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Abstract

Background: Aliivibrio salmonicida is the causative agent of cold-water vibriosis in salmonids (Oncorhynchus mykiss
and Salmo salar L) and gadidae (Gadus morhua L.). Virulence-associated factors that are essential for the full spectrum
of A. salmonicida pathogenicity are largely unknown. Chitin-active lytic polysaccharide monooxygenases (LPMOs)
have been indicated to play roles in both chitin degradation and virulence in a variety of pathogenic bacteria but are
largely unexplored in this context.

Results: In the present study we investigated the role of LPMOs in the pathogenicity of A. salmonicida LFI238 in
Atlantic salmon (Salmo salar L.). In vivo challenge experiments using isogenic deletion mutants of the two LPMOs
encoding genes AsLPMOT0A and AsLPMO10B, showed that both LPMOs, and in particular AsSLPMO10B, were impor-
tant in the invasive phase of cold-water vibriosis. Crystallographic analysis of the AsSLPMO10B AAT0 LPMO domain

(to 1.4 A resolution) revealed high structural similarity to viral fusolin, an LPMO known to enhance the virulence of
insecticidal agents. Finally, exposure to Atlantic salmon serum resulted in substantial proteome re-organization of the
A. salmonicida LPMO deletion variants compared to the wild type strain, indicating the struggle of the bacterium to
adapt to the host immune components in the absence of the LPMOs.

Conclusion: The present study consolidates the role of LPMOs in virulence and demonstrates that such enzymes
may have more than one function.
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Background

Aliivibrio salmonicida (Vibrio salmonicida before trans-
fer to genus Aliivibrio) is the causative agent of cold-water
vibriosis (CWV) in salmonids (Oncorhynchus mykiss and
Salmo salar L.) and gadidae (Gadus morhua L.), an acute
infectious disease consistent with severe hemorrhagic sep-
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upon passing a latent stage [5, 7, 8]. Notably, histopatho-
logical changes caused by the bacterium are found to be
associated with the bacterial burden [6]. Although CWV
is under control by vaccination, virulence-associated fac-
tors that are essential for the full spectrum of A. salmoni-
cida pathogenicity are largely unknown. So far, in vitro and
in vivo studies have demonstrated that the salinity-sensi-
tive quorum-sensing regulator LitR [9], LPS O-antigen
[10], motility/flagellation [11], and the lux operon [12] are
required for full virulence of A. salmonicida.

Chitinolytic enzymes include chitinases (glycoside
hydrolases 18 and 19 (GH18 and GH19)) and lytic polysac-
charide monooxygenases (LPMOs), with the latter classi-
fied in the auxiliary activities 10 family (AA10) according
to classification by the Carbohydrate Active Enzymes
database (CAZy [13]). Such enzymes are associated with
the modification, binding, depolymerization, and catabo-
lism of chitin [14—18]. LPMOs were discovered in 2010
[18], and thus represent a recent addition to the chitin
degradation machinery. These copper-dependent, redox
enzymes cleave chitin chains by an oxidative reaction
and synergize with chitinases in chitin degradation reac-
tions [18-21]. Intriguingly, genes encoding LPMOs are
found in an array of pathogenic bacteria [22], and there is
an extensive amount of literature implicating their role in
numerous biological processes including bacterial patho-
genicity [22-30]. Direct evidence for a role of LPMOs in
virulence was recently published by Askarian et al., who
showed that the LPMO of the opportunistic human patho-
gen Pseudomonas aeruginosa, called CbpD, was impor-
tant for establishing systemic- and lung infections, where
the role of the enzyme was attributed to attenuation of the
terminal cascade of the complement system [31]. The lat-
ter study showed that deletion of the chbpd gene prevented
P aeruginosa from establishing a lethal systemic infection
in mice and that this correlated with increased clearance
of the bacterium in vivo and re-organization of the bacte-
rial proteome in vitro. Further, it was found that an intact
active site was essential for CbpD function. A somewhat
different role has been proposed for the Vibrio cholerae
LPMO, GbpA, which binds chitin and mucins, mediat-
ing bacterial colonization of epithelial cell surfaces [32].
Similar to LPMOs, chitinases have also been indicated
as virulence factors. For example, Listeria monocytogenes
ChiA was found to promote bacterial viability within the
liver and spleen of mice [25], and the chitinase (ChiA) of
Legionella pneumophila has been shown to enhance bacte-
rial persistence in the lungs of mice in vivo [33]. Recently,
it has been shown that L. pneumophila ChiA is involved
in hydrolysis of the peptide bonds of mucin-like proteins
[34], suggesting novel mechanisms of mucin degradation.

The A. salmonicida LFI1238 genome harbors genes
encoding two family AA10 LPMOs (AsLPMOIO0A,
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AsLPMOI0B) and one chitinase GH18 (AsChil8A). The
two LPMOs are relatively dissimilar, showing only 20%
sequence identity when aligning the catalytic domains.
All three enzymes can depolymerize chitin and are
important for the ability of the bacterium to utilize chitin
as a nutrient source [35]. However, the authors noticed
several features that could indicate additional roles of the
enzymes, for instance a remarkably low chitinolytic activ-
ity of the chitinase, and the chitin-independent expres-
sion of ASLPMOI10A (this protein is one of the most
abundant proteins produced by the bacterium) [35]. In
addition, the whole genome sequencing analysis of A. sal-
monicida LFI11238 had previously shown several points of
mutation or insertion of mobile genetic elements within
crucial genes associated with the chitinolytic machinery
(e.g. several chitinases, a chitoporin and a protein impor-
tant for regulating expression of the chitin degradative
loci [36]). Cumulatively, these results suggest the contri-
bution of the chitinolytic enzymes to other or additional
functions beyond chitin degradation and utilization by A.
salmonicida. Thus, the current work set out to elucidate
the putative immune evasive properties of ASLPMO10A
(A) and AsLPMO10B (B) in A. salmonicida pathogenesis
during CWV in Atlantic salmon. Using a series of iso-
genic mutants (AA, /AB and /AAB), we found that the
LPMOs contributed to the pathogenicity of A. salmoni-
cida in the invasive phase of CWV.

Results

Phylogenetic analysis

The sequence and biochemical properties of ASLMO10A
and AsLPMO10B have previously been biochemically
characterized [35] but their putative orthologs in other
fish pathogens are not known. To determine the latter
and to simultaneously obtain an overview of LPMOs in
bacteria associated with fish disease, the genomes of fish
pathogens [37] were scanned for LPMO-encoding genes
that subsequently were subjected to phylogenetic analy-
sis (Fig. 1). The analysis showed that LPMOs are present
in the majority of aerobic Gram-negative bacteria inves-
tigated, but to a lesser extent in Gram-positives. AsLP-
MO10A clusters with LPMOs from a variety of bacterial
families, whereas AsSLPMO10B clusters with representa-
tives mostly restricted to the Vibrionaceae. The analysis
does not show clustering indicative of horizontal gene
transfer but rather indicates that the LPMO paralogs
were present in an ancestral Vibrionaceae bacterium.

Proteomic profiling

Gene deletions may induce alterations in protein regu-
lation by the bacterium to adapt to this impairment.
Such re-organization can be readily visualized by com-
paring the proteomic response of wild-type (WT) and
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Fig. 1 Phylogenetic tree of family AA10 LPMOs from fish pathogens. Alignment and phylogenetic reconstructions were performed using the “build”
function of ETE3 v3.1.1 21 [38] that utilizes PhyML v20160115 [39]. Branch support values were computed from 100 bootstrapped trees. Refseq
identifiers for the proteins are indicated next to the name of the bacterial species. The A. salmonicida LPMOs are indicated in blue colored bold
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gene-deletion variants confronted with host factors.
Thus, comparative label-free quantitative proteomics
was used to determine the putative proteomic response
of wild type, AA, AB and AAB strains when exposed to
Atlantic salmon serum (SS). The bacteria were grown
to early exponential phase and incubated for 1 h in the
absence or presence of SS, prior to being harvested. In

total, 1725 proteins were identified, corresponding to
almost half of the predicted proteome of A. salmonicida
(Dataset 1).

The whole-cell proteomes of the deletion mutants were
compared to that of the wild type in the absence and
presence of SS. The comparison showed significant regu-
lation of 61 (AA), 27 (AB) and 32 (AAB) and 46 (AA) and
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70 (AB) and 94 (AAB) in the absence or presence of SS,
respectively (Fig. 2A). In the absence of SS, the most sig-
nificantly upregulated protein was RpoC (DNA-directed
RNA polymerase subunit) for AB and AAB and Rne
(ribonuclease) for AA (Dataset 2). Beside RpoC, RpoB
(DNA-directed RNA polymerase subunit) and Rne was
found to be among the top three upregulated proteins in
most of the deletion mutants (Dataset 2 and 3).

In the presence of SS, RpoC was one of the
upregulated proteins for all strains (similar to

most
what
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was observed in bacteriologic medium), in addition to
ValS (Valine-tRNA ligase), SucA (oxoglutarate dehy-
drogenase) and AlaS (Alanine-tRNA ligase; Fig. 2B).
Also, several proteins related to motility, chemotaxis,
quorum sensing and stress response were identified
as significantly regulated (Fig. 2C, Dataset 2). The
AA deletion strain resulted in up-regulation of CheW
(chemotaxis protein), CheA (phosphorelay protein
LuxU) and FlgL (flagellar P-ring protein). The latter
protein was identified as up-regulated in all deletion
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Fig. 2 Significantly regulated proteins of A. salmonicida deletion variants exposed to Atlantic salmon serum. (A) Volcano plots showing the p-values
of significance and log, fold change values comparing AA, AB or AAB against WT in the absence (left panel) and presence (right panel) of salmon
serum (SS). Dotted line(s) traversing the y- and x-axis indicate the significance cutoff at p=0.05 (-log,,=1.3) and (&) 1.5-fold change (log,=0.58) in
protein abundance. Significance was determined by a paired two-tailed t-test. (B) Heatmaps showing the fold change values (log,) of significantly
regulated proteins common for all deletion mutants. (C) Heatmap showing fold-change values (log,) of significantly regulated proteins related to
motility, chemotaxis, quorum sensing, protease activity and general stress response
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variants after exposure to SS (Fig. 2B), whereas in
absence of SS, it was downregulated in the AB strain
(Fig. 2C). Moreover, exposure to SS resulted in up-
regulation of FIhF (flagellar biosynthesis protein), LuxI
(autoinducer synthesis protein) and chaperone protein
HtpG in the AB and AAB strains. Proteins related to
stress response were down-regulated in AA (e.g. CatA
(catalase), TrxB (thioredoxin reductase), CspV (cold
shock protein)) and AB (e.g. Bcp (putative peroxire-
doxin), TrxB and VSAL_I1529 (putative glutaredoxin))
in presence of SS (Fig. 2C, Dataset 2). Notably, proteins
with peptidase- and protease-related activity were
identified as differentially regulated both in absence
and presence of serum. Specifically, in absence of SS,
deletion of AsSLPMO10A resulted in up-regulation of
Prc (tail-specific protease) and SohB (probable pro-
tease), and down-regulation of HslU (ATP-dependent
protease ATPase subunit) compared to the wild type
(Fig. 2C, Dataset 2). It should be noted that HslU has
an indirect protease activity as it is a subunit of the
heat-shock locus HslV-HslU complex associated with
the proteasome of many bacteria [40, 41].

After incubation with SS, Lon protease and PepB
(peptidase B) were up-regulated in AA and AAB,
respectively. The protein called BsmA, involved in cell
aggregation for biofilm development, was found to be
down-regulated in the AB deletion mutant (Fig. 2C,
Dataset 2). Host integration factor subunit B (IhfB)
was down-regulated in AA and AAB in presence of
SS compared to the wild-type, while subunit A (IhfA)
was up-regulated in AB compared to the wild-type
(Fig. 2C, Dataset 2). Notably, the host integration fac-
tor is implicated in regulation of virulence-related fac-
tors in V. cholerae [42], Vibrio vulnificus [43] Vibrio
harveyi [44] and Vibrio fluvialis [45]. Interestingly, the
transposon VSAL_I0029 was up-regulated in both AB
and AAB in the presence of SS. The function of this
transposon is not known; however, it is located closely
to a reported T6SS effector VSAL_I0031 [46]. This
gene encodes a so-called MIX (Marker for type sIX)
effector, and these effectors have C-terminal domains
predicted to contain different antibacterial or anti-
eukaryotic properties [46]. Finally, AsSLPMO10B was
not detected in any samples, whereas AsSLPMO10A
was observed in both the wild-type and AB (but not
significantly regulated in any condition).

Together, these data indicate that deletion of the
LPMO encoding genes in A. salmonicida results in a
substantially altered proteome response compared to
wild type. Moreover, the number of differentially regu-
lated proteins in the AB and AAB strains were remark-
ably increased in the presence of SS.
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In vivo immersion challenge experiments to establish
bacteremia

To provide insight into the contribution of LPMOs in the
virulence properties of A. salmonicida, an immersion
challenge was carried out using the wild type and dele-
tion variants (AA, AB, AAB). In an experiment using a
total of 1340 Atlantic salmon smolts, fish were immersed
in a high concentration of A. salmonicida variants for
30 min, followed by water exchange (Fig. 3A). Immersion
in approximately 1.2-2.7 x 10" CFU/mL wild type and
gene deletion strains resulted in a persistent bacteremia
(Figs. 3 and 4) without exhaustive killing (Fig. 3B). The
examined conditions resulted in a low number of accu-
mulated mortalities (below 10%) in the wild type and
deletion strains over the course of the challenge (Fig. 3B).
Furthermore, the employed concentrations resulted in
successful establishment of bacteremia as all sampled
fish were positive for presence of A. salmonicida in blood
10 min post-infection (Fig. 3C). The presence of fin rot
was observed evenly within all treatments but did not
contribute to an extensive rate of mortality as reflected in
the mock treatment (Fig. 3B).

Bacterial burden in blood

Fish challenged with wild type, AA, AB and AAB, and
sampled at multiple time points post-challenge showed
the presence of A. salmonicida in a various degree
throughout the complete sampling period, indicating the
successful establishment of CWV in our experimental
condition (Figs. 4 and 5). A decrease of the bacterial num-
ber in whole salmon blood was observed between days
1-6 compared to 1 h post-challenge in wild type, AA, AB
and AAB infected fish (Fig. 4). At 8 days post infection,
the group challenged with the wild type strain showed
large individual variation and a significant increase in
bacterial burden compared to the AB mutants but not
AA and AAB infected fish (Fig. 4). The AB strain gener-
ally showed lower individual variation and lower CFU/ml
blood compared to the other strains at days 10—13 post
infection, indicating some loss of resistance towards host
blood immune components.

Taken together these data indicate that in general
AsLPMOI10A and -B were not critical for the viability and
survival of A. salmonicida in salmon blood in the early-
or late- stage of infection in vivo, albeit ASLPMO10B was
found to be important in the invasive phase of CWV.

Bacterial burden in tissues and organs

Next, samples were taken from the various tissues and
organs to evaluate whether LPMOs were critical for
viability of A. salmonicida in organs over the course of
chronic CWV infection. Assessing the bacterial burden
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revealed that despite A. salmonicida being absent in skin
and gills of the sampled fish at day 1-6 post-infection,
wild type and AA were reisolated from all sampled fish
at 8 days post challenge (Fig. 5A, panels 1-2). In the AB
and AAB infected groups, the reisolation was estimated
60—80% and 20-30%, respectively (Fig. 5A, panels 1-2). A
quantitative analysis of bacterial burden in the spleen and
liver revealed significant increase in the reisolated wild-
type compared to the AB and AAB mutant strains 8 days
post-challenge (Fig. 5B, right and left panels). Interest-
ingly, the number of reisolated AA strain was attenuated
in the spleen (Fig. 5B, right panel), but not liver (Fig. 5B,
left panel) at day 8 post-infection. All infected groups
showed reduced reisolation of A. salmonicida from skin,
gills, head kidneys, liver and spleen at the later time-
points as the CWYV entered into the decline phase. Of
note, the AB strain was not detected in sampled organs
after 8 days post challenge, whereas the AAB strain was
detected at levels similar to fish challenged with the wild
type (Fig. 5A). In summary, these data demonstrate the
importance of ASLPMO10A and -B in the invasive phase
of CWYV caused by A. salmonicida.

Structure of AsSLPMO10B
A structural investigation of ASLPMO10B was initiated to
find a rationale for its apparent role as a facilitator during

host invasion. The X-ray crystal structure of the family
AA10 LPMO domain of the protein (amino acid resi-
dues 26-214; Fig. 6A) was solved to a resolution of 1.35 A
(R/Rp,.e=13.9/16.2%; Table S1) and deposited in the
Protein Data Bank (PDB; PDB ID: 7OKR). AsSLPMO10B
carries the canonical [47] fibronectin-like/immunoglobu-
lin-like B-sandwich core structure found in other LPMOs
(Fig. 6B), consisting of seven [B-strands arranged as two
juxtaposing -sheets. The -sandwich supports the histi-
dine brace catalytic motif (His26, His136) and the puta-
tive co-substrate coordinating amino acid (Glu206),
which shows conformational heterogeneity and was
modeled in two alternative conformations (Fig. 6C). The
histidine brace is loaded with a copper ion, as confirmed
by anomalous scattering, an expected consequence of the
sample preparation process. Copper shows an incom-
plete square planar coordination, hinting at the presence
of Cu (I) at the metal-binding site. The latter is likely a
consequence of the well-documented photoreduction of
Cu (II) during X-ray data collection [48]. The model also
contains 109 water molecules from the first and second
coordination sphere and three polyethylene glycol frag-
ments (PEG) from the crystallization conditions. We also
observe electron density “above” the copper site (Fig. S1),
where the putative ligand would bind, which may rep-
resent a citrate molecule from the buffer. A search for
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structural homologues was run on the DALI server [49]
(ekhidna2.biocenter.helsinki.fi/dali), using the coordi-
nates of the new LPMO domain. The list of results con-
tains matches from various members of the LPMO AA10
subfamily, confirming its correct genomic assignment.
A visual inspection of the structural alignment with the
top ten hits helped to further refine the assignment to
the subcluster 2 described by Vaaje-Kolstad et A. [47].
In particular, the distinctive loop 2 (L2) of subcluster 2
is conserved in AsSLPMOI10B. This subcluster includes
members that display substrate promiscuity for either
chitin or cellulose. The match with the highest score (Z
score: 27.2, rm.s.d.: 1.8 A) was Tmal2, a putative AA10

LPMO from the fern Tectaria macrodonta (PDB ID:
6IF7; sequence identity: 33%). Tmal2 has been proven
to shield its host from predators by exerting an entomo-
toxic activity [50]. Their structural superposition reveals
a possible site for ASLMPO10B O-linked glycosylation at
Thr166, matching the N-linked glycosylation of Tmal2 at
Asnl158. A PEG molecule modeled in close proximity of
Thr166 partially superposes with the polar groups of the
N-linked glycan decorating Tmal2, further supporting
the hypothesis of O-glycosylation.

The AA10 module of ASLPMO10B also matches sev-
eral members of subcluster 4, which groups together
LPMOs of viral origin. Among them is fusolin from



Skane et al. BMC Microbiology (2022) 22:194

Page 8 of 16

Head Kidney

WT AA AB AAB

91-100 81-90 71-80 61-70 51-60 31-40 41-50 21-30 11-20 0-10
B Liver Spleen
6 6 f - ***:—***
*kkk 00
J *kkk
(2 % o
S 4 54 (o] °
5 | 4 5 | %
Oo % .‘ o'c_ o6 ° (]
o) o )
92 !?\_! % 92 °
o : @ f )
2
—+ %
0- 0-

WT AA AB AAB

Fig. 5 Presence of A. salmonicida variants from tissue and organs over the course of CWV infection. (A) Percentage of sampled fish that were
positive for presence of A. salmonicda from 1 h to 19 days post immersion challenge with WT, AA, AB and AAB. (B) Estimation of bacterial loads
in organs. Bacteria (WT, AA, AB or AAB) were isolated from the homogenized spleen or liver of Atlantic salmon following 8 days post-immersion
challenge. Data are shown as individual values (n=10) with mean 4 SEM representing colony forming units (CFU) per gram organ

insect poxviruses (PDB ID: 4YN2 [51]) which has 36%
sequence identity to ASLPMO10B and therefore was
used as a model for solving the structure (see Materi-
als and methods). Their structural alignment (r.m.s.d.:
1.5 A) shows the conservation of a tryptophan residue
on the far edge of L2 (Trp46, Fig. 6D). This tryptophan
side chain is oriented parallel to the substrate bind-
ing surface and is positioned similar to the tyrosine
residue essential for catalysis in the cellulolytic Panus

similis LPMO9A (Tyr203). In PsSLPMO9A, Tyr203 is
carried by the long C-terminal loop (LC), absent in
both AsSLPMO10B and fusolin, and provides a stacking
interaction with the cellulose substrate (Fig. 6D; (PDB
ID: 5ACI) [52]). Interestingly, LPMOs that possess
both the C-terminal loop and L2, as the Thermoas-
cus aurantiacus GH61 isozyme A (PDB ID: 2YET)
[53], exhibit aromatic amino acids on both loops, at
the position occupied by Trp46 in AsSLPMO10B and
Tyr203 in fusolin (Fig. 6D).
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Fig. 6 X-ray crystal structure of the AsLPMO10B AA10 LPMO domain. (A) Domain architecture of AsSLPMO10A and -B. Domain boundaries are
indicated by amino acid sequence numbers. SP stands for signal peptide, and CBM refers to the carbohydrate binding domain family. (B) Cartoon
representation of the crystal structure, with the topology assigned as described by Vaaje-Kolstad et al. [47]. The loop short (LS, purple), loop 2 (L2,
red), loop 3 (L3, orange) and active site residues (yellow) are indicated by different colors and labeled. (C) Active site of AsSLPMO10B, domain 1. The
copper ion (bronze) is coordinated by the N-terminus, the side chain N&1 of His26 and the side chain Ne1 of His136, forming the so-called histidine
brace motif (distance to copper indicated). In the AA10 family, a phenylalanine residue (Phe208) replaces the tyrosine residue found in many other
LPMOs, which provides a loose axial coordination for the copper ion. Glu206 was refined in two alternative conformations. In other LPMOs, this
residue is often replaced by a glutamine residue (GIn). (D) Conservation of aromatic amino acids among LPMOs, as revealed by substrate docking.
Loop-2 Trp46 from AsLPMO10B (teal) is conserved in the viral LPMO fusolin (Trp20; green; PDB ID: 4YN2), a close structural homolog of AsSLPMO10B.
Their placement mirrors that of Tyr203 (orange), a substrate-binding residue found on the long C-terminal loop (LC) in Panus similis LPMO9A (PDB
ID: 5ACI). LPMOs that carry both LC and L2 loops bear aromatic amino acids matching the positions of both Trp46 and Tyr203 (i.e. Tyr24 and Tyr212
on Thermoascus aurantiacus GH61 isozyme A, colored magenta PDB ID: 2YET). The structures of the three proteins were aligned by secondary
structure matching (SSM)

presence of chitin in Atlantic salmon scales [55] makes
this hypothesis attractive and highly relevant. A chal-

Discussion
To gain insight into the potential roles of chitinolytic

enzymes in virulence, the current study set out to elu-
cidate the putative immune evasive properties of AsLP-
MO10A and AsLPMOI10B in the pathogenesis of A.
salmonicida in Atlantic salmon. Given the putative role
of LPMOs in mucin binding and attachment of bacteria
to mucosal surfaces [32, 54], we hypothesized that AsLP-
MOI10A and -B could be harnessed in the initial phase
of binding to and penetration of the host outer barrier.
The fact that the A. salmonicida LPMOs are chitin-
degrading enzymes [35], combined with the proposed

lenge model able to probe all phases of pathogenesis was
therefore chosen, namely an immersion challenge where
the Atlantic salmon smolts were exposed to A. salmo-
nicida in the aqueous environment. Considering that
rapid disease development and high mortality may mask
potential differences between groups, the selected sub-
lethal infection dose was aimed to establish bacteremia
without exhaustive killing. Our results indicate that nei-
ther of the LPMOs are critical for A. salmonicida in pass-
ing the outer barrier since all fish were positive for the
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presence of A. salmonicida wild type and deletion vari-
ants after 10 min in the challenge bath, and no significant
difference between the groups was observed (Fig. 3C).
However, the LPMOs were found to be important for
the invasive phase of CWYV. Particularly AsSLPMO10B
showed a significantly lower bacterial burden in blood,
spleen and liver compared to the wild type strain 8 days
post challenge (Figs. 4 and 5). Similar observations were
made for the opportunistic pathogen Listeria monocy-
togenes, where an LPMO deletion strain was attenuated
in the spleen and liver three days post systemic infection
in mice [25]. The P, aeruginosa LPMO (called CbpD) was
found to be important for pathogenesis of P aeruginosa
over the course of systemic infection via attenuation of
the terminal complement pathway [31]. Neither AsLP-
MO10A or -B are very similar to CbpD (25.6 and 28.4%
sequence identity, respectively), but ASLPMO10A con-
tains a C-terminal family CBM73 chitin binding domain
similar to CbpD (Fig. 6A). Moreover, we note the struc-
tural similarity of the ASLPMO10B AA10 domain with
the chitin-active AA10-domain of viral fusolin, an LPMO
that strongly enhances the infectivity of entomopoxvi-
ruses [51, 56, 57], indicating shared structural features
that enable an LPMO to enhance the virulence of a
pathogen.

An interesting trait of A. salmonicida is its possession
of two distinctly different LPMOs. Several other patho-
gens also share this trait, but many also only carry a
single LPMO in their genome (Fig. 1), including P. aer-
uginosa for which the LPMO clearly is a virulence factor
[31]. Can it be that the two LPMOs have different func-
tions? Both A. salmonicida LPMOs cleave chitin chains
by oxidation and contribute to chitin catabolism [35]. On
the other hand, AsSLPMO10A is expressed at high abun-
dance in the absence of chitin and has shown a slightly
higher rate of chitin oxidation compared to ASLPMO10B
[35]. In the context of the slightly different phenotypes
observed for the AsSLPMO10A and-B deletion variants in
this study, it is not unlikely that these LPMOs play differ-
ent roles in A. salmonicida pathogenesis.

LPMO deletion variants showed an altered proteome
response compared to the wild type, in the presence
and absence of Atlantic salmon serum (Fig. 2). Intrigu-
ingly, the AB and AAB strains showed a remarkably
higher number of significantly regulated proteins in the
presence of the serum compared to the absence of the
latter (Fig. 2, panel A). Moreover, general regulation
of stress response related proteins, chemotaxis related
proteins (AA strain), and up-regulation of LuxI in the
AA and AAB strains are intriguing observations (Fig. 2,
panel C). The latter protein, LuxI, is important for the
regulation of motility and biofilm formation [58]. It
should be noted that a substantial proteome alteration
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was also observed for the P. aeruginosa LPMO deletion
strain when exposed to human serum (compared to the
wild type; [31]), indicating the struggle of the patho-
gens to interfere with host immune responses when
lacking the LPMOC(s).

In conclusion, we have shown that the LPMOs of A.
salmonicida may be moonlighting enzymes that not
only contribute to chitin catabolism [35], but also play
a role in the pathogenicity of the bacterium in the inva-
sive phase of CWYV in Atlantic salmon. Many LPMOs
and chitinases of opportunistic pathogens have been
shown to depolymerize chitin and also to contribute to
chitin catabolism of the bacterium [59, 60]. Therefore, it
is likely that chitinolytic enzymes not merely have func-
tions for acquisition of nutrients, but also for protec-
tion of the bacteria towards host defense mechanisms.

Materials and methods

Bacterial strains

A. salmonicida strain LFI1238 originally isolated from
the head kidney of an Atlantic cod that died from
CWYV, and derivative mutant strains (Table 1) were
routinely cultivated at 12 °C in liquid Luria Broth (LB)
supplemented with 2.5% sodium chloride (LB25; 10 g/L
tryptone, 5 g/L yeast extract, 12.5 g/L NaCl) or solid
LB25 supplemented with 15 g/L agar powder (LA25).
In-frame deletion of AsLPMO10A, AsLPMOI10B and
AsLPMOI0A/\10B and genes in strain LFI1238 were
described in our previous study [35].

Atlantic salmon challenge

All experiments were carried out at the Norwegian
Institute for Water Research (NIVA, Solbergstrand,
Norway). Fish were monitored daily and upon showing
clinical signs of disease during the experimental period
were collected and euthanized by an overdose of Ben-
z0ak® (ACD Pharmacuticals As, Leknes, Norway).

Table 1 List of bacterial strains

Strain Description Ref
LFI1238 Aliivibrio salmonicida strain LFI1238 é
AsALPMO10A LFI1238 containing gene deletion ALPMOT0A  ®
AsALPMO10B LFI1238 containing gene deletion ALPMO10B b

b

AsALPMO10A/A10B  LFI1238 containing gene deletions

ALPMO10A and ALPMO108B

2 Originally isolated by the Norwegian Institute of Fisheries and Aquaculture
Research, N-9291 Tromsg, Norway, but provided by Simen Foyn Nerstebg for
this study

b[35]
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Challenge procedures

The challenge involved 1340 unvaccinated Atlantic
salmon parr (average weight 60 g), which were obtained
from Center for Fish Research, Department of Animal
and Aquacultural Sciences, NMBU. Fish were trans-
ported according to the Norwegian Regulations on trans-
port of Aquatic Animals and allocated in their designed
experimental groups. Ahead of the immersion chal-
lenges, parr-smolt transformation was induced by gradu-
ally increasing the salinity of the tank water from 12 to
33 ppm over a period of 11 days, followed by one-week
acclimation at 33 ppm. Fish were kept in separate tanks
(1400 L) with flow-through of sea water from the Oslof-
jord (45-50 m depth). The average temperature and
salinity of intake water was 9.9 °C and 33.5 ppm respec-
tively. The fish were fed a rate corresponding 1% of the
biomass.

The challenge was carried out using 1260 animals
randomly divided into 4 experimental groups of 295
fish and one control group (80 fish). The control group
was mock challenged with Luria Broth supplemented
with 3% NaCl (LB3). The water level was first lowered
to 350-400 L. Water intake was temporarily stopped,
and ~4 L cultures of wild type A. salmonicida LF11238
or LPMO gene deletion strains AAsLPMOI10A,
ALPMOI10B and AAsLPMOIOAALPMO10B were
added directly to the fish tanks. After 30 min the water
intake was re-opened and increased to 700 L/h. Water
samples were collected before re-opening the water
intake. Five to ten live fish from each experimental
group were sampled from 10 min into the challenge
bath and up to 19 days post challenge. The smolts were
monitored for 36 days.

Obtaining blood samples from infected fish

For collection of blood samples, fish were anesthetized in
a water bath containing benzocaine (Benzoak Vet, ACD
Pharmaceuticals AS). Blood was sampled from the caudal
vein using the VACUETTE® system and VACUETTE®
4 mL NH Sodium Heparin tubes (Greiner bio-one), 100
and 10 pl of sampled blood was immediately spread onto
LA25 in duplicates and incubated at 12 °C 3-5 days.

Evaluation of bacterial burden in tissues and organs

The bacterial burden was monitored by collection of bac-
teriological samples 1 h, 4 h, 1 day, 2 days, 4 days, 6 days,
8 days, 10 days, 13 days, 16 days and 19 days post chal-
lenge. Samples were collected from skin, gills, spleen,
liver and head kidney by using 1 pl sterile disposable
inoculation loops (Sarstedt) and patching on LA25 in
the following order; midline of skin, outermost lamella
of gills, dissection and puncture of spleen, liver and head
kidney. Plates were incubated 4—5 days at 12 °C.
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Persistence of the bacterium in tissue

Tissue intended for RNA isolation was dissected using
sterile scalpels and disposable forceps (VWR Interna-
tional), washed twice in Dulbecco’s Phosphate Buffered
Saline (PBS, Sigma-Aldritch) and transferred to 15 mL
Falcon tubes containing 1-2 mL of protect® Bacteria
Reagent (Qiagen). For determination of CFU/mg, the
samples were transferred to 2 mL FastPrep® tubes (MP
Biomedicals) pre-prepared with 100 ul sterile 1.4 mm
ceramic beads (OMNI International) and 200 pl PBS. The
tubes were weighed before and after sampling, homog-
enized by using FastPrep (MP Biomedicals), 4 ms, 3 x5 s.
Volumes of 100 and 10 pl were spread onto LA25 in
duplicates and incubated at 12 °C for 3-5 days before cal-
culation of colony forming units/ (mg organ) (CFU/mg).

Necroscopy

Euthanized and deceased fish were autopsied to deter-
mine the cause of death. External and internal signs were
examined, and bacterial samples taken from the head
kidney, liver and spleen unless otherwise stated. The bac-
teriological samples were taken by puncturing the organs
with 1 pl sterile disposable inoculation loops (Sarstedt)
and streaking onto LA25. A. salmonicida was recovered
from the head kidney, spleen and liver, in bacteriological
samples taken during necroscopy. Culture results were
evaluated together with pathological changes such as
external and internal hemorrhages, fluid in cavity, dis-
colored liver and swollen spleen.

Proteomics

Starter cultures of wild type, AA, AB and AAB were
grown in LB25, in triplicate, for 48 h at 10 °C with
shaking. Next, the cultures were diluted in LB25 to
an OD600 of 0.1 and grown until they reached early
logarithmic phase (ODgyy,,, =0.4-0.5). After reach-
ing early logarithmic phase, the cultures were split in
two and incubated for 1 h in the absence or presence of
1% Atlantic salmon serum (SS). Thereafter, 1 mM beta-
glycerophosphate (Sigma), 1 mM sodium orthovana-
date (Sigma), 20 mM sodium pyrophosphate (Sigma),
1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma),
and 1 x Complete Mini EDTA-free protease inhibitors
(Roche) were added to the samples. The bacterial pel-
lets and supernatants were separated by centrifugation
(4500 x g, 15 min, 4 °C). The pellets were washed once
with PBS and centrifuged, before being resuspended in
lysis buffer containing 20 mM Tris—-HCI (pH 7.5), 0.1 M
NaCl, 1 mM EDTA, 1x Complete Mini EDTA-free
protease inhibitors, and lysozyme (0.5 mg-ml ™). Cells
were disrupted by sonication (20 x, 5 s off-5 s on, 26%
amp), and the cellular debris was cleared by centrifuga-
tion (4500 x g, 30 min, 4 °C).
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The protein samples were boiled in NuPAGE LDS
sample buffer and 30 mM dithiothreitol (DTT) for
5 min before being loaded onto Mini-PROTEAN® TGX
Stain- Free™ Gels (Bio-Rad laboratories, Hercules, CA,
USA). The gels were run at 200 V for 5-10 min using
the BIO-RAD Mini-PROTEAN® Tetra System. The gels
were stained with Coomassie brilliant blue R250 and cut
into small gel pieces, which were transferred to 2 mL
LoBind tubes. The gel pieces were washed in 200 pL of
water for 15 min and decoloured by 200 pL 50% acetoni-
trile (ACN), 25 mM ammonium bicarbonate (AmBic)
at room temperature (RT) for 15 min. Decolouring was
performed twice. After washing and decolouring, the gel
bits were left to shrink and dehydrate for 5 min in 100 pL
100% ACN. In order to reduce and alkylate the proteins,
the gel pieces were first incubated for 30 min at 56 °C in
a solution containing 10 mM DTT and 100 mM AmbBic,
and then with 55 mM iodo-acetamide and 100 mM
AmBic for 30 min at RT. Thereafter, the gel pieces were
dehydrated using 100% ACN and digested overnight at
37 °C in a solution containing 0.3 ug of trypsin. The next
day, the digestion was stopped by adding 70 pL 0.5% tri-
fluoroacetic acid (TFA). For peptide extraction, the gel
pieces were sonicated for 10 min and afterwards centri-
fuged (16 000 x g, 5 min). The supernatants were then
transferred to the StageTips for desalting. This proce-
dure was repeated once more, however for the second
round the gel pieces were added 70 puL 0.1% TFA before
sonication.

For desalting and cleaning up the extracted peptides,
StageTips were used. These were made accordingly:
Using an 18 g blunt-ended needle, two pieces of Empore
C18 membrane (6683-U, Sigma) were cut out. By a length
of 1/32" peeksil capillary or equivalent, the membrane
pieces were pushed firmly into a 200 pl pipette tip. The
StageTips were mounted onto LoBind tubes, by a hole
in the lids, which were cut out beforehand [61]. The tips
were activated by transferring 50 puL of methanol to the
tips. Afterwards, the tubes were centrifuged (2500 x g,
5 min), and the flowthrough was discarded. For equili-
bration, 100 pL of 0.1% TFA were added and centrifuged
as before. The flowthrough was discarded, and the pep-
tide solution was loaded into the tips after sonication,
as described in the previous Sect. 100 pL of 0.1% TFA
were added, centrifuged as earlier, and the flowthrough
removed. For eluting the peptides, 50 pL of a solution
containing 80% ACN and 0.1% TFA were added and cen-
trifuged as above. The peptides were evaporated using a
SpeedVac system until dryness. Afterwards, the peptides
were redissolved in 12 pL of a solution containing 0.05%
TFA and 2% ACN.

The peptides were separated by a nano UPLC (nanoE-
lute, Bruker) operating a C18 reverse-phase column,

Page 12 of 16

using a pre-installed program with a 120 min gradient,
and analyzed by a trapped ion mobility spectrometry and
a quadrupole time of flight mass spectrometer (timsTOF
Pro, Bruker). 200 ng of each sample was loaded into the
UPLC MS/MS system. The raw files were processed with
MaxQuant (version 1.6.17.0) for label-free quantification
(LFQ) and searched against the UniProt A. salmonicida
proteome: UP000001730. The digestion mode was set to
specific with Trypsin/P as the digestive enzyme, and a
maximum of two missed cleavages were allowed. “Match
between runs” was applied using default parameters and
the peptides were filtered with a 1% level false discovery
rate (FDRs) using a revert decoy database. Carbamido-
methylation of cysteines were included in the search as a
fixed modification, while protein N-terminal acetylation,
oxidation of methionines and deamidation of glutamines
were included as variable modifications. For data analysis
Perseus version 1.6.15.0 was used, and the quantitate val-
ues were log, transformed. Valid values were filtered with
minimum 2 values in each group for each of the com-
parisons, and missing values were imputed. Significantly
up- or downregulated proteins were determined by per-
forming Student’s ¢-test (p =0.05). For the volcano plots,
differentially expressed proteins were defined by having
p-values of <0.05 (log;,=1.3) and log2 fold change>1.5
(log,=0.58).

Protein production and purification

The AA10 domain of AsSLPMO10B was subcloned in
the pNIC expression vector by adding a stop codon
directly after the codon representing amino acid 217
(D217) in the original ASLPMO10B expression construct
described in [35]. Expression and periplasmic extrac-
tion of the protein was performed identically to the pro-
tocol described in [35]. The protein was purified using
a three-step protocol with chilled buffers and columns
or at 4 °C. First, the periplasmic extract was adjusted to
the IEX running buffer (20 mM MES pH 5.5, 0.1 mM
EDTA) and loaded onto an equilibrated 5 mL HiTrap Q
FF column (Cytiva) with a flow rate of 6 mL/min. After
unbound protein had passed the column, the bound pro-
tein was eluted by applying a linear gradient to 500 mM
NaCl in 250 mL. Fractions containing AsLPMO10B
were collected, adjusted to the HIC running buffer (1 M
(NH,),SO,, 20 mM Tris—HCl pH 8.0, 0.1 mM EDTA)
and further purified using an equilibrated 5 mL HiTrap
Phenyl FF (HS) column. The protein was loaded at 3 mL/
min. After unbound protein had passed, the bound pro-
tein was eluted by applying a 200 mL linear gradient to
0 M (NH,),SO,. The fractions containing AsSLPMO10B
were collected and concentrated using an Amicon Ultra-
15 Centrifugal Filter Unit with a 10 kDa cutoff (Mili-
pore). Finally, 1.5 mL of the concentrated eluate was run
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through a Superdex 75 120 mL SEC column (Cytiva)
using 20 mM Tris—HCI pH 8.0, 150 mM NaCl, 0.1 mM
EDTA as running buffer. Pure AsLPMO10B was col-
lected, concentrated and stored at 4 °C until further use.

Protein crystallization, X-ray structure determination

and refinement

The AsLPMO10B AA10 domain was crystallized by the
hanging-drop vapor diffusion method. Before setting
up crystallization trials, the protein was saturated with
Cu(II) by adding a threefold molar excess of CuSO, after
adding 1 mM CaCl, (to saturate EDTA in the buffer).
Excess copper was removed with a HiTrap desalting 5 mL
column (GE Life Sciences). The buffer was exchanged to
5 mM Tris—HCI pH 8.0 and subsequently concentrated
to 30 mg/mL using Vivaspin 20 (10 kDa molecular mass
cutoff) centrifugal concentrators (Sartorius Stedim Bio-
tech GmbH). The concentrated protein was stored at 4 °C
until use. Crystallization experiments were prepared in
a pre-greased 48-well VDX plate (Hampton Research)
and mixed on silanized coverslips with the protein solu-
tion in a 1:1 volume ratio. Diffraction-quality crystals
grew after 30—60 min incubation at 20 °C, from a reser-
voir solution containing 0.1 M Na-phosphate/citrate pH
4.2 and 40% v/v PEG 300. Crystals were cryoprotected
by complementing the crystallization solution with 25%
w/v glucose, flash-cooled in liquid nitrogen and stored in
a CX-100 Taylor-Wharton dry shipper for synchrotron
data collection.

Diffraction data were collected at the MAX-IV syn-
chrotron (Lund, Sweden), on the BioMAX beamline [62]
(Dectris EIGER16M hybrid-pixel detector) [63]. Data
collection was carried out at 100 K, at a wavelength of
0.9763 A, covering a total oscillation range of 360° with
0.1° oscillations. Diffraction data were integrated, merged
and truncated using the EDNA [64] software pipeline.
The integration and scaling output was reindexed using
REINDEX, a component of the CCP4 crystallography
software suite [65]. Crystals belonged to space group
P6;, with unit cell parameters a=71.1 A, b=71.1 A,
c=100.3 A and one molecule in the asymmetric unit.
Data collection and scaling statistics are reported in
Table S1. The structure was solved by molecular replace-
ment using the program PHASER [66] from the CCP4
suite. The structure of Wiseana spp. entomopoxivirus
fusolin (PDB ID: 4YN2 [51]) served as search model
(36% sequence identity) after removing alternative con-
formations for all residues using the CCP4 tool PDBCUR
, and truncating mismatching portions with SCULPTOR,
another program from the CCP4 suite [65]. Refinement
was carried out using data to 1.35 A, alternating between
cycles of real-space refinement using Coot [67] and maxi-
mum likelihood refinement against anomalous data with
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REFMACS [68]. The molecular replacement output was
examined and improved by first removing ill-defined side
chains and loops, and thereafter adding missing struc-
tural elements in a step-wise fashion as the quality of the
electron density map improved. After improving the pro-
tein main chain, water molecules were added based on
compatible electron density and hydrogen-bonding inter-
actions. A peak in the phased anomalous difference map
confirmed the presence of copper bound in the center
of the histidine brace motif (Fig. S1). Toward the end of
the refinement process, missing side chains and alterna-
tive conformations were added, and their relative occu-
pancies refined with PHENIX refine [69]. As the last step,
the very high data-to-parameter ratio (~32) allowed full
anisotropic B-factor refinement, including ligands and
water molecules. The coordinates and structure factors
are deposited in the PDB [70] with PDB ID: 7OKR.

Phylogenetic analysis

Amino acid sequences of LPMO-encoding genes were
obtained through the CAZy database [13]. Only protein
sequences from known fish pathogens [37] were selected.
Before analysis, signal peptides, predicted by SignalP
5.0, were removed from the sequences. The phyloge-
netic analysis was performed using the “build” function
of ETE3 v3.1.1 21 [38] which employs PhyML v20160115
[39], with default parameters. Branch support values
were computed from 100 bootstrapped trees.
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Additional file 1: Figure S1. Stereo view of the unmodeled electron
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as a copper ion. The figure includes a large peak in the o,-weighted Fo-fc
map contoured at 3.0 g, visible between the histidine brace and the puta-
tive catalytic base (Glu206) and left unmodeled. Table S1. Data collection
and refinement statistics

Additional file 2:
Additional file 3:
Additional file 4:

Acknowledgements

We would like to thank Bjern-Reidar Hansen at the Center for Fish Research,
Department of Animal and Aquacultural Sciences, NMBU, for assistance

with obtaining and transporting the Atlantic salmon parr and for providing
Atlantic salmon serum. We would also like to than the NIVA Research Facility
at Solbergstrand for facilitating the challenge experiment, Camilla Skagen-
Sandvik, Thea Os Andersen and Amanda Kristine Votvik for assistance in fish
sampling and Morten Skaugen for assistance given in the proteomics experi-
ment. Finally, we acknowledge services provided by the UiO Structural Biology
Core Facilities. X-ray data were collected at the BioMAX beamline at the MAX
IV, Lund, Sweden. We would like to thank Asmund K. Rehr for flash-cooling


https://doi.org/10.1186/s12866-022-02590-2
https://doi.org/10.1186/s12866-022-02590-2

Skane et al. BMC Microbiology (2022) 22:194

the crystals, Bjgrn Dalhus for data collection and Uwe Mdiller for providing
assistance as local contact at the BioMAX beamline.

Authors’ contributions

A.S. Planned and conducted the challenge experiment, RT-qPCR analysis

and analyzed all data. JS.M.L produced, purified and crystallized AsLPMO108B.
PKTE. performed proteomics experiments and analysis. H.S. planned and
supervised the challenge experiment and analyzed data. FA. planned and
supervised experiments and analyzed data. G.V-K. Conceptualized, planned
and supervised the study and analyzed data. KD.L, G.C. and UK. performed
structural analysis. All authors were involved in writing and revising the manu-
script. The author(s) read and approved the final manuscript.

Funding

This work was supported by grants from the Research Council of Norway
(grants no 249865 to GVK, 272201 to UK). The research has also been sup-
ported by the project CALIPSOplus under the Grant Agreement 730872 from
the EU Framework Programme for Research and Innovation HORIZON 2020.

Availability of data and materials

The proteomics data obtained in this study is available in the PRIDE database
(https//www.ebiac.uk/pride/) with the accession number PXD031437.The X-ray
crystallographic structure and accompanying data of the AsSLPMO10B AA10 domain
has been deposited in the pdb database (www.rcsb.org) with the PDB ID: 7OKR.

Declarations

Ethics approval and consent to participate

This study was carried out in compliance with the ARRIVE guidelines. Atlantic
salmon (Salmo salar L) challenge experiments were designed according to
the «Norwegian Regulation on Animal Experimentation» (regulation as of
June 2015, nr 781), which was approved by The Norwegian Research Animal
Authorities (FOTS ID: 16416).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"Faculty of Chemistry, Biotechnology and Food Science, Norwegian University of Life
Sciences (NMBU), As, Norway. “Departrent of Chemistry, University of Oslo, Blindern,
PO. Box 1033, NO-0315 Oslo, Norway. *Department of Paraclinical Sciences, Faculty
of Veterinary Medicine, Norwegian University of Life Sciences (NMBU), Oslo, Norway.
“Division of Host-Microbe Systems & Therapeutics, Department of Pediatrics, School
of Medicine, UC San Diego, La Jolla, San Diego, CA, USA.

Received: 16 March 2022 Accepted: 27 June 2022
Published online: 08 August 2022

References

1. Egidius E, Wiik R, Andersen K, Hoff KA, Hjeltnes B. Vibrio salmonicida Sp-
Nov, a new fish pathogen. Int J Syst Bacteriol. 1986;36(4):518-20. https://
doi.org/10.1099/00207713-36-4-518.

2. Schreder MB, Espelid S, Jargensen Td. Two serotype of Vibrio salmonicida
isolated from diseased cod (Gadus morhua L.); virulence, immunological
studies and advanced experiments. Fish Shellfish Immunol. 1992,2:211-
21. https://doi.org/10.1016/51050-4648(05)80060-9.

3. Egidius E, Andersen K, Clausen E, Raa J. Cold-water vibriosis or ‘Hitra dis-
ease’'in Norwegian salmonid farming. J Fish Dis. 1981;4(4):353-4. https://
doi.org/10.1111/j.1365-2761.1981.tb01143 x.

4. Poppe TT, Hastein T, Salte R."Hitra Disease” (Haemorrhagic Syndrome) in
Norwegian Salmon Farming: Present Status. In: Fish Shellfish Pathol. 1985.

5. Kashulin A, Serum H. A novel in vivo model for rapid evaluation of Aliivi-
brio salmonicida infectivity in Atlantic salmon. Aquaculture. 2014;420—
421:112-8. https://doi.org/10.1016/j.aquaculture.2013.10.025.

20.

21.

22.

23.

Page 14 of 16

Totland GK, Nylund A, Holm KO. An ultrastructural study of morphologi-
cal changes in Atlantic salmon, Salmo salar L., during the development of
cold water vibriosis. J Fish Dis. 1988;11(1):1-13. https://doi.org/10.1111/j.
1365-2761.1988.tb00518..

Bjelland AM, Johansen R, Brudal E, Hansen H, Winther-Larsen HC, Serum
H. Vibrio salmonicida pathogenesis analyzed by experimental challenge
of Atlantic salmon (Salmo salar). Microb Pathog. 2012,52(1):77-84. https://
doi.org/10.1016/j.micpath.2011.10.007.

Bjelland A, Fauske AK, Nguyen A, Orlien |, @stgaard |, Serum H. Expression
of Vibrio salmonicida virulence genes and immune response parameters
in experimentally challenged Atlantic salmon (Salmo salar L.). Front
Microbiol. 2013;4:401. https://doi.org/10.3389/fmicb.2013.00401.

Bjelland AM, Serum H, Tegegne DA, Winther-Larsen HC, Willassen NP,
Hansen H. LitR of Vibrio salmonicida is a salinity-sensitive quorum-sensing
regulator of phenotypes involved in host interactions and virulence.
Infect Immun. 2012;80(5):1681-9. https://doi.org/10.1128/iai.06038-11.
Norstebo SF, Lotherington L, Landsverk M, Bjelland AM, Serum H.
Aliivibrio salmonicida requires O-antigen for virulence in Atlantic salmon
(Salmo salar L). Microb Pathog. 2018;124:322-31. https://doi.org/10.
1016/j.micpath.2018.08.058.

. Norstebo SF, Paulshus E, Bjelland AM, Serum H. A unique role of flagellar

function in Aliivibrio salmonicida pathogenicity not related to bacte-

rial motility in aquatic environments. Microb Pathog. 2017;109:263-73.
https://doi.org/10.1016/j.micpath.2017.06.008.

Nelson EJ, Tunsje HS, Fidopiastis PM, Serum H, Ruby EG. A novel lux
operon in the cryptically bioluminescent fish pathogen Vibrio salmonicida
is associated with virulence. Appl Environ Microbiol. 2007;73(6):1825-33.
https://doi.org/10.1128/aem.02255-06.

Lombard V, GolacondaRamulu H, Drula E, Coutinho PM, Henrissat B. The
carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res.
2014;42((Database issue)):D490-5. https://doi.org/10.1093/nar/gkt1178.
Zhou X, Zhu H. Current understanding of substrate specificity and regi-
oselectivity of LPMOs. Bioresour. 2020;7(1):11. https://doi.org/10.1186/
540643-020-0300-6.

Eijsink VGH, Petrovic D, Forsberg Z, Mekasha S, Rehr AK, Vérnai A, et al. On
the functional characterization of lytic polysaccharide monooxygenases
(LPMOs). Biotechnol Biofuels. 2019;12(1):58. https://doi.org/10.1186/
$13068-019-1392-0.

Oyeleye A, Normi YM. Chitinase: diversity, limitations, and trends in engi-
neering for suitable applications. Biosci Rep. 2018;38(4):BSR2018032300.
https://doi.org/10.1042/BSR20180323.

Nakagawa YS, Kudo M, Loose JS, Ishikawa T, Totani K, Eijsink VGH, et al.

A small lytic polysaccharide monooxygenase from Streptomyces griseus
targeting alpha- and beta-chitin. FEBS J. 2015;282(6):1065-79. https://doi.
org/10.1111/febs.13203.

Vaaje-Kolstad G, Westereng B, Horn SJ, Liu Z, Zhai H, Serlie M, et al. An
oxidative enzyme boosting the enzymatic conversion of recalcitrant
polysaccharides. Science. 2010;330(6001):219-22. https://doi.org/10.
1126/science.1192231.

Bissaro B, Rehr AK, Milller G, Chylenski P, Skaugen M, Forsberg Z, et al. Oxi-
dative cleavage of polysaccharides by monocopper enzymes depends
on H202. Nat Chem Biol. 2017;13(10):1123-8. https://doi.org/10.1038/
nchembio.2470.

Forsberg Z, Nelson CE, Dalhus B, Mekasha S, Loose JSM, Crouch LI, et al.
Structural and functional analysis of a lytic polysaccharide monooxy-
genase important for efficient utilization of chitin in Cellvibrio japonicus.

J Biol Chem. 2016;291(14):7300-12. https://doi.org/10.1074/jbcM115.
700161.

Vaaje-Kolstad G, Horn SJ, van Aalten DM, Synstad B, Eijsink VGH. The
non-catalytic chitin-binding protein CBP21 from Serratia marcescens

is essential for chitin degradation. J Biol Chem. 2005;280(31):28492-7.
https://doi.org/10.1074/jbc. M504468200.

Frederiksen RF, Paspaliari DK, Larsen T, Storgaard BG, Larsen MH, Ingmer
H, et al. Bacterial chitinases and chitin-binding proteins as virulence fac-
tors. Microbiology (Reading, England). 2013;159(Pt 5):833-47. https://doi.
0rg/10.1099/mic.0.051839-0.

Wong E, Vaaje-Kolstad G, Ghosh A, Hurtado-Guerrero R, Konarev PV, Ibrahim
AFM, et al. The Vibrio cholerae colonization factor GbpA possesses a modular
structure that governs binding to different host surfaces. PLoS Pathog.
2012;8(1):21002373-e. https;//doi.org/10.1371/journal.ppat.1002373.


https://www.ebi.ac.uk/pride/
http://www.rcsb.org
https://doi.org/10.1099/00207713-36-4-518
https://doi.org/10.1099/00207713-36-4-518
https://doi.org/10.1016/s1050-4648(05)80060-9
https://doi.org/10.1111/j.1365-2761.1981.tb01143.x
https://doi.org/10.1111/j.1365-2761.1981.tb01143.x
https://doi.org/10.1016/j.aquaculture.2013.10.025
https://doi.org/10.1111/j.1365-2761.1988.tb00518.x
https://doi.org/10.1111/j.1365-2761.1988.tb00518.x
https://doi.org/10.1016/j.micpath.2011.10.007
https://doi.org/10.1016/j.micpath.2011.10.007
https://doi.org/10.3389/fmicb.2013.00401
https://doi.org/10.1128/iai.06038-11
https://doi.org/10.1016/j.micpath.2018.08.058
https://doi.org/10.1016/j.micpath.2018.08.058
https://doi.org/10.1016/j.micpath.2017.06.008
https://doi.org/10.1128/aem.02255-06
https://doi.org/10.1093/nar/gkt1178
https://doi.org/10.1186/s40643-020-0300-6
https://doi.org/10.1186/s40643-020-0300-6
https://doi.org/10.1186/s13068-019-1392-0
https://doi.org/10.1186/s13068-019-1392-0
https://doi.org/10.1042/BSR20180323
https://doi.org/10.1111/febs.13203
https://doi.org/10.1111/febs.13203
https://doi.org/10.1126/science.1192231
https://doi.org/10.1126/science.1192231
https://doi.org/10.1038/nchembio.2470
https://doi.org/10.1038/nchembio.2470
https://doi.org/10.1074/jbc.M115.700161
https://doi.org/10.1074/jbc.M115.700161
https://doi.org/10.1074/jbc.M504468200
https://doi.org/10.1099/mic.0.051839-0
https://doi.org/10.1099/mic.0.051839-0
https://doi.org/10.1371/journal.ppat.1002373

Skane et al. BMC Microbiology

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2022) 22:194

Kirn TJ, Jude BA, Taylor RK. A colonization factor links Vibrio cholerae envi-
ronmental survival and human infection. Nature. 2005:438(7069):863-6.
https://doi.org/10.1038/nature04249.

Chaudhuri S, Bruno JC, Alonzo F 3rd, Xayarath B, Cianciotto NP, Freitag NE.
Contribution of chitinases to Listeria monocytogenes pathogenesis. Appl
Environ Microbiol. 2010,76(21):7302-5. https://doi.org/10.1128/AEM.
01338-10.

Dishaw LJ, Giacomelli S, Melillo D, Zucchetti |, Haire RN, Natale L, et al. A
role for variable region-containing chitin-binding proteins (VCBPs) in host
gut-bacteria interactions. PNAS. 2011;108(40):16747-52. https://doi.org/
10.1073/pnas.1109687108.

Mondal M, Nag D, Koley H, Saha DR, Chatterjee NS. The Vibrio cholerae
extracellular chitinase ChiA2 is important for survival and pathogenesis in
the host intestine. PLoS ONE. 2014;9(9):e103119. https://doi.org/10.1371/
journal.pone.0103119.

Agostoni M, Hangasky JA, Marletta MA. Physiological and molecular
understanding of bacterial polysaccharide monooxygenases. Microbiol
Mol Biol Rev. 2017;81(3):e00015-17. https://doi.org/10.1128/MMBR.
00015-17.

Lee CG, Silva CAD, Cruz CSD, Ahangari F, Ma B, Kang M-J, et al. Role

of chitin and chitinase/chitinase-like proteins in inflammation, tissue
remodeling, and injury. Annu Rev Physiol. 2011;73(1):479-501. https://doi.
org/10.1146/annurev-physiol-012110-142250.

Vandhana TM, Reyre JL, Sushmaa D, Berrin JG, Bissaro B, Madhuprakash
J.On the expansion of biological functions of lytic polysaccharide
monooxygenases. New Phytol. 2021. https://doi.org/10.1111/nph.17921.
Askarian F, Uchiyama S, Masson H, Serensen HV, Golten O, Bunaes

AC, et al. The Iytic polysaccharide monooxygenase CbpD promotes
Pseudomonas aeruginosa virulence in systemic infection. Nat Commun.
2021;12(1):1230. https://doi.org/10.1038/541467-021-21473-0.
Bhowmick R, Ghosal A, Das B, Koley H, Saha DR, Ganguly S, et al. Intestinal
adherence of Vibrio cholerae involves a coordinated interaction between
colonization factor GbpA and mucin. Infect Immun. 2008;76(11):4968-77.
https://doi.org/10.1128/1A1.01615-07.

DebRoy S, Dao J, Séderberg M, Rossier O, Cianciotto NP. Legionella
pneumophila type Il secretome reveals unique exoproteins and a
chitinase that promotes bacterial persistence in the lung. PNAS.
2006;103(50):19146-51. https://doi.org/10.1073/pnas.0608279103.
Rehman S, Grigoryeva LS, Richardson KH, Corsini P, White RC, Shaw R,

et al. Structure and functional analysis of the Legionella pneumophila
chitinase ChiA reveals a novel mechanism of metal-dependent mucin
degradation. PLoS Pathog. 2020;16(5):21008342. https://doi.org/10.1371/
journal.ppat.1008342.

Skane A, Minniti G, Loose JSM, Mekasha S, Bissaro B, Mathiesen G, et al.
The fish pathogen Aliivibrio salmonicida LFI1238 can degrade and
metabolize chitin despite gene disruption in the chitinolytic pathway.
Appl Environ Microbiol. 2021;87(19):e0052921. https://doi.org/10.1128/
AEM.00529-21.

Hjerde E, Lorentzen MS, Holden MT, Seeger K, Paulsen S, Bason N, et al.
The genome sequence of the fish pathogen Aliivibrio salmonicida strain
LFI1238 shows extensive evidence of gene decay. BMC Genomics.
2008;9(1):616. https://doi.org/10.1186/1471-2164-9-616.

Austin B, Austin D. Bacterial Fish Pathogens: Diseases of Farmed and Wild
Fish. 2007.

Huerta-Cepas J, Serra F, Bork P. ETE 3: Reconstruction, Analysis, and Visu-
alization of Phylogenomic Data. Mol Biol Evol. 2016;33(6):1635-8. https://
doi.org/10.1093/molbev/msw046.

Guindon S, Dufayard J-F, Lefort V, Anisimova M, Hordijk W, Gascuel O. New
Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies:
Assessing the Performance of PhyML 3.0. Syst Biol. 2010;59(3):307-21.
https://doi.org/10.1093/sysbio/syq010.

Seong IS, Kang MS, Choi MK, Lee JW, Koh OJ, Wang J, et al. The C-terminal
Tails of HslU ATPase Act as a Molecular Switch for Activation of HslV
Peptidase. J Biol Chem. 2002;277(29):25976-82. https://doi.org/10.1074/
jbc.M202793200.

Rashid Y, Kamran Azim M, Saify ZS, Khan KM, Khan R. Small molecule
activators of proteasome-related HslV peptidase. Bioorg Med Chem Lett.
2012;22(19):6089-94. https://doi.org/10.1016/jbmcl.2012.08.033.
Stonehouse E, Kovacikova G, Taylor RK, Skorupski K. Integration host
factor positively regulates virulence gene expression in Vibrio cholerae. J
Bacteriol. 2008;190(13):4736-48. https://doi.org/10.1128/jb.00089-08.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 150f 16

Jeong HS, Kim SM, Lim MS, Kim KS, Choi SH. Direct Interaction between
quorum-sensing regulator SmcR and RNA polymerase is mediated by
integration host factor to activate vpE encoding elastase in Vibrio vulnifi-
cus. J Biol Chem. 2010;285(13):9357-66. https://doi.org/10.1074/jbc.M109.
089987.

Chaparian RR, Olney SG, Hustmyer CM, Rowe-Magnus DA, van Kessel JC.
Integration host factor and LuxR synergistically bind DNA to coactivate
quorum-sensing genes in Vibrio harveyi. Mol Microbiol. 2016;101(5):823—
40. https://doi.org/10.1111/mmi.13425.

Pan J, Zhao M, Huang Y, Li J, Liu X, Ren Z, et al. Integration host factor
modulates the expression and function of T6SS2 in Vibrio fluvialis. Front
Microbiol. 2018;9:962. https://doi.org/10.3389/fmicb.2018.00962.
Salomon D, Klimko JA, Trudgian DC, Kinch LN, Grishin NV, Mirzaei H, et al.
Type VI Secretion System Toxins Horizontally Shared between Marine
Bacteria. PLoS Pathog. 2015;11(8):21005128. https://doi.org/10.1371/
journal.ppat.1005128.

Vaaje-Kolstad G, Forsberg Z, Loose JSM, Bissaro B, Eijsink VGH. Structural
diversity of lytic polysaccharide monooxygenases. Curr Opin Struct Biol.
2017;44:67-76. https://doi.org/10.1016/j.5bi.2016.12.012.

Gudmundsson M, Kim S, Wu M, Ishida T, Momeni MH, Vaaje-Kolstad G,
et al. Structural and Electronic Snapshots during the Transition from a
Cu(ll) to Cu(l) Metal Center of a Lytic Polysaccharide Monooxygenase by
X-ray Photoreduction *. J Biol Chem. 2014;289(27):18782-92. https://doi.
0rg/10.1074/jbc.M114.563494.

Holm L. DALI and the persistence of protein shape. Protein Sci.
2020;29(1):128-40. https://doi.org/10.1002/pro.3749.

Yadav SK, Archana, Singh R, Singh PK, Vasudev PG. Insecticidal fern
protein Tma12 is possibly a lytic polysaccharide monooxygenase. Planta.
2019;249(6):1987-96; doi: https://doi.org/10.1007/500425-019-03135-0
Chiu E, Hijnen M, Bunker RD, Boudes M, Rajendran C, Aizel K, et al.
Structural basis for the enhancement of virulence by viral spindles and
their in vivo crystallization. PNAS. 2015;112(13):3973-8. https://doi.org/10.
1073/pnas.1418798112.

Frandsen KEH, Simmons TJ, Dupree P, Poulsen J-CN, Hemsworth GR,
Ciano L, et al. The molecular basis of polysaccharide cleavage by lytic
polysaccharide monooxygenases. Nat Chem Biol. 2016;12(4):298-303.
https://doi.org/10.1038/nchembio.2029.

Quinlan RJ, Sweeney MD, Lo Leggio L, Otten H, Poulsen J-CN, Johansen
KS, et al. Insights into the oxidative degradation of cellulose by a

copper metalloenzyme that exploits biomass components. PNAS.
2011;108(37):15079-84. https://doi.org/10.1073/pnas.1105776108.

Jang KK, Gil SY, Lim JG, Choi SH. Regulatory Characteristics of Vibrio
vulnificus gbpA Gene Encoding a Mucin-binding Protein Essential for
Pathogenesis. J Biol Chem. 2016;291(11):5774-87. https://doi.org/10.
1074/jbc.M115.685321.

Tang WJ, Fernandez J, Sohn JJ, Amemiya CT. Chitin is endogenously
produced in vertebrates. Curr Biol. 2015;25(7):897-900. https://doi.org/10.
1016/j.cub.2015.01.058.

Mitsuhashi W, Miyamoto K. Disintegration of the peritrophic membrane
of silkworm larvae due to spindles of an entomopoxvirus. J Invertebr
Pathol. 2003;82(1):34-40. https://doi.org/10.1016/50022-2011(02)
00203-3.

Mitsuhashi W, Kawakita H, Murakami R, Takemoto Y, Saiki T, Miyamoto K,
et al. Spindles of an entomopoxvirus facilitate its infection of the host
insect by disrupting the peritrophic membrane. J Virol. 2007;81(8):4235-
43, https://doi.org/10.1128/JV1.02300-06.

Khider M, Hansen H, Hjerde E, Johansen JA, Willassen NP. Exploring the
transcriptome of luxl— and AainS mutants and the impact of N-3-oxo-
hexanoyl-L- and N-3-hydroxy-decanoyl-L-homoserine lactones on biofilm
formation in Aliivibrio salmonicida. PeerJ. 2019;7:e6845. https://doi.org/
10.7717/peer).6845.

Meibom KL, Li XB, Nielsen AT, Wu CY, Roseman S, Schoolnik GK. The
Vibrio cholerae chitin utilization program. Proc Natl Acad Sci USA.
2004;101(8):2524-9. https://doi.org/10.1073/pnas.0308707101.

Paspaliari DK, Loose JS, Larsen MH, Vaaje-Kolstad G. Listeria monocy-
togenes has a functional chitinolytic system and an active lytic polysac-
charide monooxygenase. FEBS J. 2015;282(5):921-36. https://doi.org/10.
1111/febs.13191.

Yu'Y, Smith M, Pieper R. A spinnable and automatable StageTip for high
throughput peptide desalting and proteomics. Protoc Exch. 2014. https.//
doi.org/10.1038/protex.2014.033.


https://doi.org/10.1038/nature04249
https://doi.org/10.1128/AEM.01338-10
https://doi.org/10.1128/AEM.01338-10
https://doi.org/10.1073/pnas.1109687108
https://doi.org/10.1073/pnas.1109687108
https://doi.org/10.1371/journal.pone.0103119
https://doi.org/10.1371/journal.pone.0103119
https://doi.org/10.1128/MMBR.00015-17
https://doi.org/10.1128/MMBR.00015-17
https://doi.org/10.1146/annurev-physiol-012110-142250
https://doi.org/10.1146/annurev-physiol-012110-142250
https://doi.org/10.1111/nph.17921
https://doi.org/10.1038/s41467-021-21473-0
https://doi.org/10.1128/IAI.01615-07
https://doi.org/10.1073/pnas.0608279103
https://doi.org/10.1371/journal.ppat.1008342
https://doi.org/10.1371/journal.ppat.1008342
https://doi.org/10.1128/AEM.00529-21
https://doi.org/10.1128/AEM.00529-21
https://doi.org/10.1186/1471-2164-9-616
https://doi.org/10.1093/molbev/msw046
https://doi.org/10.1093/molbev/msw046
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1074/jbc.M202793200
https://doi.org/10.1074/jbc.M202793200
https://doi.org/10.1016/j.bmcl.2012.08.033
https://doi.org/10.1128/jb.00089-08
https://doi.org/10.1074/jbc.M109.089987
https://doi.org/10.1074/jbc.M109.089987
https://doi.org/10.1111/mmi.13425
https://doi.org/10.3389/fmicb.2018.00962
https://doi.org/10.1371/journal.ppat.1005128
https://doi.org/10.1371/journal.ppat.1005128
https://doi.org/10.1016/j.sbi.2016.12.012
https://doi.org/10.1074/jbc.M114.563494
https://doi.org/10.1074/jbc.M114.563494
https://doi.org/10.1002/pro.3749
https://doi.org/10.1007/s00425-019-03135-0
https://doi.org/10.1073/pnas.1418798112
https://doi.org/10.1073/pnas.1418798112
https://doi.org/10.1038/nchembio.2029
https://doi.org/10.1073/pnas.1105776108
https://doi.org/10.1074/jbc.M115.685321
https://doi.org/10.1074/jbc.M115.685321
https://doi.org/10.1016/j.cub.2015.01.058
https://doi.org/10.1016/j.cub.2015.01.058
https://doi.org/10.1016/s0022-2011(02)00203-3
https://doi.org/10.1016/s0022-2011(02)00203-3
https://doi.org/10.1128/JVI.02300-06
https://doi.org/10.7717/peerj.6845
https://doi.org/10.7717/peerj.6845
https://doi.org/10.1073/pnas.0308707101
https://doi.org/10.1111/febs.13191
https://doi.org/10.1111/febs.13191
https://doi.org/10.1038/protex.2014.033
https://doi.org/10.1038/protex.2014.033

Skane et al. BMC Microbiology (2022) 22:194 Page 16 of 16

62. Ursby T, Ahnberg K, Appio R, Aurelius O, Barczyk A, Bartalesi A, et al.
BioMAX - the first macromolecular crystallography beamline at MAX IV
Laboratory. J Synchrotron Radiat. 2020;27(5):1415-29. https://doi.org/10.
1107/51600577520008723.

63. Casanas A, Warshamanage R, Finke AD, Panepucci E, Olieric V, Noll A, et al.
EIGER detector: application in macromolecular crystallography. Acta
Crystallogr Sect D. 2016;72(9):1036-48. https://doi.org/10.1107/52059
798316012304.

64. Incardona M-F, Bourenkov GP, Levik K, Pieritz RA, Popov AN, Svensson O.
EDNA: a framework for plugin-based applications applied to X-ray experi-
ment online data analysis. J Synchrotron Radiat. 2009;16(6):872-9. https://
doi.org/10.1107/50909049509036681.

65. Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, et al.
Overview of the CCP4 suite and current developments. Acta Crystallogr
Sect D. 2011,67(4):235-42. https://doi.org/10.1107/50907444910045749.

66. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read
RJ. Phaser crystallographic software. J Appl Crystallogr. 2007;40(4).658-74.
https://doi.org/10.1107/50021889807021206.

67. Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development
of Coot. Acta Crystallogr Sect D. 2010;66(4):486-501. https://doi.org/10.
1107/50907444910007493.

68. Murshudov GN, Skubak P, Lebedev AA, Pannu NS, Steiner RA, Nicholls RA,
et al. REFMACS for the refinement of macromolecular crystal structures.
Acta Crystallogr Sect D. 2011,67(4):355-67. https://doi.org/10.1107/50907
444911001314

69. Liebschner D, Afonine PV, Baker ML, Bunkoczi G, Chen VB, Croll Tl, et al.
Macromolecular structure determination using X-rays, neutrons and
electrons: recent developments in Phenix. Acta Crystallogr Sect D.
2019;75(10):861-77. https://doi.org/10.1107/52059798319011471.

70. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The
Protein Data Bank. Nucleic Acids Res. 2000;28(1):235-42. https://doi.org/
10.1093/nar/28.1.235.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1107/S1600577520008723
https://doi.org/10.1107/S1600577520008723
https://doi.org/10.1107/S2059798316012304
https://doi.org/10.1107/S2059798316012304
https://doi.org/10.1107/S0909049509036681
https://doi.org/10.1107/S0909049509036681
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S2059798319011471
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235

	Chitinolytic enzymes contribute to the pathogenicity of Aliivibrio salmonicida LFI1238 in the invasive phase of cold-water vibriosis
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Phylogenetic analysis
	Proteomic profiling
	In vivo immersion challenge experiments to establish bacteremia
	Bacterial burden in blood
	Bacterial burden in tissues and organs
	Structure of AsLPMO10B

	Discussion
	Materials and methods
	Bacterial strains
	Atlantic salmon challenge
	Challenge procedures
	Obtaining blood samples from infected fish
	Evaluation of bacterial burden in tissues and organs
	Persistence of the bacterium in tissue
	Necroscopy

	Proteomics
	Protein production and purification
	Protein crystallization, X-ray structure determination and refinement
	Phylogenetic analysis

	Acknowledgements
	References


