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Abstract 

Dairy industries apply selected lactococcal strains and mixed cultures to produce diverse fermented products 
with distinctive flavor and texture properties. Innovation of the starter culture functionality in cheese applications 
embraces natural biodiversity of the Lactococcus species to identify novel strains with alternative flavor or texture 
forming capacities and/or increased processing robustness and phage resistance. Mobile genetic elements (MGE), 
like integrative conjugative elements (ICEs) play an important role in shaping the biodiversity of bacteria. Besides 
the genes involved in the conjugation of ICEs from donor to recipient strains, these elements also harbor cargo genes 
that encode a wide range of functions. The definition of such cargo genes can only be achieved by accurate iden-
tification of the ICE boundaries (delimiting). Here, we delimited 25 ICEs in lactococcal genome sequences with low 
contig numbers using insertion-sites flanking single-copy core-genome genes as markers for each of the distinct 
ICE-integrases we identified previously within the conserved ICE-core genes. For ICEs in strains for which genome 
information with large numbers of contigs is available, we exemplify that CRISPR-Cas9 driven ICE-curing, followed 
by resequencing, allows accurate delimitation and cargo definition of ICEs. Finally, we compare and contrast the cargo 
gene repertoire of the 26 delimited lactococcal ICEs, identifying high plasticity among the cargo of lactococccal ICEs 
and a range of encoded functions that is of apparent industrial interest, including restriction modification, abortive 
infection, and stress adaptation genes.
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Introduction
Lactococcus lactis serves as a paradigm representative of 
the lactic acid bacteria, and is used in the dairy indus-
try for the production of cheese and buttermilk [1]. The 

main function of L. lactis in the dairy fermentation pro-
cess is the rapid acidification of milk by the conversion 
of the milk sugar lactose to lactic acid, which extends the 
shelf life of the product. In addition, fermentation by L. 
lactis adds important texture and flavor characteristics to 
the fermentation end-product. The applicability of indi-
vidual strains of L. lactis depends on their performance 
during the entire process from starter culture production 
to their final application in dairy products. Robustness 
during starter culture production and processing condi-
tions is critical for the applicability of a particular strain 
[2]. Moreover, reproducible performance of the starter 
culture in cheese applications conditions, including rapid 
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milk acidification and (long-term) ripening, is required to 
obtain products with consistent flavor and texture prop-
erties [3]. In addition, application of dairy starter cultures 
is continuously challenged by bacteriophage predation, 
which may cause failure of production batches [4].

There is a strong impetus to harness the natural bio-
diversity of the Lactococcus genus to develop innova-
tions in robustness, flavor, and shelf-life of the fermented 
products. Functional differences of strains that are based 
on core-genome functions present in all strains of the 
species are predominantly determined by variations in 
strain-specific gene expression levels, but do not encom-
pass functions that are specific to a particular strain, 
which is often referred to as the ‘variome’. Mobile genetic 
elements (MGE) play an important role in shaping the 
variome of bacterial strains. MGEs that can readily be 
transferred from one strain to another by mating and 
conjugation include plasmids and integrative conjugative 
elements (ICEs). These MGEs can harbor functions that 
are of importance for industrial application and may be 
critical for strain adaptation to, and fitness in the dairy 
environment [5–7]. For example, functions that have 
been reported to be encoded by plasmids include those 
that accelerate growth in the protein-rich dairy environ-
ments, such as extracellular proteases and oligopeptide 
transport systems (Opp), as well as the lactose utilization 
pathway involved in the efficient fermentation of lactose 
[8–10]. Similarly, several industrially important traits of 
L. lactis are encoded by ICEs, including the production of 
the bacteriocin nisin that can protect against food spoil-
age by other bacteria [11, 12], which is co-localized with 
the genes involved in sucrose utilization on the ICE des-
ignated Tn5276 [12]. Another example is Tn6098 which 
encodes the capacity to utilize raffinose [13], allowing L. 
lactis strains harboring this ICE to ferment substrates 
containing this carbon source, e.g., soy. The ICE-encoded 
genes that provide these phenotypes belong to the vari-
able region of ICEs that are not predicted to play a role in 
the mobilization and transfer of ICEs, and are commonly 
referred to as ICE- ‘cargo’.

ICEs are commonly present in a subset of strains and 
are therefore not part of the core-genome of the species. 
They are typically integrated in, and replicate passively 
within the replicative cycle of their host’s chromo-
some, ensuring their maintenance in their host’s prog-
eny through vertical transfer. However, ICEs encode the 
capacity for excision from the host chromosome, leading 
to a circularized, extra-chromosomal form of the ICE. 
Following excision, ICEs can express a dedicated conju-
gation machinery that allows their transfer to a nearby 
and compatible recipient cell, a process termed horizon-
tal transfer [14]. Notably, in their integrated state, ICEs 
do not express the functions involved in conjugal transfer, 

indicating that excision is a perquisite for the initiation of 
the conjugation process [15]. Transcription of the ICE-
encoded genes that are involved in excision, including the 
integrase, has been proposed to be triggered by specific 
environmental or bacterial physiology conditions. For 
example, the recA dependent SOS response in ICE host-
ing cells [16], cell–cell signaling via quorum sensing to 
detect the presence of potential acceptor cells [17], and 
stationary phase of growth specific sigma factors [18], 
have been associated with the activation of ICE excision. 
However, ICE excision could also result from stochastic 
gene expression bistability, as has been described for bet-
hedging strategies [19].

The insertion in, and excision from, the bacterial host’s 
chromosome is facilitated by the ICE-encoded integrase, 
which commonly belongs to the tyrosine recombinase 
protein family [20, 21]. The insertion-site specificity is 
determined by the active site of the integrase, which 
recognizes specific attachment locations on the bacte-
rial chromosome (attB) [22]. These attB sites are often 
located inside or in close proximity to tRNA encod-
ing genes [23], which ensures successful integration in a 
variety of bacterial host strains due to the high degree of 
conservation of these integration loci. Recognition of the 
attB site is driven by the presence of an identical attach-
ment site (attP) on the excised ICE, which facilitates their 
recombination that leads to the chromosomally inte-
grated form of the ICE that is flanked by two identical 
copies of the attachment site (attL and attR). Recombina-
tion of the attL and attR site by the integrase during ICE 
excision generates the extrachromosomal and circular 
ICE form, leaving a single attB site behind in the chro-
mosome, which has been referred to as excision ‘scar’. 
Excision triggering as well as the capacity for conjugal 
transfer and the acceptor host range may vary consid-
erably between ICEs, which will not be further detailed 
here, as the overall biology of ICEs has previously been 
reviewed [15].

The presence of ICEs in bacterial chromosomes can 
be investigated by the detection and recognition of con-
served ICE functions (ICE-core) that play critical roles 
in the ICE lifecycle, including excision, conjugation and 
integration [24]. However, recognition of the ICE asso-
ciated cargo genes is far from trivial, as delimitation of 
the ICE cannot be based on conserved genetic features 
that are associated with the 5’- and 3’-end of the ICE. The 
dual presence of identical att sites marking the bounda-
ries of an integrated ICE should in theory allow for cor-
rect delimitation, however the variety in attachment site 
length, base pair composition and exact location is chal-
lenging in silico detection. Therefore, the precise detec-
tion of the boundaries of ICEs to determine their cargo 
remains a challenge.
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In this study, we employed different strategies to 
achieve delimitation of ICEs in lactocccal genomes, 
allowing the definition of the cargo of 26 lactococcal 
ICEs. Using comparative genomics, 7 chromosomal 
ICE-insertion sites could be established that are largely 
conserved among strains of L. lactis and appear to 
reflect the target sites for the 7 integrase families recog-
nized to be encoded by these ICEs [24]. Furthermore, 
we illustrate ICE delimitation strategies using compara-
tive genomics or previously established CRISPR-Cas9 
based ICE-curing [25] in strains for which genome 
information is available with low and high numbers of 
contigs, respectively. Taken together, our findings ena-
ble the effective delimitation of 7 distinctive ICE groups 
in L. lactis and cargo analysis of these ICEs identified a 
range functions of potential industrial interest. Impor-
tantly, the cargo of these distinctive ICE groups differed 
considerably, underpinning the high genetic plasticity 
and dynamic nature of these MGEs, which is in agree-
ment with the high number of transposases (or their 
remnants) that are encoded in the ICE-cargo region.

Materials and methods
Bacterial strains and culturing conditions
The strains and their genome sequence-identifiers used 
in this study are listed in Table  1. L. lactis strains were 
grown at 30  °C without agitation in M17 medium (Trit-
ium, Eindhoven, The Netherlands) routinely supple-
mented with 1% (wt/vol) glucose (Tritium, Eindhoven, 
The Netherlands). Erythromycin was added when appro-
priate at a final concentration of 10 μg/ml.

DNA extraction methods
PCR-grade chromosomal DNA was isolated by using 
InstaGene™ Matrix (Bio-rad, Veenendaal, The Nether-
lands). DNA for whole genome sequencing was isolated 
with a Promega Maxwell™ system, using standard proto-
cols provided with the Promega Maxwell™ DNA Purifi-
cation Kit (Promega, Leiden, The Netherlands).

ICE delimitation via comparative genomics
The ICE delimitation procedure was initiated by identi-
fying the first int-neighboring single-copy gene belong-
ing to the species’ core-genome (int flanking core-gene) 
[26]. To identify the single-copy core-gene that flanks the 

Table 1  Lactococcal strains used in this study. These were shown to containing a putative ICE [24]

Genus (Sub-)species Strain Isolation source Nr contigs Assembly Reference

Lactococcus lactis KF147 Mung bean sprouts 2 GCA_000025045.1  [55]

Lactococcus lactis 184 Dairy isolate 7 GCA_002078395.2  [7]

Lactococcus lactis G423 Protoplast shuffling 1 GCA_002804285.1  [55]

Lactococcus lactis KF67 Grapefruit juice 110 GCA_001456545.1  [56]

Lactococcus lactis CV56 Human isolate 6 GCA_000192705.1  [57]

Lactococcus lactis IO-1 Drain water 1 GCA_000344575.1  [58]

Lactococcus lactis V4 Raw sheep milk 2 GCA_032586255.1  [24]

Lactococcus lactis A12 Sourdough 5 GCA_900088425.1  [59]

Lactococcus lactis N42 Soil and grass 6 GCA_032464835.1  [24]

Lactococcus lactis KF146 Alfalfa and radish sprouts 2 GCA_032464735.1  [24]

Lactococcus lactis AI06 Açaí palm 1 GCA_000761115.1  [60]

Lactococcus cremoris JM1 Dairy isolate 8 GCA_002078895.1  [7]

Lactococcus lactis KLDS 4.0325 Koumiss 7 GCA_000479375.3  [61]

Lactococcus lactis 229 Dairy isolate 6 GCA_002078415.1  [7]

Lactococcus lactis 275 Dairy isolate 5 GCA_002078435.1  [7]

Lactococcus lactis FM03 Dairy isolate 8 GCA_002148215.1  [62]

Lactococcus lactis UC06 Dairy isolate 4 GCA_002078975.1  [7]

Lactococcus lactis UC77 Dairy isolate 3 GCA_002078615.1  [7]

Lactococcus lactis NCDO2118 Frozen Peas 2 GCA_000478255.1  [63]

Lactococcus lactis 14B4 Almond drupes 2 GCA_003176835.1  [64]

Lactococcus lactis ML8 Dairy starter 4 GCA_032464785.1  [24]

Lactococcus lactis UL8 Dairy isolate 4 GCA_002078855.1  [7]

Lactococcus cremoris MG1363 Dairy isolate 1 GCA_009661975.1  [65]

Lactococcus lactis IL1403 Dairy isolate 1 GCA_003722275.1  [66]

Lactococcus M1734.1 Artisanal cheese 127 GCA_007109175.1 unpublished
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other boundary of the ICE, the int flanking core genes 
were mapped in the ICE-deficient L. lactis MG1363 
genome and used for identification of its first neighbor-
ing single-copy core-gene in the direction where the ICE-
encoded int was located in the ICE containing strain. 
These predicted ICE flanking single-copy core-genes 
was subsequently mapped in the chromosome of the 
ICE-containing strain to determine the genetic distance 
between the ICE flanking core genes in that strain to 
estimate the length and genetic content of the ICE. This 
synteny-driven procedure successfully identified the two 
core-genome functions that flank each of the 7 previ-
ously identified [24] int-discriminated ICE groups (Sup-
plemental table ST1), and provides the genetic markers 
for the approximate delimitation of these ICEs, as well 
as the definition of their cargo in different strains. Since 
the approach used depends on conserved synteny of the 
ICE insertion loci, there can be specific strains where this 
approach fails to delimit their ICEs even if they belong to 
one of the distinct int-associated ICE groups. To obtain 
an inventory of all genes encoded by the delimited lacto-
coccal ICEs, parsed genbank files were generated. Map-
ping of the two core-genes that were predicted to flank 
the ICE present in each of these genomes was used to 
assess the length of the ICE and extract the delimited 
ICE-locus, and ICE encoded genes were subsequently 
predicted and annotated with Prokka using default 
parameters [27], and ICE-cargo gene content was com-
pared by BlastP (Supplemental file ICE-gb.zip). Further 
investigation of the selected cargo genes was performed 
using the conserved domain database hosted on the 
NCBI server [28]. Genome synteny dot plots were gen-
erated using the Gepard software tool with standard set-
tings, and the images exported [29].

ICEKF67 curing and delimitation in L. lactis KF67
To obtain an ICEKF67 deficient derivative of strain L. 
lactis KF67, a previously described CRISPR-Cas9 based 

curing approach was employed [25]. A short guide 
RNA (sgRNA) was designed to target a locus within 
the ICEKF67 and the corresponding annealed-oligonu-
cleotides SG1 and SG2 were hybridized and (Table  2) 
ligated into Eco31I-digested pLABTarget [25]. The liga-
tion mixture was transformed by electroporation [30] 
to L. lactis MG1363 as an intermediary cloning host 
that lacks the target sequence of the sgRNA. Upon 
recovery after electrotransformation, L. lactis cells 
were grown in recovery medium (M17, supplemented 
with 1% glucose, 200  mM MgCl2, and 20  mM CaCl2) 
[30]. The resulting colonies were used as templates in 
a colony-PCR using primers SG1 and SG3. One col-
ony representing the anticipated amplicon profile was 
used for isolation of pLABTarget-KF67 using GeneJET 
Plasmid Miniprep Kit (ThermoFisher Scientific, Breda, 
Netherlands), followed by transformation of the plas-
mid to electrocompetent KF67 cells [30]. The colonies 
obtained were anticipated to be ICEKF67 deficient deriv-
atives of L. lactis KF67, which was verified by detection 
of the excision scar left behind by the excised ICEKF67, 
as well as by the absence of the integrase encoded by 
the ICEKF67, by PCR using primer pairs P1 + P2 and 
P1 + P3, respectively (Table  2). Two ICEKF67-deficient 
isolates of L. lactis KF67 were subjected to whole 
genome sequencing using the ILMN Nextera XT 
library prep kit and sequenced on an Illumina NovaSeq 
6000 platform (Baseclear BV, Leiden, The Netherlands). 
To determine ICEKF67 associated sequences, assembled 
contigs obtained for the ICEKF67-deficient strain were 
mapped to the original L. lactis KF67 contigs, to iden-
tify contigs that were absent from the ICEKF67 cured 
strain. This procedure identified two L. lactis KF67 con-
tigs (contig_8 and contig_14) that are partially absent in 
the ICEKF67-deficient derivatives, thereby exactly defin-
ing the ICEKF67 sequence (39,264  bp) by their absence 
from the ICEKF67-deficient derivative. Moreover, the 
contig comparison also confirmed the scar region left 

Table 2  Plasmid and oligonucleotides used in this study for the curing and verification of ICEKF67

Plasmid Relevant feature(s) or sequence Source or 
reference

pLABTarget EmR: pIL253 derivative harboring constitutively expressed Cas9 
and a synthetic sgRNA expression handle

[25]

Primers

  SG1 TGA​TGA​CTA​TCT​CGT​TGT​CAT​ATA​ KF67 sgRNA FW

  SG2 AAA​CTA​TAT​GAC​AAC​GAG​ATA​GTC​ KF67 sgRNA REV

  SG3 TTG​AAG​AAC​CCG​ATT​ACA​TGG​ pLABTarget insert check REV

  P1 TGC​CGG​CAT​CAT​TCT​ACT​CA KF67 left core FW

  P2 CAA​CAT​CTT​TGA​CCA​TCG​TC KF67 right core REV

  P3 ATT​ACA​AGG​AGA​GCT​GAA​GCGG​ KF67 int REV
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behind in the ICEKF67-deficient derivatives following 
the excision of ICEKF67.

Gene map image generation
All gene map images were generated using EasyFig [31], 
and whole genbank comparison pBLAST were per-
formed using the automated feature from Easyfig.

Results
Lactococcal ICEs can be delimited in silico by identifying 
and using conserved integration sites
Previously we identified and classified a set of conserved 
ICE genes in the lactococcal genomes, identifying 7 dis-
tinct integrases in candidate lactococcal ICEs that were 
detected in the genome of more than one strain. Moreo-
ver, the same study confirmed that the integrase encod-
ing int genes were consistently localized at the end of 
the ICE region [24]. Since integrases play a key-role in 
ICE excision and integration, these distinct integrases 
are predicted to correspond to 7 distinct chromosomal 
integration sites. However, complete ICE delimitation 
necessitates the localization of the 5’- and 3’-boundaries 
represented by att sites. For the delimitation of the 7 ICE 
groups, we selected 20 L. lactis strains in which 27 can-
didate ICEs were previously identified [24] and for which 
genome data were available that assembled into low con-
tig numbers (Table  1). This set of strains encompasses 
several representatives of each of the integrase-classified 
ICEs [24]. Since ICEs are commonly only present in a 

subset of strains, the ICE-encoded genes do not belong 
to the core-genome of the species. Therefore, exploit-
ing the notion that the integrase encoding gene (int) is 
located close to, or directly flanking the end of the ICE-
region [32] was used to detect the first int-neighboring 
lactococcal gene belonging to the species’ single-copy 
core-genome (int flanking core-gene) [26]. This step 
identified distinct single-copy core-genes that consist-
ently flanked each of the 7 int genes that were previously 
recognized in the ICE-containing strains [24]. This find-
ing supports the role of the integrase function in site 
specific integration and corroborates the accuracy of the 
previously reported classification of the lactococcal inte-
grases into 7 groups. One exception was observed for 
strain L. lactis KF146 that contains two candidate ICEs, 
of which ICEKF146_2 encodes a group 3 integrase (Sup-
plemental table ST1) that is flanked by a different single-
copy core-gene (llmg_0350, KF146_01199) as compared 
to the other members of this group, indicating that this 
group 3 lactococcal ICE inserted at a different location in 
the L. lactis KF146 chromosome. Interestingly, 3 of the 
7 identified conserved integration sites are adjacent to a 
tRNA gene (Fig. 1A). The int-flanking core gene was used 
to identify the first neighboring core-gene in the genome 
of ICE-deficient strain L. lactis MG1363 (in the direction 
across the int-gene of the ICE), to obtain an approximate 
delimitation of the chromosomal position of the inte-
grase-specific ICE groups on basis of the flanking core-
genes. This analysis yielded 7 integrase-specific ICE attB 

Fig. 1  Conserved ICE integration locations in MG1363. A Single-copy core-genome genes flanking the discriminated integrase (int) groups ICE 
insertion sites. B Distribution of the int-determined insertion locations across the ICE-deficient MG1363 chromosome
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locations (Fig.  1A) which we mapped on the MG1363 
genome (Fig. 1B).

The genomic distance between the 7-pairs of ICE-
flanking core-genome genes was subsequently deter-
mined in each of the ICE-containing strains and 
compared to their distance in the ICE-deficient MG1363. 
This analysis revealed that the difference in genomic dis-
tance between the 7-pairs of ICE-flanking core genes in 
25 (out of 27) ICE-containing genomic loci was between 
27 and 90  kb enlarged relative to the distance observed 
in strain MG1363, which is in agreement with the com-
monly observed length of ICEs in various bacteria [20], 
suggesting that this approach is able to accurately delimit 
the large majority of the lactococcal ICEs in genome 
assemblies that have low numbers of contigs. Following 
this delimitation analysis, ICEs can readily be visualized 
by genome comparison between close relative strains, 
as is exemplified by the alignment of the ICE insertion 
locus in ICE-containing L. lactis KLDS 4.0325 (ICEKLDS) 
with its close relative L. lactis M1734.1 that has no ICE 
inserted in this location (Fig. 2).

The two ICEs where strongly deviating estimated ICE 
lengths were predicted using the approach above were 
ICEKF146_2 and ICEV4 (Supplemental Table ST1). For 
ICEKF146_2 this was anticipated based on the observation 
that this ICE integrated at another position in the chro-
mosome compared to the other members of the lacto-
coccal group 3 ICEs (see above). The predicted distance 
of the flanking core-genes of group 2 lactococcal ICE in 
strain L. lactis V4 was larger than 1.3 Mb, which is hugely 
exceeding the expected ICE-size. This observation could 
be explained by comparative analysis of the V4 genome 
with that of L. lactis IL1403, revealing a large genomic 
inversion and loss of synteny precisely at the location 
where the ICEs of this family were predicted to be located 
(Supplemental figure SF1). This finding indicates that the 
assumed local genomic synteny that underlies this ICE 
delimitation strategy is confirmed for the vast majority of 
the L. lactis strains, but at the same time highlights that 
this local genomic synteny is a prerequisite for the suc-
cessful application of the delimitation-analysis.

The ICE-flanking single-copy core-gene approach only 
succeeds to delimit ICEs in strains for which a genome 
assembly with relatively low contig numbers is available. 

Previously we also identified 36 candidate ICEs in 29 L. 
lactis strains for which only draft genome sequences (i.e., 
characterized by high numbers of contigs; > 100 contigs) 
were available [24]. Analysis of the contigs that encode 
the ICE-associated int confirmed that the chromosomal 
genes flanking these int genes consistently were the iden-
tified single-copy core-genome genes associated with the 
int-grouping, corroborating the int-determined inser-
tion site-preference described above. However, delimit-
ing the ICEs in these draft genomes failed since the ICE 
associated genes consistently were spread over more 
than one contig, which is most likely due to the preva-
lence of repetitive sequence elements in ICEs (e.g., trans-
posase encoding genes; see below) that are known to 
lead to contig-breaks in genome sequence assemblies. To 
illustrate this, we employed the ICE-flanking core gene 
approach to identify the two contigs that encode these 
genes in the draft genome of L. lactis KF67 that contains 
the group-1 ICEKF67 (Contig_8 and Contig_14). This indi-
cates that draft genome sequence information can still be 
used to confirm the insertion site of an ICE, based on the 
group-classification of the int gene it encompasses, but 
does not allow ICE delimitation, especially in low-cover-
age genomes encompassing many contigs.

CRISPR‑Cas9 ICE‑curing and re‑sequencing enables ICE 
delimitation
The analysis above showed that ascertaining the genetic 
content of ICEs in draft genomes is not successful. 
Therefore, we proceeded to delimit the group-1 ICE in 
L. lactis KF67 (i.e., ICEKF67) using an experimental cur-
ing approach. Based on the confirmation that ICEKF67 
is inserted at the typical group-1 ICE location in the 
chromosome, we defined primers for the PCR-based 
detection of its inserted, chromosomal localization 
(establishing the chromosome-int genetic linkage) as 
well as its excised, circularized state (emergence of the 
chromosomal ICE- ‘scar’) (Fig. 3A). These two stages of 
the ICE lifecycle are anticipated to co-exist in a culture, 
although the relative abundance of the subpopulation in 
which the ICE in its excised state is commonly present 
in low abundance (data not shown). Chromosomal DNA 
obtained from an overnight culture of L. lactis KF67 
allowed the PCR detection of both life-cycle stages of the 

Fig. 2  Example alignment of the group 5 insertion region. Comparing an ICE carrying L. lactis strain (KLDS 4.0325) and a non-carrying close relative 
L. lactis strain (M1734.1), illustrating the precise detection of the ICE insertion sequence (att)
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ICEKF67 (Fig. 3B), confirming that it can be mobilized in 
this strain at a detectable level. Subsequently, we trans-
formed L. lactis KF67 with a plasmid that encodes the 
Cas9 endonuclease and a sgRNA that targets the ICEKF67 
sequence (LKF67_0087) (pLABTarget [25] derivative). 
Previous work established that sgRNA guided Cas9 tar-
geting of a chromosomally located sequence induces 
a dsDNA break, which is lethal for most bacteria [33, 
34]. Targeting of an extrachromosomal sequence leads 
to loss of the element containing this target while leav-
ing the chromosome unaffected [25]. This principle was 
used to select for a subpopulation in which the ICEKF67 
was in its excised extrachromosomal state (Fig.  3A). 
Transformation of L. lactis KF67 with the ICEKF67 target-
ing pLABTarget-KF67 vector yielded a strongly reduced 
(> 100-fold) number of transformants as compared to 
the transformation with the corresponding pLABTarget 
empty vector, which is in agreement with the anticipated 
elimination of the cells in which ICEKF67 was chromo-
somally integrated [35, 36]. The selective survival of 
L. lactis KF67 derivatives from which the ICEKF67 had 
been cured was confirmed by PCR-detection of the ICE- 
‘scar’ in combination with the failure to detect the ICE 
encoded int gene. Two colonies displaying the ICEKF67 
cured amplicon profile were subjected to whole genome 
sequencing (Fig. 3C).

The sequence information obtained was mapped to the 
L. lactis KF67 (containing ICEKF67) genome, establish-
ing that part of the previously assembled contigs 14, and 
8 were missing, and indicating that these contigs con-
tain parts of the ICEKF67. Importantly, no further contigs 
from the L. lactis KF67 draft genome assembly appeared 

to be absent in the newly obtained sequence informa-
tion, nor were genetic regions detected in the cured vari-
ant that were not represented in the contigs of the KF67 
draft genome. Moreover, the sequence data obtained 
for the cured derivatives of L. lactis KF67 contained the 
predicted scar sequence region that would result from 
ICEKF67 excision, confirming the accuracy of the excision 
prediction based on the ICE-flanking single-copy core-
gene approach. These findings indicate that the two iden-
tified contigs (8 and 14) contain the complete ICEKF67, 
demonstrating that the in silico detection of ICE-asso-
ciated contigs using the flanking single-copy core-genes 
combined with resequencing of an experimentally cured 
derivative enables the delimitation and subsequent cargo 
definition of the ICE.

Comparative analysis of lactococcal ICEs reveal high 
degree of cargo region plasticity
Comparative analysis of the 27 delimited ICE sequences 
confirmed the substantial variation in ICE-size (Table 3) 
that we predicted on basis of the flanking core-genome 
marker genes. Moreover, the analysis also revealed that 
several ICEs are very closely related or even identical. For 
instance, L. lactis ML8 and UL8 harbor identical group 
7 ICEs, possibly reflecting a recent conjugal transfer 
event between these strains or these strains have recently 
derived from a common ancestor harboring this ICE. 
The latter scenario appears to be supported by genome 
comparison that confirms the close relatedness of the 
ML8 and UL8 strains (NCBI genome phylogeny, data not 
shown).

Fig. 3  Visual representation of experimental design to verify ICE activity. A The ICE can exists in two configurations in a culture: inserted 
and excised. The arrows represent oligonucleotides used in PCR reactions to verify the presence of both states. The red triangle indicates 
the location of Cas9 targeted curing. B Gel electrophoreses image of the PCR-products used for the detection of the inserted and excised 
coexisting forms of the ICEKF67 in an exponentially growing KF67 culture. C Gel electrophoresis image of the PCR-products used for the detection 
of the inserted (not detected, upper panel) and excised (consistently detected, lower panel) in colonies obtained after Cas9 targeting of the KF67 
ICE. In all four colonies the loss of the ICEKF67 in these colonies is confirmed
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The conserved modular genetic make-up of ICEs 
allowed us to differentiate the canonical ICE functions 
that are involved in excision, transfer and integration 
[24] from those that are considered as ICE- ‘cargo’. Cargo 
analysis revealed that the ICEs belonging to group 7 con-
sistently encoded the smallest cargo region (4–16  kb), 
whereas group 6 ICEs consistently encoded the largest 
cargo (19–62 kb). The genes detected in the cargo regions 
of all ICEs were annotated and subjected to comparative 
analysis, which initially focused on the ICEs of group 6 
because their cargo regions were the largest and may dis-
play the largest degree of variation. Full-length alignment 
of the group 6 ICEs immediately revealed the high-level 
conservation and terminal-localization of the conserved 
ICE-lifecycle machinery functions (assigned as ICE-core 
functions in Fig. 4), with a deletion of 4 genes in ICE184_1. 
It remains unclear whether this deviation in ICE184_1 
relative to its group members has any functional conse-
quences and may render this ICE non-mobile or conju-
gation incompetent. Moreover, this analysis also revealed 
that ICE229 and ICEUC77 in strains L. lactis 229 and UC77 
are identical, reiterating either a recent transfer event 
or a recent shared ancestor. Finally, the cargo regions of 
the ICEs belonging to group 6 are very variable, both in 
size and gene content, although regional similarities are 
frequently observed as is exemplified by several genes 
and functions that appear to be encoded by each of the 
members of this ICE-group (Fig. 4). This genetic plastic-
ity within the ICE cargo region may be facilitated by the 
scattered presence in these regions of (truncated-) trans-
posase and resolvase encoding genes that play important 
roles in gene exchange reactions and genetic recombina-
tion [37]. Notably, the length of the cargo region appears 
to correlate with the number of transposases encountered 

Table 3  Delimited ICEs of each ‘integrase’-group and their 
predicted size in base pairs

a delimited via Cas9 curation
b inserted in an alternative insertion site compared to other group 3 members

Group ICE predicted ICE size

1 KF147 (Tn6098) 58,117

184_2 50,528

G423 44,398

KF67a 39,411

2 CV56_1 65,722

IO-1 64,356

3 CV56_2 40,968

A12 42,225

N42_1 42,214

KF146_2b 31,067

4 AI06 57,146

JM1 36,633

5 KLDS 4.0325 36,472

KF146_1 42,680

N42_2 89,199

6 184_1 79,683

229 88,817

275 53,323

FM03 55,661

UC06_1 97,385

UC77 88,818

7 NCDO2118 47,923

14B4 36,822

KF147_1 47,925

ML8 36,440

UC06_2 34,461

UL8 36,495

Fig. 4  Alignment of the complete sequences of the delimited group 6 ICEs. Gray lines indicate BLASTp comparison and conservation 
between entries. The explanatory legend is included in the image
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in this region, which accumulated to no less than 6 intact, 
and 12 truncated transposase genes present in the long-
est representative of this ICE-group (ICEUC06_1). Impor-
tantly, the transposase (and resolvase) encoding genes 
appear to be localized at the junctions between function-
ally related gene clusters within the ICE cargo region, 
suggesting that transposase- (or resolvase-) facilitated 
cargo recombination events can readily drive functional 
diversification of the ICEs, thereby dynamically contrib-
uting relevant and fitness improving genetic traits to the 
host organism. For example, the UDP-galactose epimer-
ase encoding galE gene, which is relevant for sugar nucle-
otide biosynthesis and galactose metabolism in L. lactis 
[38], is present in 4 of the 6 group 6 ICEs (Fig. 4) where 
it is consistently flanked by two non-identical resolvase 
genes, that is replaced by again another resolvase in the 
group 6 ICEs that lack the galE gene.

Although, we exemplified these findings only focusing 
on group 6 lactococcal ICEs, similar observations were 
also made when analyzing the other ICE groups (data 
not shown). Taken together, this clearly demonstrates 
the highly dynamic nature of ICE-cargo regions and pin-
points the possible role of the canonical transposases and 
resolvases in functional diversification of these MGEs.

Lactococcal ICE cargos encode a wide range of adaptive 
gene functions
The intrinsic mobility of ICEs enables their transfer 
among strains using natural-mating procedures, allow-
ing the expansion of specific ICE-encoded traits in a host 
strain of interest. The cargo annotations for the 26 ICEs 
revealed a wide range of encoded functions, including 
those with potential industrial relevance such as stress 
resistance, phage abortive infection, the utilization of 
different carbon sources, antimicrobial production and 
restriction modification. We focused on the functional 
traits encoded by the ICEs of group 6 and their variability 
among the members of these ICEs. In addition, we ana-
lyzed whether the functional modules recognized in the 
group 6 ICEs are possibly exchanged and/or shared with 
ICEs of the other groups. This analysis was performed 
at high stringency (at least 90% amino acid sequence 
identity and at least 95% sequence overlap) to allow the 
detection of exchanges of genetic modules among the 
ICE groups. Each ICE in group 6 carries a tandem of 
two cold shock protein (CSP) encoding genes, a feature 
that appears to be shared with the majority of the ICE-
cargo regions of the other groups (19/26), where in some 
instances 3 CSP encoding genes are present. Although 
CSPs are predicted to contribute to (cold) stress toler-
ance and may thereby contribute to the environmental 
fitness of the ICE containing host strain, their mecha-
nism of action is highly diverse [39, 40]. Intriguingly, the 

CSPs contain a highly conserved nucleic acid binding 
domain [41], which may suggest a role of these proteins 
in a particular stage of the ICE lifecycle. Another func-
tion that is consistently encoded by the group 6 ICEs is 
a protein containing an bacteriophage abortive infection 
(AbiH) domain that has been described to be involved in 
blocking phage multiplication and inducing premature 
bacterial cell death upon phage infection, thereby reduc-
ing phage progeny size and phage spread in the popula-
tion [42]. The abi genes found in group 6 ICEs were not 
found in the other ICE groups (Fig. 4). Another genetic 
module that is found uniquely in all representatives of 
the group 6 ICEs is a cluster of genes that encompasses 
a 3-dehydroquinate dehydratase encoding gene, which is 
involved in the shikimate pathway [43] that is part of the 
aromatic amino acid biosynthesis pathway (labelled “B” 
in Fig. 4) and a protein containing a 2A78 domain, which 
is part of a family of transporters involved in metabolite 
(amino acid) or drug efflux [44]. The combination of an 
aromatic amino acid metabolism function combined 
with an efflux function could play a role in the flavor 
volatile formation and its extrusion [45]. Similarly, a pro-
tein containing an UmuC subunit of DNA Polymerase V, 
involved in error prone replication belonging to the bac-
terial SOS response, is present in all group 6 ICEs (Fig. 4). 
Under severe stress conditions, cells can activate Pol V 
dependent error-prone replication to drive environmen-
tal adaptation of the host cell [46]. Notably, the group 6 
ICE encoded Pol V is shared with the group 4 ICEAI06. As 
mentioned above, 4 of the group-6 ICEs encode a UDP-
Glucose 4-epimerase (galE) (labelled “C” in Fig.  4), that 
is important in galactose metabolism [38] and is involved 
in the synthesis of sugar nucleotides for cell-wall and 
exopolysaccharides (EPS) production, where the latter 
molecules contribute to texture properties of fermented 
dairy products [47]. ICE184_1 encodes a unique cluster 
of genes flanked by an ABC-type multidrug transport 
ATPase component and a two-component regulator sys-
tem (labelled “E” in Fig. 4), which are known to regulate 
cellular responses to environmental stimuli, which could 
be of interest in the dairy environment. Also only found 
on ICE184_1 we identify a type III restriction-modification 
system as well as a type I hsdR type restriction-mod-
ification R protein (labelled “F” in Fig.  4). Restriction-
modification systems are important in defense against 
foreign DNA such as bacteriophages and other MGEs 
and could thereby be industrially relevant. Unique for the 
ICE shared by strains 229 and UC77 is a cell-wall asso-
ciated hydrolase that contains a SPP1 phage holin motif 
(labelled “G” in Fig.  4) that are known to induce mem-
brane permeability during late stage phage infection 
[48], but could also affect autolysis of strains harboring 
this functionality, which has been proposed to contribute 
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to cheese ripening [49]. Notably, this holin function is 
genetically linked to a function that contains a BacA like 
motif, suggesting a bacteriocin-like function [50] and a 
cell-wall associated hydrolase and N-acetylmuramoyl-
L-alanine amidase. The clustering of these functions 
implies a possible role in autolysis or the lysis of neigh-
boring cells, which could be relevant for flavor formation. 
ICEUC06_1 encodes a prtP lactocepin I, which is a cell wall 
associated proteinase that degrades casein into shorter 
peptides to support growth on dairy substrates (labelled 
“H” in Fig. 4). Specificity of lactocepins can differ wildly, 
and can contribute to different flavor profiles [51].

Taken together, ICE cargo encompasses a large variety 
of functionalities that are potentially involved in industri-
ally relevant traits, whereby the ICEs cargo investigation 
presented here specifies a reservoir of potentially mobi-
lizable and transferable functions for industrial optimali-
zation of L. lactis strains.

Discussion
ICEs contribute a wide range of different functions to 
the L. lactis variome. In this study we show that there 
are seven preferred insertion locations based on seven 
conserved integrases. These integration sites can be used 
for future determination of ICE presence in lactococ-
cal genomes that were not included in this study. The 
comparative genomics approach illustrates the ability 
to delimit ICEs in the case of genome sequences with 
low numbers of contigs. With the increasing availability 
and reduction in costs of long read sequencing meth-
ods such as MinION, deciphering the genetic context 
needed for ICE delimiting in-silico becomes readily 
available. Especially when combined in hybrid assem-
blies with high sequence-fidelity short reads (e.g., Illu-
mina based sequencing) ICE delimitation by genomic 
context is quite straightforward to achieve. In contrast, 
genomes assemblies with a large number of contigs are 
likely to disallow the definition of the ICE cargo region, 
especially since high abundance of (remnants of ) trans-
posons in ICE-cargo regions is bound to result in contigs 
breaks. Nevertheless, the recognition of preferred inser-
tion sites based on the MG1363 genome can support the 
recognition of ICE associated contigs, provided that the 
strain’s genome shares synteny with MG1363 or another 
reference strain used. Notably, delimiting the ICE in the 
V4 strain did fail due to a lack of synteny between this 
strain and MG1363 or IL1403. Therefore, delimitation 
of ICEs in genomes assembled into many contigs or for 
strains that lack synteny can be resolved using the Cas9 
curing strategy employed in this study, where delimita-
tion can be achieved by comparative genome sequenc-
ing of the original and ICE-cured variant of the strain. 
This approach depends on the genetic accessibility of the 

strain and the excision activity of the ICE itself. In par-
ticular when the frequency of excision events is low, in 
combination with a low transformation efficiency of the 
targeted strain, it can be challenging to retrieve colonies 
of the ICE-cured (transformation-surviving) variants. 
Nevertheless, the curing method also verifies the bio-
logical activity of the ICE, providing additional functional 
information of the ICE that is predicted in silico. Many 
ICEs are shown to integrate close to the oriC of their host 
and it has been proposed that this bias might be due to 
the conservation of highly expressed housekeeping genes 
in those regions [52]. The lactococcal ICEs are no excep-
tion to this bias; most identified lactococcal ICE insertion 
sites can be found relatively close to the chromosomal 
origin of replication (oriC). One outlier is the insertion 
location for group 2 in MG1363. A major genomic inver-
sion occurred in this strain [9], with the group 2 insertion 
location on the axis of inversion (Supplemental figure 
SF2). The conserved nature of the housekeeping, highly 
expressed genes could facilitate the ICE’s host-range 
expansion options by increased chance of conservation of 
ICE-insertion location in a new host. The same rational 
is likely applicable for tRNA encoding regions, which is 
frequently found to be the chromosomal insertion region 
for lactococcal ICEs [15].

The amount of modularity and variation in the cargo 
regions we found in tandem with the high presence of 
(disrupted) transposons hints towards a highly adaptive 
nature of ICEs. This finding underpins the importance 
of investigation of novel ICEs in individual strains, as 
their cargo content can differ between isolates. L. lactis 
strains are commonly isolated from dairy environments 
and plant environments. The dairy isolates are proposed 
to have been evolved from plant isolates and harbor 
a wide range of adaptations specific for the dairy niche 
[53, 54]. Furthermore, ICE investigation may be more 
fruitful in plant-derived lactococcal isolates where the 
ICE-cargo gene repertoire might be more variable as a 
reflection of the more variable and dynamic plant asso-
ciated niches. The cargo gene functions could provide 
a selective advantage to the lactococcal host strain in 
these plant-associated environments. Intriguingly, typical 
plant isolate associated ICEs (exemplified for the L. lactis 
KF147 Tn6098) might prove to be a burden to host fit-
ness when they reside in the dairy environment, as was 
exemplified by the loss of Tn6098 in L. lactis KF147 when 
grown for approximately 1000 generations in milk [53]. 
As shown in this study, cargo analysis of ICEs in L. lac-
tis is worthwhile, since the investigation of the poten-
tial functions based on automated in silico annotations 
already provides ample leads for further investigation. 
For example, some of the lactococcal ICEs listed in this 
study harbor partial or potentially complete restriction 
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modification systems which have established roles in the 
protection against foreign DNA agents such as infective 
bacteriophages, plasmids or other ICEs. It is also possi-
ble that the presence of such a restriction-modification 
system further modifies the host’s genome methylation 
state, leading to downstream changes in gene transcrip-
tion potentially changing its performance under dif-
ferent growth conditions. Abortive infection proteins 
might offer more phage resistance for industrial strains 
and genes potentially involved in stress resistance could 
contribute to robustness of the strains when exposed to 
industrial processing conditions. For the further investi-
gation or elucidation of the ICE functions, the generation 
of isogenic ‘cured’ variants of the strains and performing 
comparative performance evaluations in a wide range of 
phenotype tests could support deciphering of the ICE-
derived functional potential. Such a knowledge base 
could be capitalized by rationally designed mating (con-
jugation) experiments to obtain strains with an optimized 
ICE-derived gene repertoire (cargo-based selection of the 
best possible ICE-donor strain) for specific industrial 
applications.
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