p > 0.05.
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ST-5 (p < 0.01) and S. agalactiae (p < 0.001) significantly bet-
ter than PlySs2, and S. dysgalactiae (p < 0.01) significantly 
better than PlySs9, and did not show inferior bactericidal 
activity in PBS compared to these VersaTile reassembled 
PlySs2 and PlySs9 endolysins against these randomly se-
lected streptococcal mastitis-derived strains.

The top candidate engineered 
endolysin kills S. uberis in the bovine 
mammary epithelium

To assess whether NC5 enters bovine mammary epithe-
lial cells (boMECs), lysate from MAC-T cells incubated 
with 2.5 μM NC5 was analysed by western blotting after 
washing away the extracellular protein and compared 

to lysate of untreated cells (Appendix S11A,B). A band 
at the expected molecular weight of NC5 was detected, 
which was absent in the lysate of untreated cells. To 
further support that NC5 was present intracellularly, 
MAC-T cells that were likewise treated with 2.5 μM NC5 
were visualized by confocal microscopy (Figure  4A), 
which clearly revealed the intracellular presence of 
NC5 in the MAC-T cells. To assure that the observed 
fluorescent signal was specific for endolysin NC5, au-
tofluorescence of the MAC-T was determined in ad-
dition to subjecting endolysin-untreated MAC-T to the 
same staining protocol. Neither autofluorescence nor 
aspecific binding of the primary and fluorescent sec-
ondary antibodies were detected (Appendix  S12A–I). 
Taken together, these data show that NC5 is able to 
enter MAC-T cells.

F I G U R E  4   Intracellular presence and biofilm eradicating activity of the top candidate engineered endolysin. (A) Confocal microscopy-
based optical section through the centre of MAC-T bovine mammary epithelial cells treated with 2.5 μM NC5. Nuclei were stained using 
Hoechst 33342 (blue), actin cytoskeleton using phalloidin-iFluor 594 (red) and NC5 using Alexa Fluor 488-labelled antibody for the His6 
tag (green). The intracellular presence of NC5 in MAC-T is evident from the overlay of the different fluorescence channels. (B) Intracellular 
killing of Streptococcus uberis GCC ST-5 observed in the bovine mammary epithelial cell lines MAC-T and PS after incubating infected 
MAC-T and PS cells with 2.5 μM NC5 at 37°C during 1 h. MAC-T and PS were infected at a multiplicity of infection of approximately 250 
and 500 respectively. Culture medium without NC5 served as negative control. (C) Determination of the biofilm composition of S. uberis 
GCC ST-143 by proteinase K, DNase I and NaIO4 treatment, as well as eradication of both the biofilm biomass and the number of CFU 
after incubation with 1.5 μM NC5 during 2 h 30 min at 37°C on a shaker. The difference in log10 (CFU/mL) is represented as mean ± standard 
deviation. LOD: Limit of detection (200 CFU/mL); *, ** and *** indicate p < 0.05, p < 0.01 and p < 0.001, whereas ns indicates non-significance 
corresponding to a p > 0.05.
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Subsequently, MAC-T and PS bovine mammary 
epithelial cell lines were challenged with a S. uberis 
GCC ST-5 isolate sensitive to NC5 and with prede-
termined intracellular invasion (i.e. clinical S. uberis 
5 in Table  3). After 3 h co-incubation of S. uberis 
with both boMEC, 7.46 ± 0.14 and 8.66 ± 0.08 log10 
were extracellularly retrieved from MAC-T and PS 
cells, respectively, corresponding to a multiplicity 
of infection (MOI) of approximately 250 and 500 _
(Figure 4B). After gentamicin treatment to kill these 
extracellular S. uberis, infected MAC-T and PS were 
incubated during 1 h with 2.5 μM NC5 in culture  
medium. The same medium without the addition of 
NC5 served as negative control. From this negative 
control, 5.00 ± 0.06 and 4.42 ± 0.08 log10 were respec-
tively retrieved from the infected MAC-T and PS cells 
(Figure  4B). In comparison, both boMECs showed 
a reduction of the intracellular number of S. uberis  
fraction after NC5 treatment. More specifically, a sig-
nificant (p < 0.001) Δlog10 of 1.62 ± 0.05 was observed 
for the infected MAC-T, whereas this was at least 
(p < 0.01) 2.12 ± 0.08 Δlog10 for the infected PS as  
the remaining S. uberis numbers all were below or 
equal to the LOD of 200 colony-forming units (CFU)/
mL (Figure  4B). Overall these data indicate that 
NC5 was able to eradicate S. uberis intracellularly in 
boMEC.

The top candidate engineered endolysin 
eradicates S. uberis biofilm

Streptococcus uberis GCC ST-143, which was found 
sensitive to NC5 (i.e. subclinical S. uberis 1 in Table 3), 
was the only isolate in the S. uberis panel that repro-
ducibly formed a biofilm in vitro. This biofilm was mainly 
composed of protein, as proteinase K treatment signifi-
cantly (p < 0.05) eradicated its mass (Figure 4C). Upon 
exposing this biofilm to a concentration of 1.5 μM NC5 
during 2 h 30 min, a significant (p < 0.001) reduction of 
the biofilm mass of ±70% was observed, corresponding 
to a significant (p < 0.001) 1.17 ± 0.39 Δlog10 reduction 
(Figure 4C).

The top candidate engineered endolysin 
potentiates cloxacillin against S. uberis in 
raw mastitic cow's milk

Raw mastitic cow's milk from four cows with a con-
firmed S. uberis infection was challenged during 8 h 
with either 0.5 μM NC5, 50 μg/mL cloxacillin, a combi-
nation of both (i.e. the combination therapy) or PBS as 
a negative control (Figure 5). Cloxacillin is a penicillin 
antibiotic frequently used to treat streptococcal masti-
tis in dairy cows (de Jong et al., 2018). Treatment with 

F I G U R E  5   Activity of the top candidate engineered endolysin in Streptococcus uberis mastitic raw cow's milk. Raw mastitic cow's milk 
from four S. uberis infected animals was incubated during 8 h with either 0.5 μM NC5 (blue triangle), 50 μg/mL cloxacillin (orange square), a 
combination of both (green circle) or PBS (black circle) as a negative control. The number of surviving bacteria was determined respecting 
a 2-h interval. Difference in log10 (CFU/mL) between the combination treatment and PBS negative control are indicated as mean ± standard 
deviation; LOD: limit of detection (2000 CFU/mL); p values between the cloxacillin and combination treatment group are represented as 
numbers or as *, ** and *** indicating p < 0.05, p < 0.01 and p < 0.001 respectively.
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0.5 μM NC5 alone caused a reduction in all mastitic milk 
samples after 8 h ranging from 0.31 ± 0.12 to 2.61 ± 0.35 
Δlog10, which were only significant (p < 0.05) compared 
to the PBS control in two out of four samples. These 
log10 reductions caused by 0.5 μM NC5 were inferior 
compared to those caused by cloxacillin, except for 
cow 2 at ≤6 h. The Δlog10 caused by cloxacillin alone 
ranged from 2.20 ± 0.14 to 4.55 ± 0.15 at 8 h. In contrast, 
the cloxacillin and combination therapy caused signifi-
cant (p < 0.05) reductions in all mastitic milk samples at 
8 h, ranging from 2.20 ± 0.14 to 4.83 ± 0.43 Δlog10, and 
attained the LOD in two out of four samples. A key find-
ing was that all mastitic milk samples showed a faster 
decrease of the S. uberis load if cloxacillin treatment 
was combined with 0.5 μM NC5 (Figure 5). Indeed, the 
amount of surviving S. uberis in the combination ther-
apy was significantly (p < 0.05) decreased compared to 
cloxacillin alone during at least 2 h in the mastitic milk 
samples in three out of four cows with Δlog10 in the 
range of 2.20 ± 0.17 to 5.78 ± 0.67. In one cow, these 
Δlog10 were non-significantly (p > 0.05) decreased. For 
completion, the killing rate was analysed for two raw 
mastitic cow's milk samples using a 30-min time inter-
val during 2 h, confirming the highest Δlog10 in the com-
bination therapy group vs. the negative control after 2 h 
with 0.80 ± 0.09 and 0.89 ± 0.13 (Appendix S13).

DISCUSSION

Bovine Gram-positive mastitis, frequently caused by 
S. uberis, S. dysgalactiae, Sta. aureus and to a lesser 
extent S. agalactiae, is a high-impact disease for the 
dairy industry's profitability (Geary et al.,  2012; Ho-
geveen et al., 2011; Rollin et al., 2015). Given the rising 
dairy consumer's awareness on the use of antibiotics 
in dairy agriculture, the overuse of antibiotics both pre-
ventively for dry cow treatment and therapeutically for 
mastitis are increasingly questioned. Proof of the lat-
ter are new governmental policies imposing restrictions 
on the abuse of antibiotics in the dairy sector (e.g. Eu-
ropean Green Deal, WHO and a new EU Regulation 
on Veterinary Medicines 2019/06), indicating the need 
to develop alternatives that can phase out especially 
the critical antibiotics from animal production. Our 
group proposed bacteriophage-derived endolysins as 
replacement or add-on strategies and also previously 
characterized the S. suis wild-type endolysins PlySs2 
and PlySs9 with potent lytic activity against S. uberis 
(Vander Elst et al., 2020; Vander Elst & Meyer, 2018). 
In addition, we reported that improved engineered 
endolysins can be conveniently engineered through 
domain swapping by the VersaTile DNA assembly tech-
nique (Duyvejonck et al., 2021; Gerstmans et al., 2020). 
Therefore, we here aimed at creating engineered en-
dolysins by VersaTile with enhanced (i) activity in 
raw cow's milk, (ii) intracellular penetration and killing 

activity and (iii) biofilm eradicating properties against 
bovine Gram-positive mastitis-causing streptococci as 
well as Sta. aureus.

Although the assembly, screening and hit-to-
lead selection of endolysins with activity against ei-
ther streptococci or staphylococci has been reported 
(Keller et al., 2022; Röhrig et al., 2020; Son et al., 2021; 
Verbree et al.,  2018; Yang et al.,  2015), the maximal 
number of endolysins screened was limited to <500 
(Röhrig et al.,  2020). We here at first performed the 
high-throughput assembly of >88,704 theoretical en-
dolysin variants against bovine mastitis S. uberis and 
Sta. aureus. From these libraries, 40,170 constructs 
were screened. Throughout this random screening cer-
tain variants stochastically occurred more than once. 
This approach overcame a major limitation in previous 
reports that required protein expression of the assem-
bled endolysins in liquid media, limiting the throughput 
of screening assays to the capacity of multiwell plates 
(Duyvejonck et al.,  2021; Keller et al.,  2022; Röhrig 
et al., 2020). Instead, we employed a new method to 
extent this screening to tens of thousands of endoly-
sins simultaneously, by inducing protein expression in 
single colonies harbouring the assembled endolysins 
on agar plates containing autoclaved targeted cells. 
Following identification of the active colonies and se-
quencing of their plasmids harbouring these endolysin 
genes, design rules complemented with statistics were 
applied to identify optimal designs and the significantly 
overrepresented tiles at certain positions in these de-
signs. A stepwise narrow-down selection or ‘funnel’ of 
the significantly overrepresented domains within such 
a design was then applied to hit-to-lead select the 
top candidates for further downstream assays. This 
approach was successfully applied, as the hit rate in-
creased in the range of 10- to 50-fold by implementing 
design rules in two of the narrow-down libraries. We 
here identified the optimal design of streptococcal en-
dolysins to be (CPP-)EAD-CBD or (CPP-)EAD-CBD-
EAD, with a pI in the range 9.05–9.65. These designs 
and their in silico predicted pI follow that of most wild-
type streptococcal endolysins as was previously iden-
tified for PlySs2 and PlySs9 by our group and others 
(Linden et al., 2021; Vander Elst et al., 2020). It should 
be noted that the terminal EAD in the (CPP-)EAD-CBD-
EAD design contains one LysM repeat in case of the 
PlySs9 amidase_3 domain, which was initially missed 
but became apparent with the availability of ColabFold 
in the course of our work (Mirdita et al., 2022).

The creation of engineered endolysins in combina-
tion with CPPs to obtain intracellular activity has also 
been reported (Becker et al., 2016; Keller et al., 2022; 
Röhrig et al., 2020). Although the presence of a CPP 
is not always necessary to translocate endolysins 
intracellularly, increased cellular uptake upon fu-
sion of a CPP has been demonstrated by different 
groups (Becker et al., 2016; Keller et al., 2022; Röhrig 
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et al.,  2020). These latter studies evaluated fusion of 
the CPPs TAT, R8 and penetratin to engineered endo-
lysins. Remarkably, they all independently reported a 
decrease of the lytic activity upon fusion of a CPP. This 
study confirms this observation, as our screening data 
showed that the designs EAD-CBD or EAD-CBD-EAD 
were significantly overrepresented in comparison with 
CPP-EAD-CBD or CPP-EAD-CBD-EAD respectively. 
However, our data also revealed that small and cationic 
CPPs can favour intracellular killing and retain most of 
the endolysin's lytic activity. This key finding corrob-
orates a previous report from our group (Rodríguez-
Rubio et al.,  2016). While the effect of the absence 
versus presence of a CPP was not further investigated 
in the current study, the TAT peptide of HIV-1 in lead 
candidate NC5 has been identified as one of the most 
promising CPPs to obtain intracellular killing, while at 
the same time minimizing loss in lytic activity (Becker 
et al., 2016; Keller et al., 2022; Röhrig et al., 2020). Ad-
ditionally, we identified an optimal position of this TAT 
at the N-terminus, while the cited studies all rationally 
fused this specific CPP C-terminally. For completion, it 
can be remarked that the PlySs2 SH3_5 and PlyCb do-
mains included in this study have also been attributed 
certain CPP functionalities (Shen et al.,  2016; Yang 
et al., 2021).

The comparative evaluation of the antibacterial activ-
ity of our selected engineered endolysins was assessed 
in PBS, ultra-high temperature (UHT)-pasteurized 
whole milk and raw mastitic milk. While PBS does not 
allow growth of the incubated pathogens, this occurs in 
milk resulting in a major difference between incubation 
conditions (Schmelcher et al., 2015). This has import-
ant consequences when interpreting our results. First, 
the Δlog10 reductions in CFU/mL observed in PBS 
versus pasteurized and raw milk are not expected to 
correlate (Röhrig et al., 2020). Even screening of en-
gineered endolysins in pasteurized milk cannot guar-
antee an effective bacterial killing in raw cow's milk 
(Verbree et al., 2018). Second, endolysins are enzymes 
with a limited lifetime and turnover, which was for ex-
ample only 16 min for the pneumococcal endolysin 
Cpl-1 in cerebrospinal fluid (Grandgirard et al., 2008). 
More specifically, they are expected to be sensitive to 
proteases produced and released during the innate im-
mune response, also present in raw mastitic cow's milk 
(Meyer-Hoffert & Wiedow, 2011). Third, the activity of 
endolysins in PBS can either be reduced or improved 
in pasteurized or raw milk. Reduced activity of the en-
gineered endolysins in pasteurized and mastitic milk 
compared to PBS was frequently observed in our study, 
similar to previous reports (Celia et al., 2008; Verbree 
et al., 2018; Yang et al., 2015). An exception has been 
reported for PlySs2. This wild-type endolysin has been 
characterized with the unique property to bind (lact)al-
bumin, which also and simultaneously occurs for cer-
tain mastitis pathogens such as Sta. aureus, resulting 

in increased killing by co-localization of PlySs2 and 
Sta. aureus on (lact)albumin (Indiani et al., 2019). Our 
results showed a similar observation, with increased 
bacterial killing in pasteurized milk versus PBS for 
PlySs2 as well as NC2. Of note, NC2 contains the full 
PlySs2 endolysin. Proceeding with the activity in raw 
mastitic milk, an inconsistent killing of S. uberis by our 
lead candidate NC5 as stand-alone therapy was ob-
served in different field samples. This variable activity 
can most likely be attributed to differences in the raw 
milk sample composition, pH and/or to S. uberis strain 
differences, also taking into account different genetic 
backgrounds of the mastitic cows. Although NC5 did 
not show convincing potent activity in the mastitic milk 
samples as stand-alone therapy, it significantly poten-
tiated cloxacillin treatment as a combination therapy 
by eliminating S. uberis faster than cloxacillin treat-
ment alone. Indeed, to circumvent the limitations of 
endolysins as stand-alone antimicrobials, we suggest 
to exploit additive or synergistic effects by combining 
multiple endolysins targeting different peptidoglycan 
types or bonds, or in combination with antibiotics or 
bacteriocins (e.g. lysostaphin) (Daniel et al.,  2010; 
Schmelcher et al.,  2012, 2015). We deliberately used 
cloxacillin since it is a non-critical, narrow-spectrum 
penicillin derivative frequently used to combat strep-
tococcal infections in the udder (de Jong et al., 2018). 
Combination therapy to pursue synergy with antibiotics 
has also been proposed for the staphylococcal endoly-
sin trxSA-1 after evaluation of trxSA-1 as stand-alone 
treatment in Sta. aureus-infected udder quarters (Fan 
et al., 2016). Future studies will now investigate if this 
cloxacillin potentiating effect of NC5 can be retained 
in vivo, as it is known that these additive or synergis-
tic effects are sometimes lost in the mammary gland 
(Schmelcher et al., 2015).

In our screening approach, we had initially foreseen 
the option to obtain bispecific endolysins also targeting 
Sta. aureus in addition to S. uberis, S. agalactiae and 
S. dysgalactiae. While the initial hits scored positive in 
the halo-based assay against autoclaved Sta. aureus 
cells, purified proteins from hits such as NC5 eventually 
did not consistently kill all Sta. aureus isolates with the 
doses used, in contrast to S. uberis. This discrepancy 
can be explained by the high sensitivity of the halo-based 
assay because of the prolonged incubation (18 h) and 
the use of dead cells. The concept of creating an engi-
neered endolysin against several Gram-positive strains 
has also been pursued previously (Yang et al., 2015). 
The latter report showed that the engineered endoly-
sin ClyR, consisting of the C-terminal CHAP of PlyC 
and the N-terminal SH3_5 of PlySs2, displayed activity 
against both streptococcal and staphylococcal strains, 
including S. uberis, S. agalactiae, S. dysgalactiae and 
Sta. aureus. Although both domains were included in 
our extensive screening, ClyR was not retrieved. This 
might be due to several differences between ClyR and 
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our study such as screening conditions and differences 
in delineation of the subdomains (Röhrig et al., 2020; 
Vander Elst et al.,  2020). Notably, follow-up studies 
with ClyR only focused on streptococcal strains (Xu 
et al., 2018; Yang et al., 2016, 2021; Zhu et al., 2021).

CONCLUSION

We here report for the first time the assembly, 
screening, selection and identification of engineered 
endolysins against bovine Gram-positive mastitis em-
ploying VersaTile, followed by a new approach to high-
throughput screen engineered endolysins on individual 
colony level. The identified hits showed potent antibac-
terial activity against S. uberis, S. agalactiae and S. dys-
galactiae and harboured the designs CPP-EAD-CBD 
or CPP-EAD-CBD-EAD. The lead candidate NC5 was 
able to lyse S. uberis in bovine mammary epithelial 
cells, eradicate S. uberis biofilm and potentiate cloxa-
cillin treatment in raw mastitic cow's milk. We will now 
proceed with in vivo studies to evaluate the potential of 
NC5 in a murine model for bovine streptococcal mas-
titis as an add-on to the currently used intramammary 
antibiotics.

MATERIALS AND METHODS

Bioinformatic analyses

Streptococcus uberis or S. suis genomes (latter inspired 
by Vander Elst et al.,  2020) were derived from NCBI 
GenBank and screened for intact prophages by Phaster 
(Arndt et al.,  2016; Clark et al.,  2016). Subsequently, 
genes in the discovered prophage genomes were an-
notated to identify endolysins (Brettin et al.,  2015). 
Multiple sequence alignments were consistently per-
formed by Clustal Omega using the MAFFT algorithm 
in combination with a Pearson/FASTA output (Madeira 
et al., 2019). The percentages given in this work were 
always derived from the percentage identity matrix of 
the aligned amino acid sequences. Endolysin subdo-
mains were delineated for tile assembly by combining 
InterPro and Phyre2 analyses (Blum et al., 2021; Kel-
ley et al., 2015). Linkers were identified as proline- and 
lysin-rich regions, and the domains were consistently 
delineated by including their C-terminal linker.

Cloning of endolysin genes and VersaTile 
assembly of chimers

The 14 selected wild-type endolysins were codon op-
timized for expression in E. coli and synthesized (Twist 
Bioscience, USA) with a 5′ and 3′ BsaI restriction site. 
Subsequently, these synthesized gene fragments 

were introduced into pVTD3 (as destination vector) by 
Type IIs cloning (Duyvejonck et al.,  2021; Gerstmans 
et al., 2020). The endolysin subdomains were thereaf-
ter subcloned starting from the full-length endolysins 
in the entry vector (pVTEIII), yielding tiles (Gerstmans 
et al., 2020). Briefly, tiles were made in the entry vec-
tor pVTEIII by VersaTile cloning with the restriction en-
zyme SapI. Subsequently, chimers were assembled 
with BsaI in a cyclic restriction ligation reaction. A four-
way system was chosen with pVTD1, pVTD2 or pVTD3 
as destination vectors depending on the number and 
order of tiles to be assembled and the desired position 
of the His6-tag (Gerstmans et al., 2020). All these des-
tination vectors contain a T7 promotor.

Bacterial strains and culture

Bovine mastitis isolates S. uberis 0140J (ATCC BAA-
854) and Sta. aureus Newbould 305 (N305, ATCC 
29740) were used as reference strains. All other S. ub-
eris, S. dysgalactiae, S. agalactiae and Sta. aureus 
strains included are recent (<5 years) isolates from 
Milk Control Center Flanders from (sub)clinical bovine 
mastitis cases originating from various dairy farms lo-
cated in Flanders (Belgium). These isolates were com-
plementary verified by MALDI-TOF MS (Vander Elst 
et al., 2020). Streptococci and Sta. aureus were grown 
at 37°C in brain heart infusion (BHI) or tryptic soy 
broth (Oxoid, Belgium) respectively. Plating was con-
ducted on BHI with the addition of 15.0 g/L agar (BHI 
agar) (Chem Lab, Belgium) for streptococci or tryptic 
soy agar (TSA) (Oxoid, Belgium) for Sta. aureus. E. coli 
harbouring the cloned constructs were grown in lysog-
eny broth (LB) (for 1.0 L: 10.0 g tryptone, 10.0 g NaCl 
and 5.0 g yeast extract) or terrific broth (TB) (for 1.0 L: 
12.0 g tryptone, 24.0 g yeast extract, 4.0 mL 100% glyc-
erol, 0.72 M K2HPO4 and 0.17 M KH2PO4) containing 
either 100.0 μg/mL ampicillin or 50.0 μg/mL kanamycin 
(Carl Roth, Germany). Selective plates consisted of the 
same reagents, to which 15.0 g/L agar (VWR, Belgium) 
was added.

Whole genome sequencing, sequence 
typing and determination of the 
agr and capsular (sero)types of bovine 
mastitis isolates

DNA was extracted from 18 h grown bacterial cultures 
according to the manufacturer's protocol using the 
DNeasy Ultraclean Microbial kit (Qiagen, USA). Sub-
sequently, the genomic DNA was sequenced using 
a Illumina MiniSeq platform. A library was prepared 
using the Nextera Flex DNA Library Kit (Illumina, 
USA) for each sample, tagged with a unique adapter 
sequence. The quality of each library preparation was 
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controlled using an Agilent Bioanalyzer 2100. Ge-
nome assembly was performed using the Galaxy plat-
form (SPAdes assembly algorithm: version 3.12.0). 
Quality of the reads was verified using FASTQC (ver-
sion 1.1.5). Regarding S. uberis, multilocus sequence 
typing was performed as described previously (Zou-
harova et al., 2022). The sequencing data in FASTA 
format were submitted to the PubMLST database 
(https://pubml​st.org/organ​isms/strep​tococ​cus-uberis) 
(accessed on 5 January 2022) to confirm the bacte-
rial species and identify allelic matches. Each S. ub-
eris isolate was defined by an allelic profile, which 
corresponds to the allele numbers at the seven loci 
in the order arcC, ddl, gki, recP, tdk, tpi and yqiL. Ac-
cording to the combination of alleles, the sequence 
type (ST) and global clonal complex (GCC) were de-
termined. If an unknown ST emerged, the GCC was 
estimated based on multiple sequence alignment 
against a set of S. uberis genomes with a known GCC 
derived from the PubMLST database. This was also 
done if the allelic profile yielded a ST that was not yet 
assigned to a GCC in the PubMLST database. Re-
garding Sta. aureus, the agr and capsular (sero)type 
were determined inspired by Bardiau et al.  (2016) 
and Rossi et al. (2021). Multiple sequence alignment 
using BLASTn was performed with each Sta. aureus 
genome against the agr types I, II, III and IV genes, 
as well as the genes encoding capsular serotype 5 
or 8.

Halo-based high-throughput screening of 
active fusion proteins

Chemocompetent E. coli TOP10, BL21 (DE3) or BL21 
(DE3) pLysS (NEB, USA) were transformed with 
5.0 ng/μL assembly mixture via heat shock during 45 s 
at 42°C after a 30-min incubation on melting ice. The 
transformed cells were then incubated for 1 h at 37°C 
in super optimal broth (for 1.0 L: 0.5% yeast extract, 
2.0% tryptone, 10.0 mM NaCl, 2.5 mM KCl, 10.0 mM 
MgCl2, 10 mM MgSO4 and 20 mM d-glucose) after a 
5-min recovery on melting ice. E. coli cells were sub-
sequently plated. For rationally assembled constructs 
(i.e. PlySs2 and PlySs9 as positive controls), one col-
ony from the 18-h incubated plate was inoculated and 
grown in LB with the addition of a selective antibiotic 
and again incubated for 18 h. For randomly assem-
bled VersaTile constructs (e.g. NC5), transformed 
E. coli BL21 (DE3) pLysS were plated on LB agar 
that contained 50.0 g/mL kanamycin and 5% sucrose 
(Carl Roth, Germany) as selection markers, 1 mM 
isopropyl β-D-1-thiogalactopyranoside (IPTG) (Carl 
Roth, Germany) as inducing agent for protein expres-
sion and 2.0 or 1.0% autoclaved, washed S. uberis 
0140J or Sta. aureus N305 cells respectively. These 
plates were then incubated at 37°C for 48 h followed 

by incubation at 22°C for at least another 24 h. Colo-
nies harbouring an active engineered endolysin will 
be featured by a halo due to release of the recombi-
nant protein from disintegrating cells within the colony 
and diffusion into the agar where the embedded tar-
get cells are lysed. Colonies displaying a halo against 
Sta. aureus N305 were picked and streaked out on the 
same agar, but containing S. uberis 0140J peptidogly-
can instead. Constructs that yielded halos against 
both bacterial species were along with the rationally 
assembled constructs inoculated and grown in LB 
with the addition of 50.0 μg/mL kanamycin. Long-term 
storage was performed at −80°C by adding 20% glyc-
erol in a cryovial. Pure plasmid was obtained from 
an 18-h culture using the GeneJET plasmid miniprep 
kit (Thermo Fisher Scientific, USA) and sent to LGC 
Genomics (Berlin, Germany) for Sanger sequencing. 
All DNA manipulations, DNA engineering and DNA 
alignments were executed via Benchling (Biology 
Software, USA).

Protein expression and purification of 
active fusion proteins

A 5.0-mL 18-h culture of the transformed E. coli BL21 
(DE3) was poured into a 2.0-L baffled Erlenmeyer flask 
filled with 0.5 L LB (or alternatively TB) and the addi-
tion of 50.0 μg/mL kanamycin. When the culture ob-
tained an optical density measured at 600 nm (OD600) 
of 0.6–0.8, protein expression was induced by addi-
tion of 1 mM IPTG. After expression (18 h at 16°C), 
E. coli were pelleted, supernatant was decanted and 
the pellet was stored at −80°C until further process-
ing. After thawing on melting ice, the pellet was re-
suspended in PBS containing 10 mM imidazole (Carl 
Roth, Germany), 1 mM phenylmethylsulphonyl fluo-
ride (Carl Roth, Germany) and 1 mM DNase I (NEB, 
USA). The E. coli suspension was then sonicated on 
melting ice and centrifuged (20,000 g, 4°C, 20 min). 
Subsequently, the supernatant was poured over a His 
GraviTrap column (Sigma-Aldrich, USA) for Ni-NTA 
chromatography. The column was washed with 10 mM 
imidazole in PBS (pH 7.4), 1 M NaCl (Carl Roth, Ger-
many) in PBS (pH 7.4) and 20 mM 2-(N-morpholino) 
ethane sulphonic acid (Carl Roth, Germany) in PBS 
(pH 6.0). Finally, the target protein was eluted from the 
column with increasing concentrations of imidazole 
(20, 50, 100, 250 and 500 mM) in PBS, each time with 
the addition of 0.5 M NaCl and 10% glycerol (pH 7.4). 
The target protein in the eluted fractions was detected 
by SDS-PAGE on a 12% polyacrylamide gel (Bio-Rad 
Laboratories, USA), stained with Coomassie brilliant 
blue (Carl Roth, Germany) and decolorized in distilled 
water. Buffer exchange and concentrating the protein 
were executed by using Pierce™ Protein Concentra-
tors PES with a molecular weight cut-off (MWCO) of 

https://pubmlst.org/organisms/streptococcus-uberis
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10 kDa (Thermo Fisher Scientific, USA). Finally, pro-
tein was filter sterilized (PVDF membrane, 0.45 μm) 
by means of a syringe filter and the protein concen-
tration was estimated by the Bradford protein assay 
(Bio-Rad, USA).

Evaluation of the enzymatic and 
antibacterial activity of active fusion 
proteins in PBS and pasteurized whole 
cow's milk

For the time-kill assay (TKA), an 18-h bacterial culture 
was pelleted (4000 g, 10 min), washed with PBS and 
diluted 1:10 for S. uberis, S. agalactiae and S. dysga-
lactiae or 1:100 for Sta. aureus in either PBS or UHT-
pasteurized whole cow's milk. For both conditions, 
100 μL was combined with an equal volume of either 
the engineered endolysin dissolved in PBS or PBS (as 
negative control) and incubated in a covered 96-well 
microtiter plate at 37°C for 2 h. The endolysin concen-
tration was low (i.e. in the range of 0.25–0.30 μM) to 
differentiate between less and better performing vari-
ants, allowing their ranking. After 1:10 serial dilution in 
PBS, 5 μL of each fraction was spotted on either TSA or 
BHI agar and incubated 18 h at 37°C. The following day, 
CFU were counted to calculate reductions in CFU/mL 
compared to the negative control. These reductions are 
presented in this work as Briggs logarithms (i.e. log10). 
The relative scores were calculated by dividing the ob-
served logarithmic reduction for each engineered en-
dolysin by the maximal logarithmic reduction observed 
for that bacterial strain under each specific condition, in 
analogy with Röhrig et al. (2020). Subsequently, these 
values were divided by 4 to arbitrarily set the maximal 
relative score of the best-performing engineered en-
dolysin within a certain condition and strain to 0.25. 
When accumulating these individual scores over the 
different strains and both conditions tested (i.e. 12 = 6 
bacterial strains × 2 conditions), the endolysin that over-
all performs superior is expected to yield the maximal 
score of 3.0 (= 12 × 0.25). The turbidity reduction assay 
(TRA) was performed as described previously (Van-
der Elst et al., 2020). In short, a 18-h bacterial culture 
was pelleted (4000 g, 10 min), washed with PBS, resus-
pended in PBS and diluted in a 1:1 ratio with PBS to 
an OD600 of approximately 1.0. Subsequently, 100 μL of 
the resuspended bacterial culture was combined with 
an equal volume of 0.6 μM endolysin in PBS (to obtain 
a final concentration of 0.3 μM) or PBS as negative con-
trol. Next, the OD600 was kinetically measured during 
1 h every 15 s at 37°C using a plate reader (Infinite 200 
PRO Tecan, Switzerland), shaking the 96-well plate be-
tween each measurement. From these measurements, 
the enzymatic activity was calculated as (ΔOD600/min)/
μM, which has been standardized for endolysins as de-
scribed previously (Briers et al., 2007).

Cell culture conditions of bovine 
mammary epithelial cells

The bovine MAC-T cell line (established 1991) (Huynh 
et al.,  1991) in passage 10–15 was grown in cul-
ture flasks at 37°C and 5% CO2 in Dulbecco's modi-
fied Eagle's medium (DMEM) with 10% foetal bovine 
serum (FBS), 0.5% insulin–transferrin–selenium and 
100 U/mL penicillin–streptomycin mix (all Gibco, USA). 
The bovine PS cell line (established 2015) (Roussel 
et al.,  2015) in passage 10–15 was grown in culture 
flasks at 37°C and 5% CO2 in advanced DMEM Ham's 
F-12 with 20 mM HEPES, 2 mM glutamine, 100 U/mL 
penicillin–streptomycin mix (all Gibco, USA), 1 μg/mL 
hydrocortisone 21-hemisuccinate, 5 ng/mL epider-
mal growth factor (both Sigma-Aldrich, USA), 10 ng/
mL insulin-like growth factor-I and 5 ng/mL fibroblast 
growth factor (both Peprotech, France). Cell cultures 
were routinely checked for bacterial and mycoplasma 
contamination, by plating cell culture media on Colum-
bia blood agar plates (VWR, Belgium) and by means 
of a PlasmoTest (InvivoGen, USA) respectively. After 
washing with Dulbecco's PBS (dPBS), cells were har-
vested using 0.25% trypsin–ethylenediaminetetraacetic 
acid (Sigma-Aldrich, USA), which was inactivated once 
the cells were detached from the culture flask by add-
ing an equal volume of 20% FBS in dPBS. Cells were 
centrifuged (200 g for 5 min), resuspended in cell cul-
ture medium, counted by means of a Bürker cham-
ber and seeded (ratio 1:3 and 1:5 for MAC-T and PS 
respectively).

Intracellular detection of the top 
candidate engineered endolysin by 
immunofluorescence analyses

Bovine MAC-T cells in cell culture medium were 
seeded in a glass four-chamber slide (Novolab, 
Belgium) at 50,000 cells/chamber. BoMECs were 
grown to 90%–100% confluency and cell culture me-
dium was replaced by pre-warmed NC5 in DMEM 
(buffer exchange performed at 4–8°C by means of a 
Pierce™ Protein Concentrator PES 10 kDa MWCO), 
followed by incubation during 1 h at 37°C and 5.0% 
CO2. DMEM alone served as the negative control. 
Following incubation, the supernatant was aspirated 
and cells were washed 5× with pre-warmed dPBS. 
Subsequently, MAC-T cells were fixed and permeabi-
lized on chamber slides by means of an inside stain 
kit (Miltenyi Biotec, the Netherlands). Primary anti-
body, being rabbit monoclonal IgG anti-hexa-histidine 
(Abcam, the Netherlands) was administered to the 
fixed cells at 1:100 in inside perm solution (IPS) and 
allowed to bind at 22°C during 1 h. Next, cells were 
washed 3× with IPS and treated at 22°C for 30 min 
with IPS containing 2 μg/mL Hoechst 33342 (Thermo 
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Fisher Scientific, USA), 1:1000 Phalloidin-iFluor 594 
and 1:200 AlexaFluor 488-labelled goat monoclo-
nal IgG anti-rabbit (both Abcam, the Netherlands), 
all diluted in IPS. Finally, cells were washed 3× with 
IPS and mounted on a cover slide using anti-fading 
glycerol mounting medium with DABCO (Abcam, the 
Netherlands). Cells were visualized using the Leica 
DMI8 and Leica TCS SP2 microscopes (Leica Mi-
crosystems GmbH, Germany).

Intracellular antibacterial activity of the 
top candidate engineered endolysin

Bovine MAC-T and PS cells were seeded in a 24-well 
plate at 50,000 cells/well in their culture media and 
supplemented with 25 μg/mL calf skin collagen type 
I (Sigma-Aldrich, USA). The latter was solubilized in 
0.1 M acetic acid. When the BoMECs reached 90%–
100% confluency, culture media were aspirated and 
BoMECs were washed 3× with dPBS to remove re-
sidual penicillin–streptomycin mix. An 18-h culture of 
a clinical S. uberis isolate with predetermined intracel-
lular invasion activity in BoMECs (i.e. clinical S. uberis 
5 in Table  3) was pelleted (4000 g, 10 min), washed 
with dPBS and resuspended in an equal volume of 
pre-warmed cell culture media without the addition 
of penicillin–streptomycin mix. Subsequently, 0.5 mL 
thereof was incubated per well during 3 h at 37°C to 
allow intracellular invasion. Culture media containing 
S. uberis were thereafter aspirated from the BoMECs, 
1:10 serially diluted and plated as described earlier to 
determine the number of extracellular bacteria. Cells 
were again washed 3× with dPBS and 0.5 mL of pre-
warmed cell culture media was added with 200 μg/mL 
gentamicin (Sigma-Aldrich, USA) and incubated during 
3 h at 37°C to kill remaining extracellular and adherent 
S. uberis. Next, the gentamicin-containing cell culture 
media were aspirated from the BoMECs and plated on 
BHI agar to evaluate if the extracellular S. uberis were 
indeed successfully killed. Thereafter, BoMECs were 
again 3× washed with dPBS and a final concentration 
of 2.5 μM of pre-warmed NC5 in 0.5 mL cell culture 
media without penicillin–streptomycin mix was added 
to each well during 1 h to eradicate the intracellular 
bacteria. Buffer exchange was performed as described 
earlier. Subsequently, cells were 3× washed with dPBS 
and detached from the wells by trypsinization as de-
scribed earlier. Their viability was evaluated by trypan 
blue staining (Sigma-Aldrich, USA). Cells were pelleted 
and resuspended in dPBS containing 0.1% Triton X-100 
to lyse the BoMECs and release intracellular S. uberis. 
Subsequently, this lysate was 1:10 serially diluted in 
dPBS, plated on BHI agar and incubated during 18 h at 
37°C to determine the amount of intracellular bacteria 
the next day. Additional controls were included to eval-
uate robustness of the assay and consisted of MAC-T 

which were not challenged with S. uberis, as well as 
S. uberis in the absence of MAC-T.

Streptococcus uberis biofilm growth, 
characterization and eradication

Biofilms were grown by transferring mid-log phase 
(OD600 = 0.6) S. uberis (i.e. subclinical S. uberis 1; 
Table  3) grown in BHI containing 0.25% α-d-glucose 
(Thermo Fisher Scientific, USA) to a Nunclon delta-
treated, U-shaped bottom 96-well microplate (Thermo 
Fisher Scientific, USA). This plate was incubated for 
21–24 h in a box containing a wet tissue to prevent dry-
ing out. Subsequently, media and planktonic cells were 
removed and 1.5 μM of endolysin was allowed to eradi-
cate the biofilms during 2 h and 30 min at 37°C on a 
shaker at 120 rotations per minute (rpm). Biofilm char-
acterization was performed by proteinase K (100 μg/mL 
in 100 mM NaCl and 20 mM tris; pH 7.5) (Thermo Fisher 
Scientific, USA), DNase I (100 μg/mL in 150 mM NaCl, 
1 mM CaCl2 and 20 mM Tris; pH 7.5) (Sigma-Aldrich, 
USA) or NaIO4 (10 mM in 50 mM sodium acetate buffer; 
pH 4.5) (Sigma-Aldrich, USA) treatment for 1 h on a 
shaker at 120 rpm and 37°C. Biomass was fixated with 
100% ethanol (Thermo Fisher Scientific, USA) and 
stained with 0.1% crystal violet (Sigma-Aldrich, USA), 
5% methanol and isopropanol (Thermo Fisher Scien-
tific, USA) in PBS. Triple washing with PBS by inverting 
the plate was executed before solubilizing the stained 
biomass in 30% acetic acid (Chem-Lab, Belgium). 
OD590 nm was measured using a CLARIOstar Plus plate 
reader (BMG Labtech, the Netherlands). Logarithmic 
reductions were determined by scraping biomass from 
the wells with a sterile tooth picker followed by resus-
pension in PBS, which was subsequently serially di-
luted and spotted on BHI agar. CFU/mL were counted 
after 18 h incubation at 37°C.

Antibacterial activity in raw cow's milk

Raw cow's milk samples from infected dairy cows that 
yielded a monoculture for S. uberis were supplied by 
the Milk Control Center Flanders. Upon arrival after 
transport at 4°C, the milk was immediately 1:10 serially 
diluted in PBS and plated on BHI agar as described 
earlier. After incubation during 18 h, this allowed (i) to 
critically evaluate the uniformity of colony morphology 
for S. uberis, (ii) to confirm the isolates to be S. uberis 
by picking one of these uniform colonies for MALDI-
TOF MS analysis and (iii) to determine the S. uberis 
load in the milk samples. Only if samples had >105 log10 
CFU/mL S. uberis and no other microorganisms were 
observed, they were included in this assay. If needed, 
the raw milk was incubated during 8 h at 37°C to ar-
tificially increase S. uberis CFUs. Next, triplicates of 
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160 μL mastitic milk were supplemented in a 96-well 
microtiter plate with 40 μL of either dPBS, 2.5 μM NC5 
in dPBS, 250 μg/mL cloxacillin sodium in dPBS (Sigma-
Aldrich, USA) or a combination of the two latter (i.e. 
the combination therapy). This resulted in final concen-
trations of 0.5 μM and 50 μg/mL of NC5 and cloxacil-
lin sodium in 4:5 diluted mastitic milk respectively. This 
mixture was incubated at 37°C and at every 2 h time 
interval, 20 μL was transferred from each well to 180 μL 
dPBS, serially diluted in a 1:10 ratio and plated on BHI 
agar as described earlier. Plates were incubated dur-
ing 18 h at 37°C and CFU/mL were calculated the next 
day. Undiluted mastitic milk was always pipetted with 
ClipTip pipette tips (Westburg, the Netherlands) due to 
high viscosity.

Statistics

Data were analysed using GraphPad Prism (version 
9.5.1) to calculate p values and determine statistically 
significant differences (p < 0.05). The data obtained 
from the high-throughput screening and hit-to-lead 
selection by the halo-based assay were analysed 
as a binomial distributed dataset. The occurrences 
of observed tiles at their predetermined position in 
each design were compared to an expected distribu-
tion, to assess if they differed significantly or not. A 
Bonferroni correction for multiple comparisons was 
included. Other data were analysed as normally 
distributed datasets, which was confirmed by an 
Anderson–Darling test or by quantile–quantile plot-
ting the residuals. If needed, data underwent a log10 
transformation, leading to a normal distribution of the 
data with equal variances. Two groups were com-
pared with unpaired, two-tailed t tests, and multiple 
groups with analysis of the variance (ANOVA) and a 
Bonferroni post hoc test.
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