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3 Abstract

The arsenal of virulence factors possessed by a bacterium can determine its ability
to infect the host and cause disease. Chitinases and chitin-active lytic
polysaccharide monooxygenases (LPMOs) have been indicated to play an
important role not only in chitin degradation- but also virulence. The genome of
Aliivibrio salmonicida, the causative agent of a cold-water vibriosis (CWV) in
farmed salmonids, has gone through a substantial gene decay, possibly adapting
the bacteria to its pathogenic lifestyle. One of the most affected pathways is the
chitinolytic pathway, which is responsible for obtaining nutrients from chitin.
Intrestingly, two LPMO and one chitinase encoding genes remain intact. A major
part of this PhD project was therefore aimed at investigating whether the chitinase
(AsChi18A) and LPMOs (AsLPMO10A and AsLPMO10B) of Al. salmonicida in fact
could depolymerize chitin and determine if these enzymes play a role in the
pathogenic properties of the bacterium.

In the first study, Al. salmonicida was found to be able to utilize chitin as nutrient
source, a finding supported by biochemical evidence showing chitin
depolymerizing activities for both LPMOs and the chitinase. Investigation of gene
deletion variants showed that all three enzymes were required for optimal chitin
degradation by the bacterium, although the chitinase was playing the most
important role. Interestingly, the chitinase displayed approximately 50-fold lower
chitin degrading activity compared to chitinases that were obtained from other well
know chitin degrading bacteria, which might indicate the putative adaption of the
bacterium to other substrates. Finally, proteomic analysis of chitin catabolism by
Al. salmonicida showed that ASLPMO10A was abundantly expressed under all
examined conditions including presence of glucose, whereas AsLPMO10B and the
chitinase were mostly detected during growth on chitin.

The second study investigated the potential roles of AsLPMO10A and
AsLPMO10B as virulence factors. In vivo challenge experiments showed that the
two LPMOs promoted the virulence properties of the bacterium during the invasive
phase of CWV. Intriguinly, exposure of the single and double LPMO-deletion
variants to Atlantic salmon serum showed alternation of A. salmonicida proteome
response compared to the wild type. This further indicates the use of alternative
mechanisms for adaption by the bacterium to the host-mimicking conditions upon
deletion of the LPMOs.

The final study of the thesis was performed on another bacterium causing vibriosis,
namely Vibrio anguillarum. Using comparative label-free quantitative proteomics,



the response of the bacterium was analyzed after exposure to several virosis-
associated stress conditions like iron-deprivation, hydrogen peroxide (oxidative
stress) and innate immune components (Atlantic salmon serum). Most notably, all
stress conditions resulted in significant modulation of metabolic pathways and
particular virulence determinants.

Taken together, the findings of this thesis provide novel insight into the ecology
and virulence properties of chitinolytic enzymes in Al. salmonicida and the global
proteomic adaptions of V. anguillarum to several vibriosis associated stressors.



4 Norsk sammendrag

Arsenalet av virulensfaktorer tilgjengelig for en bakterie spiller en viktig rolle for
evnen den har til & infisere verten og forarsake sykdom. Kitinaser og kitin-aktive
lytisk polysakkarid monooksygenaser (LPMOer) er indikert til & spille en viktig rolle
i nedbryting av kitin, men ogsa som virulensfaktorer. Genomet til Aliivibrio
salmonicida, som forarsaker kaldtvannsvibriose (CWV) hos oppdrettslaks, har
gjennomgatt et betydelig genforfall. Genforfallet er muligens en tilpasning av
bakterien til dens patogene livsstil. En rekke av de gdelagte genene er ansvarlig
for & skaffe naeringstoffer fra kitin, hvilket kan tyde pa at bakterien har mistet evnen
til & nyttegjere seg av kitin som neeringskilde. Til tross for dette, er to LPMO-
kodende gener og et kitinase-kodene gen intakte. Det kan ergo tenkes at disse
enzymene kan ha andre roller enn nedbrytning av kitin. En stor del av dette PhD-
prosjektet ble derfor rettet mot & undersgke om kitinasen (AsChi18A) og LPMOene
(ASLPMO10A og AsLPMO10B) til Al. salmonicida kunne depolymerisere kitin, og
om disse enzymene kunne spille en rolle for de patogene egenskapene til
bakterien.

Den forste studien avslgrte at Al. salmonicida kan bruke kitin som naeringskilde.
Funnet ble stattet av biokjemiske bevis som viste at bade kitinasen og LPMOene
har depolymeriserene aktiviteter. Bruk av genedelesjonsvarianter viste at alle tre
enzymene var ngdvendige for optimal kitin-nedbrytning, og at kitinasen spilte den
viktigste rollen. Videre hadde kitinasen 50 ganger lavere kitin-nedbrytende aktivitet
sammenlignet med kitinaser fra velkjente kitin-nedbrytende bakterier, noe som
kunne indikere en tilpasning til andre substrater. Ved bruk av proteomisk analyse
av Al. salmonicida, ble AsSLPMO10A funnet rikelig uttrykt i alle testede forhold
(ogsa under vekst pa glukose), mens AsLPMO10B og kitinasen omtrent bare ble
pavist under vekst pa kitin.

Den andre studien undersgkte ASLPMO10A og AsLPMO10B som potensielle
virulensfaktorer. Smitteforsgk med Atlantisk laks viste at LPMOene fremmet
virulens hos Al. salmonicida, og at dette var knyttet til det invasive stadiet av CWV.
Videre viste eksponering av de ulike delesjonsvarientene for lakseserum,
forskjellig proteomisk respons sammenlignet med villtypen, noe som indikerer bruk
av alternative mekanismer for tilpasning til vertsbetingelser i fraveer av LPMOene.

Den siste studien ble utfert pa Vibrio anguillarum, en annen bakterie som
forarsaker vibriose. Ved bruk av komparativ proteomikk ble bakteriens respons
analysert etter eksponering for miljgmessige stressforhold som jernmangel,



hydogenperoksid (oksidativt stress) og serum fra Atlantisk laks. Alle stressforhold
farte til signifikant modulering av metabolisme og spesifikke virulensfaktorer.

Funnene i dette prosjektet gir ny innsikt i gkologien og virulensegenskapene
knyttet til Al. salmonicida’s kitinolytiske enzymer, og gir ny innsikt i V. anguillarum’s
globale proteomiske tilpasning til uilke vibriose-assosierte stressfaktorer.






5 Introduction

Vibrionaceae is a large family of bacteria widely distributed in the environment, of
which many are opportunistic pathogens associated with diseases in both humans
and vertebrates. The taxonomy of Vibrionaceae have been subject to multiple
changes over the years, and currently consists of 11 genera (Vibrio,
Photobacterium, Aliivibrio, Salinvibrio, Enterovibrio, Grimontia, Candidatus
Photodesmus, Allomonas, Catenococcus, Echinimonas and Photococcus) (1). In
humans, opportunistic pathogens within the Vibrionaceae family (e.g. Vibrio
cholerae, Vibrio vulnificus, Vibrio parahaemolyticus) are commonly associated
with consumption of contaminated water or seafood (2). They may cause
gastrointestinal infections, septicemia, skin and soft tissue infections (2). In fish
and aquatic animals, examples of pathogens within this family includes Aliivibrio
(Vibrio) salmonicida, Vibrio (Listonella) anguillarum, Vibrio vulnificus, Vibrio ordalii,
Vibrio harveyi, Vibrio alginolyticus, Aliivibrio wodanis and Photobacterium
damselae subsp. damselae (3, 4). The work leading up to this thesis was carried
out on Al salmonicida and V. anguillarum, causative agents of vibriosis in
aquaculture.

The introduction of this thesis will elucidate the importance of chitin in the
environmental ecology of Vibrionaceae, virulence determinants associated with
these bacterial species and chitinolytic enzymes as multifunctional proteins.



5.1 Aliivibrio salmonicida

Allivibrio salmonicida is a gram negative, facultative anaerobic, motile, curved rod
with multiple polar flagella (Figure 1)(5). This bacterium was previously known as
Vibrio salmonicida (5) before reclassification to the Aliivibrio genus (6). Al
salmonicida grows at 1-22 °C and 0-4 % NaCl, but the optimal salinity is 1.5 %
with an optimal growth temperature at 15 °C on solid media and 10 °C in liquid
media (7). Colonies are small, round, raised and translucent.

£ P i

Figure 1. Scanning electron microscopy of Aliivibrio salmonicida. Adapted from
Egidius et al (5).

Genome sequencing of strain LFI11238 by Hjerde et al., revealed several genomic
features of this bacterium. Like most Vibrionaceae, its genome is composed of two
chromosomes. The largest chromosome (I) harbors essential genes, while the
smaller chromosome (ll) harbors accessory genes (8). A highly interesting feature
of the Al. salmonicida genome is the number of inactive genes and abundance of
insertion sequence elements (IS elements). In total, 291 IS elements are
responsible for the inactivation of at least 156 coding sequences (CDSs). IS
elements are short, self-replicating DNA sequences that are capable of spreading
across the genome, and the high abundance of IS elements in Al. salmonicida
LFI11238 is proposed to reflect an ability to adapt to the environment (8, 9). The
genome sequencing also demonstrated the presence of four plasmids. Eleven
different plasmid profiles have been identified for Al. salmonicida across 342
clinical isolates (10). None of these plasmids have been reported to be associated
with virulence.
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History and epidemiology of cold-Water vibriosis

Cold-water vibriosis (CWV) is a disease mainly affecting salmonids (Salmo salar
L. and Oncorhynchus mykiss) and to a lesser extent gadidae (Gadus morhua L.).
CWV is characterized by high mortality and extensive hemorrhages, and has been
named “hemorrhagic syndrome” and “Hitra disease” (11). The first recorded cases
of CWV occurred in 1977 Hammerfest, and late autumn and winter 1979/1980
around the islands Hitra and Frgya in Norway (11). In the following years, CWV
persisted around the coast of Norway and spread to the Bergen and Stavanger
region in 1983 (12). From the late 1980s the etiological agent was also isolated
from diseased cod (Gadus morhua) (13, 14).

CWV was regarded as the most severe threat to Norwegian aquaculture, leading
to high mortalities, economic losses, and extensive consumption of antibiotics,
which peaked in 1987 with 200 outbreaks (15). Treatment with antibiotics was a
major concern. By the time symptoms appeared it was often too late for efficient
treatment, and isolated strains of the etiological agent, Al. salmonicida from various
locations showed resistance to a variety of antibiotics (16).

Development of a vaccine consisting of a bacterin made from formalin-killed Al
salmonicida, and later an oil-adjuvanted furunculosis/CWV vaccine has kept the
disease under control (17-19). A rise in the number of CWV infections in Atlantic
salmon was reported in 2011-2013, but according to the Norwegian fish health
report 2015, altered conditions related to vaccination contributed to this situation
(15).

CWV is endemic along the whole Norwegian cost line. However, cases have also
been recorded in Scotland, Faroe islands, Iceland, United States and Canada (20,
21). Outbreaks of CWV mainly occur when the water temperature is low (<10 °C),
from late autumn to early spring. The route of transmission is between fish within
the same farm and between neighboring farm locations. Al .salmonicida can
survive for more than 1 year in a suspended state (22), and the abundance of the
bacterium in the water surrounding fish farms fluctuates with seasonal variation
(23, 24).

The intact salmon skin has been demonstrated to be the portal of entry of Al
salmonicida (25). Multiple studies describe the presence of Al. salmonicida in the
blood of experimentally challenged Atlantic salmon. Bjelland et al. showed the
presence of the bacterium in the blood of Atlantic salmon 2 hours after immersion
challenge, and proposed rapid development of septicemia (26). Later, Kashulin
and Sgrum showed that only 3 minutes exposure of Al. salmonicida was enough
to recover high numbers of the pathogen from the blood of infected fish (25).
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Symptoms and pathology

Clinical signs of CWV include extensive internal hemorrhaging around organs,
abdominal wall, and posterior gastro-intestinal tract (5, 12, 27). External
hemorrhages around the abdomen may be present (Figure 2). Al salmonicida is
usually found in high numbers in blood and hematopoietic tissues, and there is
often evidence of anemia internally. Moribund fish may display loss of appetite,
fatigue, and changes in swimming pattern (12).

Figure 2. External signs of Cold-water vibriosis. CWV can be observed by the external
hemorrhaging (red spots) indicated on the skin between the pectoral and ventral fins. Photo:
Anna Skane.

Once the bacterium enters the bloodstream (25), Al. salmonicida will actively
proliferate in blood upon passing a latent stage (25, 26, 28). In Atlantic salmon, the
most severe cell damage of affected fish is found in areas with a rich blood supply.
The first cellular damage appears in leukocytes and the endothelial cells of the
capillaries (29). The histopathological changes observed in infected fish has been
shown to correspond to the bacterial burden, and to be related to the host immune
response towards the pathogen (29-31). In vitro and in vivo studies have
demonstrated that Al. salmonicida is actively and rapidly phagocytosed (31, 32),
and histochemical studies of stored tissues from the first known outbreaks of CWV
have showed that positive antigen reactions are pronounced within the phagocytic
cells of the spleen and kidney (30).
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5.2 Vibrio anguillarum and vibriosis

Description of species

Vibrio anguillarum is a gram negative, motile, curved rod with one single polar
flagellum (Figure 3). Over the years, V. anguillarum has been subject to changes
in classification. Based on genetic variation in the 5S rRNA region, two new genera
were established (Listonella and Shewanella (33)), excluding V. anguillarum from
the Vibrionaceae family, until later reclassification to the Vibrio genus (34).

V. anguillarum can grow between 15 and 38.5 °C, with optimum temperature 25
°C and presence of 1-2 % NaCl (35). The growth rate of V. anguillarum is known
to increase with temperature (36). Colonies are round, raised, shiny and cream-
colored (37).

Figure 3. Immunogold electron microscopy of Vibrio anguillarum NB10. Adapted from
(38).

So far, 23 serotypes of V. anguillarum have been described, of which majorly
serotypes O1 and 02, and to a limited extent O3, are associated with vibriosis in
fish. The other V. anguillarum serotypes are in general nonpathogenic and isolated
from seawater, plankton and sediments. The bacterium contains two
chromosomes which have been sequenced in several strains of serotypes O1, 02
and O3 (39-41). The first complete genome sequence of V. anguillarum strain 775
revealed various genomic features including the virulence plasmid pJM1, 10
genomic islands (Gls) and several potential virulence factors (39). Plasmid profiling
of V. anguillarum showed that serotype O1 strains associated with disease in fish,
in general harbor a pJM1 or pJM1-like plasmid (42-44). In contrast, it has been
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suggested that the presence or absence of the pJM1 plasmid is not an essential
factor for V. anguillarum to cause disease in fish larvae (45).

History, epidemiology and clinical signs

In 1909 Bergman proposed the name Vibrio anguillarum for the causing agent of
“red pest” in eels (Anguilla anguilla L.) (46). Prior to this, Canestrini reported
Bacterium anguillarum as the causing agent of an epidemic disease affecting the
same species dating back to the 1880s (47), and Bergman proposed that is was
the same etiological agent. By 1970s V. anguillarum was found to be the causing
agent of vibriosis in several marine organisms including eels (48), rainbow trout
(49), flounder (50), turbot (51) and Pacific salmonids (52). Today it is known that
V. anguillarum causes vibriosis in more than 50 species of fish, and occasionally
causes disease in mollusks and crustaceans (53, 54).

Typical external clinical signs of vibriosis include weight loss, lethargy,
hemorrhages or red spots on the ventral and lateral areas of the fish, as well as
swollen and dark skin lesions. The eyes may also be affected, resulting in
ulceration and exophthalmia (54). Based on these clinical signs, vibriosis is also
known as salt-water furunculosis (55), boil disease (56) and ulcer disease (57).
Internally, the bacterium is found in high concentrations in the blood and
hematopoietic tissues. Several vaccines have been developed, including heat- or
formalin killed V. anguillarum, whole cell bacterin and live-attenuated vaccines (58-
62).

Factors contributing to outbreaks of vibriosis includes water quality and pollution,
population density and temperature, and outbreaks of vibriosis caused by V.
anguillarum only occurs at water temperature above 15 °C (37). Multiple
environmental factors (e.g. anaerobiosis and darkness (63), presence of divalent
cations such as Ca?* and Mg?* (64)) have been shown to enhance survival and
pathogenicity in V. anguillarum. Notably, copper is an initiating factor of vibriosis in
eels (48), and exposure of Chinook salmon and rainbow trout to copper increase
their susceptibility to infection by V. anguillarum (65).

The infection route of V. anguillarum is commonly through the fish skin, but also
by oral ingestion of the pathogen through contaminated water or food (66-69).
Although the portal of entry has been a subject of discussion within the literature,
it is evident that chemotaxis and interactions of V. anguillarum towards mucosal
surfaces is important (70, 71). Particularly, colonization of the fish skin is critical to
cause disease (66, 72), and the gut represents a site of adhesion, colonization and
proliferation using the intestinal mucus as a nutrient source (73).

14



Although V. anguillarum mostly is related to fish disease, a recent human death
has been reported. In 2017, a 65-year-old woman died from septic shock and multi-
organ failure after being admitted to the hospital emergency department in Maine
with skin- and tissue infection. V. anguillarum was identified in blood cultures
obtained after admission, serving the first known case of this bacteria associated
with human disease. However, due to the patient’s history and various co-
morbidities is was not possible to conclude weather V. anguillarum was the sole
cause of her decline (74).
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5.3 Vibrionaceae and chitin- associated interactions

Although several Vibrionaceae members can cause disease in humans, fish and
invertebrates, they do not rely on their hosts for survival and are natural inhabitants
of marine and brackish waters. These bacteria also occur as free-living inhabitants
in the water, sediments or in symbiotic relations, and most species are
nonpathogenic. This chapter will elucidate the mechanisms of how some members
of Vibrionaceae persist and spread in the environment and emphasize
associations between marine bacteria and chitin, one of the most abundant
biopolymers in nature.

Chitin as nutrient source

Chitin is a linear polysaccharide that consists of N-acetyl-D-glucosamine (GIcNAc)
units linked by [-1,4 glycosidic bonds. When synthesized, the chitin chains
associate and form stable fiber structures with crystalline properties. Chitin exists
in three allomorphs based on the organization of the chitin chains in the fibers: a-
chitin (anti-parallel) B-chitin (parallel) and y-chitin (mixture of parallel and anti-
parallel) (75). Chitin is a dominant constituent of rigid structures such as the
exoskeleton of crustaceans and insects, and the cell wall of fungi and some algae
(76-79). Some reports also indicate that chitin is found in the scales and gut of fish
(80, 81), but this is still controversial. Despite the chemical resistance, insolubility
and robustness of chitin, microorganisms have developed efficient enzymatic
machineries for its degradation (82, 83).

Chitin is the dominant marine polysaccharide as it is used for many functional
purposes by a large variety of marine organisms. The ability of chitin degradation
is characteristic for several marine bacteria and is a trait that can give advantages
for survival and proliferation in the marine environment (83, 84). The chitin
degradation pathway is conserved within the Vibrionaceae (85, 86). In the
presence of chitin, chitinolytic enzymes are secreted by the bacterium for the
purpose of depolymerizing the insoluble chitin chains to soluble small
chitooligosaccharides that can be taken up and catabolized by the bacterium. The
secreted chitinolytic enzymes are mainly represented by chitinases of family 18
glycoside hydrolases (GH18) and lytic polysaccharide monooxygenases (LPMOs)
of family 10 auxiliary activities (AA10), as classified by the carbohydrate active
enzyme database (CAZy; (87)). The hydrolytic GH18 chitinases have diverse
modes of action and can depolymerize the chitin chains processively from either
the reducing or non-reducing end of the chitin chains (also called exo-activity or
exo-processivity), or attack the chitin polymer at random sites in the chain (endo-
activity) (88). The LPMOs are copper-dependent redox-enzymes that bind directly
to the crystalline parts of the chitin, which are not accessible to the chitinases, and
cleave chitin chains by an oxidative mechanism using Oz or H202 as a co-substrate
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(89-91). The nicks in the chitin chains caused by the endo-chitinases and LPMOs
represent new binding sites for the exo-chitinases and the complementarity of
these enzymes result in an overall synergic reaction (92). The main degradation
products resulting from the chitin degradation are N-acetyl-D-glucosamine
(GlcNAc) and chitobiose ((GIcNAc)z), and to a lesser extent, native and oxidized
chitooligosaccharides ((GIcNAc)s-s), the latter (aldonic acids; GIcNAcA) arising
from LPMO activity. The chitin depolymerization machinery is illustrated in Figure
4.
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Figure 4. Enzymatic chitin depolymerization. The schematic illustration shows chitin
chains (white circles, GIcNAc, connected by lines) being hydrolyzed either by endo-
chitinases or exo-chitinases that can have directional specificities, processing chitin chains
either from the reducing (R) or non-reducing (NR) ends. The LPMO binds to the ordered,
crystalline region of the chitin and introduces chain breaks by an oxidative reaction, yielding
an oxidized N-acetylglucosamine moiety (N-acetylglucosaminic acid; GIcNACA, grey
circles) at the former reducing end. A chitobiase (also called B-N-acetylhexosaminidase)
cleaves the dimeric sugars resulting from chitinase hydrolysis to monomers (usually an
event that takes place in the periplasm). The figure is modified from (88).

Endo-chitinase

The products resulting from an extracellular chitinolytic activity are transported into
the periplasm by unspecific porins (93, 94) or by specific chitobiase and
chitooligosaccharides ((GIcNAc)26) transport proteins, named chitoporins (95, 96).
In the periplasm, family GH20 N-acetylhexosaminidases (also called chitobiases)
or  N,N-diacetylchitobiose = phosphorylases  hydrolyze the  imported
chitooligosaccharides to monomeric sugars (97). Phosphotransferase systems are
usually responsible for transport of GIcNAc or deacetylated GIcN across the inner
membrane, whereas (GIcNAc)2 may in some instances be transported by an ABC
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transporter (86). Once present in the cytosol, GlcNAc, GIcN or GIcNAc1P are
further processed by enzymes of the amino-sugar catabolic pathway. The reaction
products from the LPMO reactions, i.e. chitooligosaccharide aldonic acids are also
most likely processed by the mechanisms described above, but this is yet to be
demonstrated experimentally.

While several opportunistic pathogens are efficient chitin degraders (e. g. V
cholerae (98), V. anguillarum (99), V. harveyi (100)), Al. salmonicida is proposed
incapable of degrading chitin. Firstly, several genes associated with the chitinolytic
machinery (e.g. several chitinases, a chitoporin and a protein important for
regulating expression of the chitin degradative loci) contain mutations or insertions
of mobile genetic elements (8). Secondly, neither Hjerde et al or Egidius et al
observed chitin degradation by the bacterium, albeit the latter study reported that
GIcNAc was utilized (5, 8).

Regulation of chitin catabolism

Utilizing chitin as a nutrient source requires several steps and involves various
proteins with different functions (as described above). Consequently, the
expression of these genes is under tight regulation. A central mechanism for this
regulation in Vibrionaceae involves a two-component chitin catabolic
sensor/kinase, namely a periplasmic binding protein (also called CBP) specific for
(GlcNAc)n and a histidine sensor kinase (ChiS) (101). The proposed mechanisms
of this regulation is that upon the absence of environmental signal, the periplasmic
binding protein is bound to ChiS, while in presence of chitooligosaccharides the
periplasmic binding protein dissociates from ChiS, in turn activating this sensor
kinase, finally resulting in expression of several genes involved in catabolism of
chitin (98, 101). In V. cholerae activation of ChiS has also been shown to promote
horizontal gene transfer, type 6 secretion system (T6SS) dependent interbacterial
killing (102) and pathogenesis (103).

The role of chitin in environmental persistence

Biofilm formation and attachment to chitinous surfaces is an important part of the
aquatic lifestyle of several Vibrionaceae, and a diverse range of surfaces are
available for attachment. Most studied are the associations of V. cholerae with
chitinous plankton (e. g. Zooplankton and phytoplankton, Figure 5), in both marine
and freshwater environments (104). Attached to zooplankton, V. cholerae can
survive longer in seawater than that in its free-living planktonic state, as they are
protected from the external environment (105, 106). Furthermore, zooplankton
serving as areservoir of V. cholerae are eaten by larger crustaceans (e. g. shrimp),
which then in turn, contributes to transmission from the marine environment to the
food-chain causing food-borne human disease (107). A role for chitin attachment
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in environmental persistence has also been implicated in V. vulnificus, where C-
and E-genotype strains have different ecologies. The E-genotype which is
associated with an advantage of inhabitation of oysters is significantly more
efficient and capable of binding chitin compared to the C-genotypes that are more
successful in infecting the human host (108).
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Figure 5: Vibrio cholerae interactions in its natural environment. Grey arrows indicate
reservoirs such as the mentioned crustaceans and phytoplankton, while red arrow indicate
antagonistic relationships. Figure adapted from (109).

Chitin- induced chemotaxis

Chemotaxis towards chitin-related sugars have been reported in several species.
Firstly, chemotaxis is related to acquiring nutrients. For example, the chemotaxis
of Vibrio furnissii toward chitin oligosaccharides is increased up to 3-fold for
starved cells. It has been proposed that the bacterium secretes a chitinase, which
upon contact- and depolymerization of chitin in the environment produces a
chemotaxis gradient of (GlcNAc)n that attract the bacteria (110, 111). Furthermore,
the transition of Aliivibrio fischeri from the planktonic lifestyle to symbiotic
colonization of the squid host requires multiple regulatory changes. In this context,
it has been demonstrated that colonization of the light organ requires N-acetylated
sugars as a chemotaxis signal for Al. fischeri (112). Once inside the light organ,
the HTH-type luminescence regulator (LitR) induces luminescence (113).
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Chitin- induced competence

In addition to being a relevant nutrient source in the marine environment, chitin
also induces natural competence and transformation in several species. Natural
competence is a process of horizontal gene transfer that allows bacteria to take up
free DNA from the environment and incorporate the foreign DNA into their own
genome, thereby becoming naturally transformed. Chitin-induced competence
was first reported in V. cholerae (114), but later also identified in other species of
the Vibrionaceae family, namely V. vulnificus (115), Al. fischeri (116) and V.
parahaemolyticus (117). In V. cholerae, the most prominent experimentally
demonstrated examples of chitin-induced transformation is the spread of an un-
mobilizable cholera toxin prophage between strains (118), and serogroup
conversion of an O1 strain by O37 genomic DNA (119). Chitin-induced
competence is associated with a regulator TfoS that senses chitin degradation
products and activates competence in V. cholerae, by sequentially upregulating
TfoR and TfoX (120). Similarly, TfoX is essential for competence in V.
parahaemolyticus (117) and Al. fischeri (116). The latter study also showed that
TfoX homologs are present in all sequenced Vibrionaceae. Furthermore, it has
been proposed that there is a link between ChiS and TfoS activation (121).
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54 Virulence determinants of the Vibrionaceae

The ability of a bacterium to infect its host and cause disease majorly depends on
the expression, regulation and synthesis of a variety of specific proteins and
molecules. These determinants of virulence, called virulence factors, may
contribute to several parts of pathogenesis like attachment, colonization, immune
evasion, immune suppression, and nutrient acquisition. In this chapter virulence
determinants in Vibrionaceae are described with main focus on the Vibrio and
Aliivibrio genera elucidating the importance of motility, quorum sensing, iron
acquisition, toxins, outer membrane vesicles and especially chitinolytic enzymes.

Flagellar motility and chemotaxis

Motility is associated with chemotactic movement, the ability of bacteria to swim
towards attractants or environmental stimuli, and plays a vital role for Vibrionaceae
in the aquatic environment and in virulence (122). Flagella are helical propellers
protruding from the surface of bacteria. These organelles facilitate movement
through rotary motors embedded in the cell membrane (123, 124). The flagellation
pattern (e. g. number and arrangement) varies within the Vibrionaceae family and
includes single or multiple polar flagella, peritrichous flagella and even mixed
flagellation (125). Transcription of flagella-related genes is tightly regulated by
several regulatory proteins and transcription factors (126, 127). Tight regulation is
important as motility is highly cost-effective and essential for adaption to changing
environment or transition to the host. For example, V. parahaemolyticus possess
a dual flagellar system that is differentially expressed depending on the
surrounding environment (128, 129).

Several in vitro and in vivo studies have demonstrated the importance of motility
in pathogenesis. For example, non-motile strains of V. cholerae show reduced
colonization of mouse intestine compared to motile strains (130, 131), whereas the
flagellum deficient FIgE deletion mutant of V. vulnificus show reduced virulence in
mice, and also decreased adherence to cell lines in vitro (132). The Flagellin A
(FlaA) or Motility protein A (MotA) of V. anguillarum were essential for virulence in
rainbow trout in immersion challenge experiments, but not when intraperitoneal
injection (i.p injection) was used (38). In contrast, MotA and FlaA deletion mutants
of Al. salmonicida resulted in reduced virulence in immersion challenge of Atlantic
salmon, but deletion of FlaA also reduced virulence after i. p injection (133). Thus,
the authors suggested that the flagella of Al. salmonicida may be involved in parts
of pathogenesis not related to motility.

Chemotactic motility towards components in the mucosal surfaces covering skin
and guts is important for V. anguillarum. The pathogen can utilize intestinal and
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skin mucus as nutrient source (134, 135), and a chemotactic response is observed
when the bacteria is exposed to mucus in vitro (70).

Quorum sensing

Quorum sensing (QS) is a bacterial cell-to-cell communication system controlling
gene expression in a population-dependent manner. Small chemical molecules
called autoinducers (Als) are produced, secreted and recognized by surrounding
bacteria influencing a wide range of processes, including virulence.

One of the most studied QS systems is that in Al. fischeri, a marine bacterium that
induces bioluminescence in a cell-population-dependent manner in association
with its symbiotic host, the Hawaiian bobtail squid (Euprymna scolopes) ) (136).
Three QS systems are described for Al. fischeri, specifically Luxl-LuxR, AinS-AinR
and LuxS-LuxPQ. In some detail, homoserine lactone autoinducer (AHL) N-3-oxo-
HSL (termed Al-1) is synthesized by LuxI (137). At high cell density, Al-1 interacts
with a transcription factor LuxR, resulting in expression of bioluminescence genes,
luxICDABE (138, 139). AinS synthesize AHL autoinducer N-octanoyl-L-
homoserine (C8-HSL) which interacts with hybrid sensor kinase AinR (140). LuxS
produces furanosyl diester (Al-2), that binds LuxP to form a LuxP-Al-2 complex,
which is sensed by LuxO, a hybrid sensor kinase LuxQ (141).

QS systems and regulators have multiple associations with virulence. LuxO of V.
cholerae affects biofilm formation and protease production (142), and QS
dependent biofilm in V. cholerae are important for colonization (143). V.
alginolyticus LuxS is involved in regulation of flagellar biosynthesis, protease
production, extracellular polysaccharide production and biofilm development
(144), while LuxO and SmcR have been shown to regulate cytotoxicity (145).
Particularly, members of the highly conserved TetR family are master regulators
of QS. This family include HapR in V. cholerae (146), SmcR in V. vulnificus (147),
LitR in Al fischeri and Al. salmonicida (148), OpaR in V. parahaemolyticus (149)
and VanT in V. anguillarum (150), of which many are associated with virulence.

Several QS systems are encoded in the genome of Al. salmonicida, including
LuxS-LuxPQ, LuxI-LuxR, and AinS-AinR and the lux operon (8). Despite the
presence of the lux operon, Al. salmonicida is a cryptic bioluminescent bacterium
(151). Nevertheless, a LuxA deletion strain of Al. salmonicida showed reduced and
delayed mortality in vivo, indicating a role of the Lux operon in virulence (152).
Moreover, Atlantic salmon challenged with an Al. salmonicida LitR deletion mutant
showed reduced mortality compared to groups exposed to the wild-type. In vitro,
deletion of the LitR encoding gene resulted in several phenotypical changes such
as increased adhesion, aggregation, and ability to form a biofilm (148). Luxl has
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also been shown to regulate the expression of a high number of genes, of which
many are associated with motility and biofilm formation (153).

V. anguillarum, harbors the QS systems Vanl-VanR (154), VanM-VanN (155), and
VanP-Q (156), but no direct link with virulence has been shown. However, the QS
regulated VanT is involved in regulation of biofilm formation and protease
production (150). Furthermore, QS is an important part of the stress response. The
sigma factor and stress response regulator RpoS (157), which is linked to QS,
regulates expression of the master regulator VanT (158).

Iron acquisition

A major property of the marine and host environment is the limited availability of
iron, an essential micronutrient for all living organisms and important cofactor in
several cellular processes. Bacteria have developed a variety of iron acquisition
strategies that are important for survival and persistence within the host (159,
160).

Several bacteria and members of the Vibrioneceae synthesize siderophores, small
molecules that bind ferric iron with high affinity. Synthesis of siderophore
molecules (e. g. vibriobactin in V. cholerae) is mediated by proteins encoded by
gene clusters (e. g. VibABCDEFH). Specific receptors recognize the siderophore-
ferric complexes in the outer membrane (e.g. ViuA for vibriobactin), which are
further transported into periplasm via the TonB systems (Figure 6). Ligand-specific
periplasmic binding proteins- and inner membrane permeases further transport
siderophore complexes into the cytoplasm where the iron molecules are released
from the siderophores (Figure 6).
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Figure 6. Siderophore uptake and transport. Siderophores are produced inside the
cytosol and transported extracellularly where it binds ferric iron. The endogenous
siderophore-ferric iron complex is recognized by ligand specific receptors. Other receptors
that recognize exogenous ferric-siderophores may be present. Transport into the
periplasmic space is dependent on TonB systems. The figure is adapted from (161).

The siderophore biosythesis gene clusters and corresponding receptors are widely
distributed within Vibrionaceae. Most species have at least one siderophore
system, but the number of different receptors encoded typically exceeds that of the
biosynthetic clusters (162). For example, the receptors IrgA, VctA, FhuA, PeuA
and DesA, are found in many species within the Vibrionaceae, despite the
corresponding siderophores not being synthesized (162). The ability to aquire iron
from multiple siderophores could be an advantage in the environment and in host
colonization. A recent study with V. cholerae showed enhanced growth in the
presence of other siderophore producing species in simulated marine, low-iron
environments and within a murine host model (163).

Depending on the serotype and strain, V. anguillarum can synthesise three
siderophores: anguibactin, vancherobactin and piscibactin. The major part of
serotype O1 strains harbors the pJM1 plasmid that contains genes encoding
anguibactin synthesis and thus produce anguibactin. Vanchrobactin is produced
by strains lacking the pJM1 plasmid, while some strains belonging to serotypes
01, 02 and O3 harbor genes for production of both vanchrobactin and piscibactin
(164). The role of each siderophore in virulence of V. anguillarum is not completely
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understood, but evidence exists for anguibactin and piscibactin being important for
the pathogenicity of the bacterium (164-166). Firstly, the pJM1 plasmid harboring
anguibactin synthesis genes and regulators (AngABCEB/GMTHRNUD ) is highly
associated with virulence (165, 166). The Ferric-anguibactin siderophore complex
is recognized by the receptor FatA, and AngR has been demonstrated to be
important for regulation of anguibactin production and virulence (167). Secondly,
the production of the siderophore piscibactin by V. anguillarum is a relatively recent
discovery (164). Piscibactin is the main siderophore produced by closely related
V. ordalii (168), and the piscibactin genes (irp) in V. anguillarum and V. ordalii are
located in a High-Pathogenicity Island (irp-HPI) which is found among many
species of the Vibrionaceae family (162). Piscibactin contributes to the virulence
of V. anguillarum more than that of vanchrobactin in turbot (164), and it is
preferentially produced at low temperatures (169).

Siderophore production is also known for Al salmonicida, which synthesizes
significant amounts of the siderophore bisucaberin at low temperatures (170). The
genes encoding synthesis of bisucaberin are highly upregulated under iron limiting
conditions and production of the siderophore is strongly regulated by the ferric
uptake regulator Fur (171).

In addition to siderophore related stategies, bacteria can acquire iron from heme
and hemoglobin. Free heme is captured by outer membrane transporters (e. g. V.
cholerae HutA (172) and V. anguillarum HuvA (173)), and transported inside the
cell through an energy-dependent process facilitated by TonB1 and TonB2
complexes. In V. anguillaurm both heme uptake and siderophore uptake is
dependent on TonB systems. TonB2, but not TonB1, functions in the transport of
anguibactin and enterobactin, while both TonB proteins can operate in the
transport of ferrichrome and heme. Deleting the gene encoding TonB2 synthesis
in V. anguillarum resulted in a significant reduction in virulence (174). The author
of the latter study concluded that a functional TonB2 system is essential for ferric-
anguibactin transport and thus also virulence.

Other iron transport systems reported in Vibrionaceae and several gram negative
pathogens are sequestration of iron from transferrin, uptake of Fe(ll) ions via the
Feo system (feoABC), secretion of extracellular Fe(lll)-reductases or uptake of
Fe(lll) through the Fbp system (fbopABC; and fopABCy) (175, 176), although the
role of these mechanisms in virulence is not clear.
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Endo- and exotoxins
Bacterial toxins are virulence factors that may induce damage to host cells or
modulate host immune components. Toxins are majorly classified into two groups;
exotoxins secreted by the bacterium, or endotoxins that are a part of the bacterial
cell such as the lipopolysaccharide antigen (LPS) of gram negative bacteria
(Figure 7).
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Figure 7. Structure of the lipopolysaccharide (LPS). The LPS structure consists of a
core lipid part, and a polysaccharide component (O-antigen). lllustration adapted from (177)

The LPS O-antigen structure of V. anguillarum was shown to be important for
serum resistance in a study performed by Boesen et al, (178). In the latter study,
high molecular weight O-antigen side chains were indicated to prevent the
activated complement from damaging the bacterium. The importance of LPS in
virulence has also been studied by disabling parts of the O-antigen assembly
apparatus through the deletion of genes encoding O-antigen ligases. These
enzymes participate in the synthesis of LPS by facilitating the binding of O-antigen
to the core oligosaccharide-lipid A complex. A study where the duplicated gene
Waal, that encodes a putative O-antigen ligase, was deleted in Al. salmonicida,
the deletion strain, resulted in a significant reduction of virulence in vivo (179).

In contrast to the endotoxin, the exotoxins include a broad range of proteins with
different mode of action (e.g. hemolysins, proteases, collagenases,
phospholipases, cytotoxins).

Hemolysins are important virulence factors, especially in pathogenic Vibrionaceae
(180-182). These molecules may cause damage to host erythrocytes, neutrophils
and polymorphonuclear cells. The major types of hemolysins found in
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Vibrionaceae are TDH (thermostable direct hemolysin) family, HIyA (E1 Tor
hemolysin) family, TLH (thermolabile hemolysin) family and the &-VPH
(thermostable hemolysin) family (182). Examples from these families have for
instance been studied in V. parahaemolyticus (183), Photobacterium damselae
subsp. damselae (former Vibrio damsela) (184, 185), V. cholerae (186), and V.
vulnificus (187). Several hemolysins have been identified in V. anguillarum (Vah1-
5), in addition to a repeat-in-toxin (rtx) operon that contributes to hemolytic activity
(188, 189). The general trend observed for the functional properties of the
hemolysins, is that deletion strains are less virulent (184, 188-191), and that the
recombinant enzymes show cytotoxic activity towards cell lines, especially in
damage of erythrocytes (187, 192-194),

Proteolytic enzymes hydrolyze peptide bonds and have various physiological
roles. Enzymes with proteolytic activity secreted from pathogenic Vibrionaceae are
mainly metalloproteases or serine proteases that either have direct roles in
virulence by digesting host proteins or indirect by processing other virulence
factors (195). For example, the V. cholerae hemagglutinin/protease activates the
major virulence factor, cholera enterotoxin (CT) by nicking off the subunit
associated with its inactive form (196), while the metalloprotease Vvp of V.
vulnificus is associated with hemorrhagic septicemia and vascular permeability in
rats (197, 198), utilization of heme (199) and colonization of mucosal surfaces in
eels (200). V. anguillarum secretes a zinc metalloprotease (EmpA) that contributes
to virulence in several species of fish (e.g. rainbow trout (201), Atlantic salmon
(202) and turbot (203)). EmpA is expressed when growing on salmon
gastrointestinal (Gl) mucus (202, 204), and is suggested to play a role in the
colonization and growth within the host intestine (202), swarming motility and
hemolytic activity (203).

Although the genome of Al. salmonicida harbors several putative hemolysins and
proteases, no toxin activity has been described, and expression of hemolysin
genes are indicated downregulated after entering the host (28).

Outer membrane vesicles

Membrane vesicles (OMVs) are spherical structures secreted from the surface of
many gram negative bacteria (Figure 8). Several bacterial components are found
in these structures, including periplasmic and outer membrane proteins, LPS,
DNA, RNA, cytoplasmic proteins, toxins and chaperones (Figure 8). Typically,
OMVs are carrying both cytosolic and periplasmic contents, encased in the outer
membrane embedded with LPS and outer membrane proteins (205). Pathogens
often produce more OMVs compared to non-pathogenic bacteria, and secretion
has been associated with host-pathogen interactions, biofilm formation, toxin
delivery and bacterial survival (206). Since these vesicles can induce an
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immunogenic response, they have been investigated and studied for use in
vaccines (207).
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Figure 8: OMV production in gram negative bacteria. Figure depicts the composition of
OMYV, cargo selection and loading as part of OMVs. Adapted from (208)

Al. salmonicida was observed to produce small membrane blebs emerging from
the outer membrane adhering to intra- and intercellular material (29). These blebs
may be OMVs later observed by atomic force microscopy (26). Little is known
about the importance of these in virulence of Al. salmonicida. Closely related Al
fischeri has been demonstrated to produce OMVs that trigger host development
favoring the symbiosis between Al. fischeri and its squid host (209).

V. anguillarum is shown to produce OMVs presenting enzyme activities including
metalloprotease, hemolysin and phospholipase. The OMVs stimulated the
production of inflammatory cytokines such as TNF-q, IL-13 and IL-6 in a Japanese
flounder model (Paralichthys olivaceus) (210).

Resistance to oxidative stress

Resistance to oxidative stress resulting from exposure to reactive oxygen species
(ROS) is an important determinant of virulence. ROS include superoxide anion,
hydrogen peroxide (H202), hydroxyl radicals, hypochlorous acid and chloramines
(211). ROS can be encountered in the host environment as an early response of
host innate immunity. Excess amount of ROS can be produced by phagocyte
NADPH-oxidase in response to pathogen recognition (212). ROS can damage
DNA, proteins, and lipids, and to repair oxidized proteins, bacteria utilize several
enzymes (e. g. thioredoxin, glutaredoxin and methionine sulfoxide reductase)
(213). Bacteria have developed defense systems to manage oxidative stress by
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producing enzymes that detoxify the ROS (e.g. catalase, peroxiredoxin and
superoxide dismutase). For example, catalase detoxify H202 by converting H202
to oxygen and water (214). Peroxiredoxins degrade peroxides such as H202 and
alkyl hydroperoxides, but are also involved in detoxification of reactive nitrogen
species (215, 216). Another mechanism of managing ROS is to indirectly inhibit
the activity of the NADPH-oxidases. For example, in V. parahaemolyticus, an
effector called VopL limits the host ROS production, by inhibiting assembly of the
NADPH oxidase at the cell membrane (217). Some pathogenic bacteria even
exploit ROS to their advantage. E.g. V. vulnificus RtxA1 modulates a GTPase that
play an important role in the activation of host NADPH-oxidase. By modulating this
GTPase, the pathogen induce ROS generation within the intestine of mice, thereby
causing cell death to the host intestinal epithelial cells (218). In many bacteria,
including Vibrionaceae, the response to oxidative stress is controlled by a
transcriptional activator OxyR (LysR family of transcriptional regulators) (219, 220).

The inhibition of leukocyte respiratory burst has been reported as a major evasion
mechanism of V. anguillarum in sea bass (221). It is also suggested that V.
anguillarum is able to inhibit production of superoxide anions by trout macrophages
in vitro (222). No extensive studies exist on the general response of V. anguillarum
to oxidative stress caused by H202, whereas Al. salmonicida upregulates gene
expression of catalase, peroxidase, glutaredoxin and thioredoxins in presence of
H202 (223).

Chitinolytic enzymes

The hypothesis suggesting that chitinolytic enzymes can be virulence factors has
existed for decades due to the regular identification of such proteins or encoding
genes as up-regulated in pathogenesis-related “omics” studies. Despite these
many indications, these enzymes have not received much attention in the context
of virulence, possibly since they are primarily related to chitin depolymerization for
nutritional purposes. Nevertheless, many studies exist that provide evidence
linking chitinases and LPMOs (formerly known as chitin binding proteins “CBPs”)
to pathogenesis. Due to the emphasis on chitinolytic enzymes as virulence factors
in this PhD thesis, the following text will not be limited to the Vibrionaceae.

Chitinases as virulence factors

As previously stated, chitinases are hydrolytic enzymes that cleave the (3-1,4
glycosidic bond of chitin chains. Since many heterogenous carbohydrate
structures contain B-1,4 connected GIcNAc moieties, or monosaccharides similar
to GIcNAc, it is not unexpected that chitinases may have evolved to accept
substrates other than chitin. Indeed, some examples exist of such chitinases and
many are related to virulence. For example, Frederiksen et al. showed that a
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variety of bacterial chitinases, including enzymes from the pathogens Listeria
monocytogenes and Salmonella enterica serovar Typhimurium, could bind and
hydrolyze LacNac (Galp1-4GIcNAc) and LacdiNAc (GalNAcB1-4GIcNAc),
carbohydrate motifs found in mammals (224). In the context of virulence, the gene
encoding the S. enterica chitinase has been observed upregulated during infection
of macrophage and epithelial cells (225, 226), further indicating a role of th enzyme
in virulence. The two L. monocytogenes chitinases (ChiA and ChiB) are also
coupled to virulence, as they are both regulated by the virulence regulator PrfA
(227). The function of the L. monocytogenes ChiA chitinase has also been
indicated to suppress host innate immunity in an in vivo study showing that ChiA
was needed to maintain bacterial replication in the host (228). Interestingly,
expression of the L. monocytogenes chitinases is also regulated by chitin (227)
and both enzymes are chitinolytic (229), indicating a possible dual functionality of
these proteins. The chitinase ChiA2 of V. cholerae has been shown to de-
glycosylate mucins and to be important for the survival and pathogenesis of the
bacterium in the host intestine (230). The authors of the latter study suggested a
nutritional role for this chitinase, as it would provide the bacterium with soluble
carbohydrates. ChiA2 is also indicated to be important for chitin degradation and
catabolism for V. cholerae (86), indicating a possible dual functionality also for this
enzyme. Another chitinase that has been linked to virulence is ChiA from
Legionella pneumophila. This enzyme is required for the persistence of the
bacterium in the lungs of mice (231), and a recent study showed that it can
hydrolyze mucin by a novel metal-dependent mechanism (232).

There are also several “omics”type studies linking chitinases to virulence by
circumstantial evidence. For example, the gene encoding the Enterococcus
faecalis chitinase EfChi18A (EF0361) is upregulated upon exposure of the
bacterium to blood or urine (233, 234), the Pseudomonas aeruginosa PA14
chitinase ChiC (PA2300) has been observed up-regulated in modified artificial-
sputum medium that mimics the lung sputum environment of cystic fibrosis
individuals (235), and the secreted proteome of winter ulcer bacterium Moritella
viscosa which is cytotoxic to cell lines in vitro, has been observed to contain
chitinases (236).

LPMOs as virulence factors

LPMOs represent a recently discovered enzyme family, as the activity was first
identified in 2010 (89). Prior to 2010 LPMOs were called chitin or cellulose binding
proteins (CBPs) as one of their prominent properties was the ability to bind to these
insoluble polysaccharides. The function of the CBPs was unclear as these proteins
were thought to be non-catalytic, but nevertheless secreted along with other
glycoside hydrolases by bacteria and fungi feeding on carbohydrate containing
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substrates (237, 238). Since their discovery, the majority of the studies on LPMOs
have been related to carbohydrate degradation and biomass conversion (reviewed
in (239, 240)), and little attention has been given their potential roles in virulence,
despite the existence of evidence for the latter.

The most important pre-LPMO studies of virulence related LPMOs/CBPs describe
the properties of the V. cholerae colonization factor GbpA. This LPMO/CBP was
originally shown to bind GIcNAc and was therefore given the name GIcNAc binding
protein A (GbpA) (241, 242). Deletion of the GbpA encoding gene from the V.
cholerae genome rendered the bacterium unable to colonize the host gut,
indicating importance for host colonization and giving it the additional name
“colonization factor” (242, 243). Combining the fact that the protein was found to
bind mucins and that the V. cholerae GbpA deletion variant showed reduced ability
to bind to mucin-containing epithelial cell surfaces, suggested that the role of GbpA
was to enable binding and colonization of the bacterium to host mucosal surfaces.

In parallel to the work on GbpA, several studies reported up-regulation of
CBPs/LPMOs/GbpA orthologs, further coupling the function of these proteins to
virulence. For example, the E. faecalis LPMO (EfCBM33) encoding gene, was
similarly to the chitinase of this bacterium, upregulated when the bacterium was
exposed to human blood or urine (233, 234). The Yersinia enterocolitica LPMO,
ChiY, was proposed to be a potential virulence factor based on its secretion by the
type Il secretion system (244), whereas the Serratia marcescens LPMO CBP21
was related to virulence based on its ability to mediate adhesion between bacteria
and human colonic epithelial cells (245). Importantly, an in vivo experiment
attempting to determine the roles of the chitinolytic enzymes of L. monocytogenes
showed that the LPMO/ LPMO2467 deletion variant (and also the chitinase
deletion mutants), were defective for growth in spleen and liver in mice (246).

Data relating LPMO activity to virulence was very recently reported in a study
elucidating the function of the P. aeruginosa LPMO, CbpD (247). CbpD was shown
to promote the survival of the bacterium in human blood, a function that was
dependent on the LPMO being catalytically active. Lack of CbpD hindered P.
aeruginosa in establishing a lethal systemic infection in mice. The function of the
protein was related to attenuation of the terminal part of the complement system.
This function of CbpD was markedly different from what has been proposed for
GbpA, indicating that LPMOs may be utilized differently depending on the
pathogenic strategy of the bacterium. The role of CbpD in virulence had earlier
been indicated by studies showing its induction by human respiratory mucus (248)
and its high abundance in the secretome of cystic fibrosis associated P.
aeruginosa strain (249).
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Finally, it should be noted that not many studies of LPMOs from fish pathogens
exist. However, Aeromonas salmonicida has been subjected to a comprehensive
secretome analysis (virulent vs. non-virulent) and this study identified all chitinases
and the LPMO as potential virulence factors (250).
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6 Outline and aims of the thesis

Determining how virulence factors are orchestrated to enable pathogenic bacteria
to bypass host defenses is important for understanding the underlying biology of
pathogenesis and to provide new clues and targets for combating infections. Two
vibriosis causing bacteria were investigated in this project, Aliivibrio salmonicida
and Vibrio anguillarum. There was conflicting reports in the literature about the
ability of Al. salmonicida to catabolize chitin and the disruption of many genes in
the chitin utilization pathway could indicate that the chitinolytic enzyme genes
remaining intact in the genome of the bacterium could have other roles, for
example in virulence. On the other hand, V. anguillarum is an efficient chitin
degrading bacteria, but few comparative studies on its proteome under different
conditions have been reported. Thus, the aim of the current study was to
investigate the molecular determinants of virulence in Al. salmonicida and V.
anguillarum using a multidisciplinary approach. The following topics were
specifically addressed:

Paper I: Is the putative chitinolytic machinery of Al salmonicida able to
depolymerize chitin? Does chitin provide nutrition for the bacterium?

A variety of complementary experimental methods was used to address these
questions, including cultivation assays, production of recombinant enzymes,
biochemical assays, label-free quantitative protemics and In-frame gene deletions
of the bacteria.

Paper II: Are the chitinolytic enzymes of Al. salmonicida part of the bacteriums
pathogenicity?

To test this hypothesis the pathogenicity of Al salmonicida and LPMO
deletion variants was investigated in an immersion challenge experiment were the
development of CWV in Atlantic salmon smolts was monitored.

Paper lll: How does V. anguillarum respond to host-mimicking stress factors? Will
iron deprevation, oxidative stress or presence of host components result in altered
proteome?

By exposing the bacterium to a variety of host mimicking stress factors such
as iron deprivation, oxidative stress (hydrogen peroxide) and Atlantic salmon
serum, comparative label-free quantitative proteomics was used to determine the
proteomic responses of V. anguillarum.
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7 Summary of papers

Paper I: The fish pathogen Aliivibrio salmonicida LFI1238 can degrade and
metabolize chitin despite major gene loss in the chitinolytic pathway
Aliivibrio salmonicida LF11238 is thought to be incapable of utilizing chitin as a
nutrient source since approximately half of the genes representing the chitinolytic
pathway are disrupted by insertion sequences. In this paper, the chitinolytic
potential of Al salmonicida was thoroughly portrayed by a combination of
biochemical characterization of the chitinolytic enzymes, gene deletion and
cultivation experiments, gene expression analysis and proteomics. Cultivation
assays showed that Al. salmonicida LF1128 can utilize GIcNAc, (GIcNAc)2 and f3-
chitin as sole carbon sources, and that all three enzymes were needed for this
ability. However, the chitinase was found more important than the LPMOs.
Biochemical characterization of the recombinant enzymes showed that AsChi18A
has low chitinolytic activity compared to chitinases from well-known efficient chitin
degrading bacteria. The activity of AsChi18A was also lower than AsSLPMO10A
and AsLPMO10B, but synergy was observed when combining the chitinase with
LPMOs. Finally, label-free proteomics identified expression of AsChi18A,
AsLPMO10A and AsLPMO10B, in which AsLMP10A was generally found among
the most abundant proteins. The proteomics data further revealed proteins with a
putative role in uptake, transport or downstream processing of chitin degradation
products, and peptides produced from chitinase pseudogenes.

In conclusion, our results show that Al. salmonicida LF11238 can utilize chitin as a

nutrient source and that the GH18 chitinase and the two LPMOs are needed for
this ability.
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Paper II: Chitinolytic enzymes confer pathogenicity of Aliivibrio salmonicida
LFI1238 in the invasive phase of cold-water vibriosis (CWV)

Aliivibrio salmonicida is the causative agent of cold-water vibriosis (CWV), and
virulence-associated factors that are essential for the full spectrum of Al
salmonicida pathogenicity are largely unknown. Chitinases and chitin-active lytic
polysaccharide monooxygenases (LPMOs) have been indicated to play roles in
both chitin degradation and virulence in a variety of pathogenic bacteria. The Al
salmonicida LFI1238 genome harbours genes encoding two LPMOs family AA10
(ASLPMO10A, AsLPMO10B) and one chitinase GH18 (AsChi18A). All three
enzymes can depolymerize chitin and are important for the ability of the bacterium
to utilize chitin as a nutrient source. However, the low chitinolytic activity of the
chitinase, and constitutive expression of AsSLPMO10A indicated additional roles.
In this paper the role of chitinolytic enzymes on the pathogenesis of Al. salmonicida
LFI1238 in Atlantic salmon (Salmo salar L.) was investigated. In vivo challenge
experiments using deletion mutants of two LPMOs encoding genes AsLPMO10A
and AsLPMO10B, showed that these enzymes were not critical for the host entry
or viability of Al. salmonicida in the blood of infected fish in early stages of the
disease development. However, the bacterial burden in blood and organs was
significantly lowered in the invasive phase of CWV after a period of latency
(incubation period), especially for fish infected with the AsSLPMO10B deletion
strain. In vitro proteomic profiling of deletion mutants compared to wild type in
presence and absence of salmon serum resulted in a significantly altered
proteome, with a higher number of proteins affected upon exposure to serum.
Finally, we were able to solve the three dimensional structure of the AsSLPMO10B
catalytc AA10 domain, which revelaed high structural similarity to
entomopathogenic LPMOs.

In conclusion, the study found contribution of the LPMOs in the pathogenicity of Al.
salmonicida in the invasive phase of CWV in Atlantic salmon.
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Paper lll: Comparative proteomic profiling reveals specific adaptation of
Vibrio anguillarum to oxidative stress, iron deprivation and humoral
components of innate immunity

The gram negative bacterium Vibrio (Listonella) anguillarum is the causative agent
of vibriosis, a disease associated with severe hemorrhagic septicemia in various
marine and brackish water cultured and wild fish, as well as in marine
invertebrates. V. anguillarum has developed several key strategies to adapt to and
to respond to host-associated stresses, resulting in resistance against
antimicrobial immune responses. This study aimed to obtain molecular insights
into the proteome response of V. anguillarum upon exposure to conditions that
mimics vibriosis-related stress such as oxidative stress, complement components,
and iron deprivation. We also studied how the translation of virulence factors may
be governed by growth phase and nutrient availability. Allthough all tested
conditions showed proteomic alterations and adaptation, only nine proteins were
commonly significantly regulated in all treatments. Exposure to Atlantic salmon
serum and iron deprivation resulted in up-regulation of proteins related to iron
acquisition and virulence. In general, exposure to vibriosis-associated stresses
resulted in modulation of multiple metabolic pathways, indicating the importance
of regulating metabolite levels, and the struggle of the bacterium to obtain
physiological adaptation.

In conclusion, our data show that V. anguillarum adjusts its proteome response

differentially according to the environmental stresses and that only a few proteins
are commonly regulated across all conditions.
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8 Results and discussion

8.1 Aliivibrio salmonicida can degrade and utilize chitin
Chitin is important in the ecology of marine bacteria and for several members of
the Vibrionaceae family. Prior to our studies, the available literature suggested that
Al. salmonicida was incapable of utilizing chitin, and there were conflicting results
regarding the ability of the bacterium to grow on GIcNAc. As already noted, Al
salmonicida is present in the sediments surrounding fish farms, and the microbe
can survive for longer periods in suspended state or attached to particles (22, 24).
Based on this, it was of interest to investigate the potential of Al. salmonicida in
utilization of chitin.

Cultivation assays using defined minimal media for Al. salmonicida (Asmm)
showed that Al. salmonicida strain LF11238 could utilize GIcNAc, (GIcNAc)2 and -
chitin as sole carbon sources (Paper I). Our results are in contrast with other
studies showing the inability of Al. salmonicida to utilize GIcNAc and chitin as
nutrient source (8). Employment of different experimental approaches may explain
different experimental outcome. Firstly, the growth experiments in paper | were
done in liquid Asmm, while other studies used Asmm agar plates containing
GIcNAc (8). The same experimental approach was initially attempted in our
studies, but solid Asmm did not result in growth of the bacterium even with glucose
as carbon source. Thus, it is unlikely to observe growth of the bacterium on solid
Asmm supplemented with GIcNAc, possibly explaining the negative results
obtained by other studies (8). Furthermore, when planning growth experiments
using chitin, the choice of chitin type can influence the experimental outcome. The
first step in complete solubilization and depolymerization of chitin is the process of
cleaving the polymer into water-soluble oligomers (88), thus for bacteria that grow
slowly it is beneficial to use a chitin variant that is easily accessible. The B-chitin
used in paper | has lower recalcitrance (i.e. easier to degrade by chitinases)
compared to a-chitin used in the other study (8), and this can further explain the
different conclusions made in the respective studies.

AsChi18A plays a central role in chitin degradation

Our results demonstrated that the chitinase and both LPMOs are important for the
complete degradation of chitin, however, the individual roles of these enzymes are
not straightforward to determine. Deletion of AsChi18A reduced the ability of Al
salmonicida to degrade B-chitin to a larger extent compared to what was observed
for the LPMO deletion strains (paper l). This indicates that expression of the
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chitinase is the most important factor in the ability of Al salmonicida to
depolymerize chitin. In this perspective, it has been suggested that the presence
of a ChiA gene in the genomes of Vibrionaceae is a good indicator for chitin
metabolism (86).

An important observation made when characterizing the Al.salmonicida chitinolytic
system was the low efficiency of Al. salmonicida in utilizing chitin compared to
other Vibrionaceae or well-known efficient chitin degrading bacteria such as
Serratia marcescens and Cellvibrio japonicus (88, 251). Biochemical assays using
recombinant AsChi18A yielded 50-fold less (GIcNAc). compared to SmChi18A, -
B, -C and CjChi18D (paper I). This could be related to the number of chitinases
expressed by these bacteria and the predicted pseudogenes of Al. salmonicida. It
can also be due to low enzymatic activity of AsChi18A. The low enzymatic activity
indicates that chitin might not be the only plausible substrate for AsChi18A. As
previously stated, both L. monocytogenes and V. cholerae harbor chitinolytic
activity, but the chitinases are demonstrated to possess activity towards multiple
substrates.

Neither of the V. cholerae chitinases have been enzymatically characterized with
regards to chitin. In addition, the domain arrangements of AsChi18A and VcChiA2
are different compared to each other. Thus, it is not easy to predict whether
AsChi18A possess a similar dual role to that of VcChi2. It is however clear that the
chitinase genes are an important part of the evolutionary process and adaption of
Vibrionaceae (86). The chitinase encoding genes are affected by horizontal gene
transfer and duplication (85). This can lead to determinal mutations within the
sequences, possibly followed by reduced or loss of ability to degrade chitin, such
as predicted for Al salmonicida (8). For example, a recent comparative study of
marine Vibrio rotiferianus and V. harveyi showed that while the examined
chitinases only differed in 15 amino acids, the enzymatic activity, degradation
products, the oligomeric structures and the responses towards environmental
conditions (e. g. temperature and pH) were different (252).

Both chitinases in L. monocytogenes have enzymatic activity towards crystalline
chitin on a level comparable to one of the chitinases from S. marcescens (SmChiC)
(229). This suggests that AsChi18A is less efficient than the L. monocytogenes
chitinases in degrading chitin. Homology modelling of AsChi18A revealed a
structure with a shallow binding cleft and arrangement of active site residues that
is similar to non-processive endo-chitinases (paper I). Interestingly, a recent study
characterizing the two L. monocytogenes chitinases LmChiA and LmChiB showed
that the catalytic domain of LmChiA has a shallow open binding cleft. Furthermore,
LmChiA has sequence similarity with non- processive endo chitinase SmChiC

38



(63.21 %) (253). In addition, LmChiA has an acidic pH optimum (pH 6), which is
suggested playing a role in associations with macrophages that contain acidic
vacuolar compartments (253, 254). With this in mind, it is tempting to speculate
why AsChi18A has the unusual property of a double pH optimum (paper 1), and
weather this is related to utilization of the chitinase in various environments.
Furthermore, incubation of AsChi18A with mucus from Atlantic salmon skin
revealed an unidentifiable product. Thus, it is tempting to speculate whether
AsChi18A have enzymaic activity towards mucins such as been shown for V.
cholerae and L. pneumophila (230, 232).

AsLPMO10A appear to be constitutively expressed

The cultivation assays showed that deletion of the chitinase had larger impact on
the ability of the bacterium to grow on chitin compared to the LPMO deletions.
However, deletion of the single LPMOs resulted in reduced growth similar to
deletion of both LPMOs. This contrasted the biochemical assays using
recombinant enzymes that showed that ASLPMO10A vyields twice as much soluble
oxidized products compared to AsSLPMO10B (paper I). Interstingly, the proteomic
analysis of the wild type strain indicated that ASLMPO10A seems to be
constitutively expressed and the expression is independent on the presence of
chitin or chitooligosaccharides in the growth medium. The proteomic analysis in
paper Il further strengthened this hypothesis when identified peptides of
AsSLMPO10A in samples obtained during growth in LB with or without the presence
of serum in both wild type and the AsSLPMO10B deletion strain. This was intriguing,
because the virulence related LPMO of V. cholerae, GbpA, is ubiquitous expressed
in both clinical and environmental strains (255). As previously noted, GbpA of V.
cholerae has a vital role in attachment to zooplankton and in colonization of human
intestinal cells. It has been suggested that the latter role evolved from a primary
function in the environment (242). Furthermore, the presence of V. cholerae GbpA
is regulated by a novel cell-density mechanism, which is proposed to enhance the
transition between the host and the aquatic environment (256). Similarly,
expression of the GbpA homolog in V. vulnificus, is growth-phase dependent and
decreases in the stationary phase. The regulation is proposed to play a role in
detachment from oyster associated biofilms in the transition to the colonization of
the host (257, 258). Moreover, the V. vulnificus GbpA binds to mucins and deletion
of this gene resulted in lowered mortality of mice compared to wild type (257).
Finally, the proteomic analysis in paper | and Il were both analysed in exponential
growth, and the gene expression analysis did not detect expression of
ASLPMO10A in the stationary phase of samples obtained during growth in glucose
or chitin. Although speculative, this indicates that the expression appear
constitutive in the exponential phase, but this might not be the case for higher cell-
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densities. Indeed Khider et al, showed a 10-fold down-regulation of this gene at
high cell density compared to low cell density (259).

Expression of pseudogenes

In paper |, peptides from one of the Chitinase A fragments (here called AsChi18Bp)
were identified in the proteomic analysis, along with peptides from two other
pseudogenes (here called AsChi19p and AsChi18C). Interestingly, AsChi18Bp
was one out of few proteins only identified in samples obtained grown on chitin but
not on glucose. ldentification of these pseudogenes as transcribed and translated,
leads to several questions. Is the expression of these simply an ancestral revenant,
triggered by presence of chitin? Are the translated proteins functional? The
cultivation assays clearly show that if these are still functional, a putative
contribution in chitin utilization is minimal, since the triple deletion variant is
essentially unable to grow on insoluble chitin (paper I). The current consensus for
explaining the function of gene loss is related to the lack of expression of these
genes. However, some studies show transcription and expression of
pseudogenes, e.g. Feng et al. (260) and Kuo & Osman (261). The latter study by
Kuo & Osman, indicates that recently formed pseudogenes may still have intact
upstream regulatory regions that may allow transcription and subsequent
translation. For Al. salmonicida LF11238 the evolutionary transpositional history of
the 1S-elements has been investigated, and it is proposed that some of these
elements may still be actively transposing. One of the microevolutionary lines is
indicated to end adjacent to the VSAL 11414 gene encoding AsChi18Cp.
Compared to the other pseudogene chitinases, AsChi18Cp is the only one located
next to a Vsa2 element where all three ORFs are intact (paper I). However, further
transposition is suggested to be unlikely (9).

Notably, in paper Il, the AAsSLPMO10B and AAB strains up-regulated expression
of three transposases. Two of these (encoded by VSAL 10039 and VSAL_10029)
belongs the Rpn/YhgA-like nuclease family. In Escherichia coli, members of this
family increases RecA-independent recombination and contributes to horizontal
gene transfer (262). The VsaZ2 related transposase resulted in 16 different proteins
IDs in the proteomics data, and is correspondingly encoded by multiple genes.
One of these genes (VSAL_I1417) is part of the Vsa2 element truncating
AsChi18Cp. In the Vsa2 elements disrupting AsChi19p and AsChi18C the
corresponding gene is predicted to be pseudogenes. The expression of the
mentioned transposases may reflect the adaptational ability of Al. salmonicida, but
it is not clear if this has anything to do with expression of the disrupted chitinases,
or what the result of the expression is.
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As for the question if transcription and translation of AsChi18Bp is influenced by
the presence of chitin in the environment, the answer is not straight-forward.
Firstly, our study revealed transcription of the AsChi18Bp pseudogene during
growth in various carbon sources, but only in the exponential phase (paper |), and
as stated for the proteomic analysis it was unique to the samples obtained from
growth on chitin (only evaluated in the exponential phase). Furthermore, all four
pseudogenes were identified in a study evaluating the global transcriptomic
response of Al salmonicida upon exposure to H202 (223), albeit no significant
changes in the transcription of these genes were obtained. On the other hand, a
comparative study on the transcriptomic profile of a Lux| deletion mutant (ALuxI)
of Al. salmonicida LFI1238, revealed significant upregulation of AsChi18Bp in
ALuxl compared to wild type Moreover, the fold change was remarkably higher
(8.6) at high cell density compared to low cell density (3.87) (153). Notably, the
same study showed high impact of Luxl deletion on the transcription of
AsLPMO10A at high cell density, with almost 40-fold upregulation (153). In light of
these studies it may seem that even though these chitinases are disrupted, their
regulators are still functional. If there is a biological function of these pseudogenes
and their regulation is still not clear.

Regulation of chitin metabolism

Since we revealed the ability of Al. salmonicida to degrade and metabolize chitin,
it opens a question of whether this trait is regulated in similar manners to that of
closely related species. Interestingly, the proteomic analysis in paper | did not
identify key regulatory proteins such as ChiS and Tfox. As previously stated, these
regulatory proteins are important for regulation of chitin catabolism and
competence in other bacterial species in the Vibrionaceae (86, 263, 264). Of note,
ChiS is an integral membrane protein, which are generally under-represented in
proteomics due to challenges in solubilizing these proteins (265, 266). Thus, we
cannot completely exclude the possibility that this protein is present in the
membrane of Al. salmonicida. Nevertheless, the gene encoding the periplasmic
chitin-binding protein, which activates ChiS (263), is disrupted in the Al
salmonicida genome (8). In contrast to the chitinase pseudogenes, we did not
include the periplasmic binding protein in the analysis. Nevertheless, proteins
implicated to have a role in downstream processing, especially those related to
amino sugar metabolisms were majorly identified at similar abundance in presence
of chitin and glucose, suggesting that other regulatory mechanisms could have
developed over time.
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8.2 The role of Al. salmonicida chitinolytic enzymes in
pathogenicity

The findings in paper | showed that the chitinolytic enzymes of Al. salmonicida are
able to bind to chitin, are enzymatically active on chitin, and that the bacterium can
utilize this substrate as nutrient source. The low activity of the enzymes and slow
growth rate of the bacterium on chitin, however, indicated that additional roles
might be possible for these proteins. Thus, to gain insight into the potential roles
of the chitinolytic enzymes in virulence, the gene deletion strains obtained in paper
I were used for in vivo challenge experiments in paper Il using Atlantic salmon
parr/smolts.

AsLPMOs are important in the invasive phase of CWV

The in vivo challenge experiments showed that neither of the LPMOs were critical
for the pathogen to cross the outer barrier. Wild type and mutants were recovered
from infected salmon after 10 minutes of exposure to Al. salmonicida containing
seawater with no significant difference in colony forming units (CFU) pr mL of blood
(paper Il). It must be noted that the high concentration of bacteria in the challenge
bath may have concealed a putative role of these enzymes in crossing the outer
barrier, and a lower infection dose and higher sample size could have been
beneficial, if this was the only hypothesis to be adressed.

After a period of latency (incubation period), deletion of AsLPMO10A and
AsLPMO10B resulted in decreased bacterial burden in the Atlantic salmon host
compared to wild type, especially for ASLPMO10B. Both mutant strains (and the
double deletion strain AAB) were attenuated in the spleen and liver of infected fish
eight days post immersion challenge (paper Il). However, only deletion of
AsLPMO10B resulted in decreased bacterial burden in blood (paper II).

The reduced bacterial burden in the mutant strains compared to wild type could
have different explanations. More experiments are needed to investigate the exact
mechanism, but some hypotheses can be made based on existing knowledge of
LPMO functions in virulence. For example, the reduced bacterial burden observed
for the LPMO deletion variants could be related to LPMO-mediated attenuation of
the terminal complement pathway since P. aeruginosa LPMO, so called, CbpD
was attributed to such a function (247). Several pathogens, including marine
bacteria, have developed strategies to evade the first line of defense. For example,
the gram negative fish pathogen Aeromonas hydrophila inhibits the complement
pathways by degrading complement component C3 in grass carp (267). Although
the work by Chen et al showed that a metalloprotease was present in large
amounts and that this was the central molecule responsible for C3 cleavage, it is
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noteworthy that the crude extracellular protease extract that efficiently cleaved
purified C3 and C3 in grass carp serum, contained an LPMO (267). Moreover, the
complement system is play important role in orchestration of opsonization and
phagocytosis. Head kidney and spleen are known to be important for clearing Al
salmonicida (30-32). Although speculative, decreased ability to phagocytose Al
salmonicida deletion mutants fits with the observation that the bacterial cells are
fewer in one of the immune-related organs such as spleen. It must be noted that
phagocytic mononuclear cells are also present in the liver sinusoids of many
teleost fish (268-270), although it is not clear if this can explain the reduced
bacterial burden of AAsLPMO10B and AAB in the liver. Decreased bacterial
burden in liver and spleen was also observed for in L. monocytogenes (246) and
P. aeruginosa (247)(REF) upon deletion of LPMO genes during systemic infection.
Notably, Chaudhuri et al, injected mice with deletion mutants of LmChiA, LmChiB
and LMO2467, where LmChiA resulted in the most severe reduction of
colonization, especially in the spleen. The LmChiA was later found to modulate
host immunity by inhibiting increased expression of the host nitric oxide synthase
(228). Thus, it is not unlikely that the reduced bacterial burden of e.g AsSLPMO10B
in blood can be explained by some of these examples.

The results of Chaudhuri et al, 2010 and Chaudhuri et al, 2013 raises the question
about the role of AsChi18A in pathogenicity by Al. salmonicida. A putative role of
AsChi18A in pathogenicity was not thoroughly portrayed such as for the LPMO
strains. The reason for not investigating the chitinase was majorly due to
experimental limitations such as bacterial cultivation. Intriguingly, according to the
CAZy database, the Al. salmonicida strain VS224 isolated from Atlantic salmon
(10), contains two family AA10 LPMOs in its genome with 100 % identity to
AsLPMO10A and AsLPMO10B, but no chitinase. This indicates that the LPMOs
may be conserved between Al. salmonicida strains, and that if AsChi18A has a
role in virulence it could be strain specific. Of note, the chitinase and LPMOs of Al.
salmonicida are encoded on different chromosomes. The AsChi18A (and chitinase
pseudogenes) are located on chromosome I, while the LPMO encoding genes are
located on chromosome |I.

The effect of LPMO deletion on the proteome

AsLPMO10A was found among the most abundant proteins in the proteomic data
of paper |, and both LPMOs showed the same growth deficiency on chitin. It is
notable that the AsSLPMO10B deletion strain resulted in the most significant altered
phenotype in vivo. When Al. salmonicida wild type and deletion variants were
exposed to Atlantic salmon serum, the LPMO deletion strains showed significant
alterations in their proteome. Firstly, in the absence of serum, the AsSLPMO10A
deletion strain differentially regulated 61 proteins compared to 27 and 32 in
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ALPMO10B and AAB, respectively. Most of the regulated proteins in the AAB
strains were observed upregulated (paper Il). In the presence of serum, the overall
changes in protein abundance (number of significantly regulated proteins) was
higher for the AB and AAB strains. The latter resulted in significant regulation of 94
proteins, almost three times higher than what was shown in the absence of serum.
A substantial change in the proteomic profile of the P. aeruginosa cbpD deletion
strain upon exposure to human serum, has also been reported, indicating the
important role of CbpD in the pathogenicity of P. aeruginosa (247). The differential
response in the deletion variants may reflect different roles of these proteins. While
AsLPMO10A was shown expressed independent on growth media (paper | and
paper Il), AsSLPMO10B was mostly identified in presence of chitin and at lower
levels (paper 1), possibly indicating different functions.

Given the multiple roles of V. cholerae and V. vulnificus GpbA that are associated
with chitin degradation, attachment to abiotic surfaces, interactions with mucins
and lowered mortality in mice models, it is tempting to speculate that the proteome
changes of AsSLPMO10A reflects similar roles related to both the environment and
the host. In light of this, GbpA of V. cholerae has been characterized and shown
to have a modular structure that facilitates binding to different host surfaces (271).
It is proposed that once inside the host intestine, GbpA binds to mucin via its N-
terminal domain, while domain 2 and 3 bind to the V. cholerae surface, which in
turn leads to microcolony formation. Moreover, the full-length of ASLPMO10A has
61% sequence identity to V. cholerae GbpA and shows the same multi-modular
architecture indicating the possibility of functionally similar roles. Assuming that the
AsLPMO10B on the other hand is more important for the viability of Al. salmonicida
in the blood of the host, this may be reflected in the increased number of
differentially regulated proteins compared to the wild type strain in the presence of
serum. A possibility that the two LPMOs have overlapping roles or interact with
each other can neither be excluded. However, deletion of AsSLPMO10B did not
significantly altered the translation of ASLPMO10A (paper II).

Given the substantially altered proteomes of LPMO deletion strains compared to
wild type, the use of multiple deletions within the same strain should be carefully
addressed when planning such studies. Evaluation of deletion mutants is limited
to predicting the consequence of loss of function. The phenotype of altering two
genes can differ from the sum of the individual effect, a phenomenon that is called
epistasis (272), which makes it challenging to determine the cumulative effect
resulting from the double deletion.
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The structure of AsLPMO10B

The crystallographic analysis of the AsLPMO10B catalytic domain (paper II),
revealed a structure very similar to that of viral fusolin. The viral fusolins are
released from entomopoxviruses and form so-called “spindels” that are highly
associated with virulence of these viruses in insects (273). The exact mechanism
of how the viral fusolins enhance virulence is largely unknown, but they are
associated with disruption of the peritrophic matrix in the midgut (274, 275). The
peritrophoc matrix consitiute of glycoproteins, chitin and proteins in matrix covering
the midgut epithelium, serving as a physical barrier (276). Allthough these viral
spindels are important for virulence and the LPMO domain of AsSLPMO10B is very
similar, it does not necessarily mean that the mechanisms of these two enzymes
are the same, but it demonstrates the variety of functions of these enzymes and
their “emerging” role as virulence factors.
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8.3 Comparative proteomic profiling of V. anguillarum

The complete repertoire of virulence factors determines the ability of a bacterial
pathogen to establish infection and cause disease. Furthermore, the utilization of
this repertoire must be adapted to the various host defense strategies and different
circumstances. Considering this, the third paper describes the response of V.
anguillarum to several conditions mimicking those that the pathogen may
encounter within a fish host.

Oxidative stress

Comparative proteomic profiling of V. anguillarum in presence and absence of
H202, revealed several interesting regulatory changes. Firstly, the concentration of
H20: greatly affected the global proteomic response as the number of differentially
regulated proteins increased with increasing concentration of this oxidant. This
was somewhat expected as the applied concentrations were within a broad range,
the highest concentration being lethal for many bacteria (277). Nevertheless, the
proteomic analysis may indicate enzymes necessary for V. anguillarum in resisting
ROS, and the lowest concentration (1 uM) is particularly interesting due to the low
number of regulated proteins, which indicate specific response. The lowest
concentration is the most representable of the possible administration of oxidative
stress as a host killing defense, especially during phagocytosis where oxidant
concentrations are reported in this concentration range (211).

The three most upregulated proteins (Dihydrolipoamide dehydrogenase,
Neutrophil activating protein A and Peroxiredoxin) are related to cell redox
homeostasis and oxidative stress. Peroxiredoxins exert peroxidase activity
towards H202 and  protect cells from oxidative stress (278), whereas
dihydrolipoamide dehydrogenase belongs to the class-I pyridine nucleotide-
disulfide oxidoreductase family are known to be sensitive to H202 (279). It is also
worth noting that the data revealed a superoxide dismutase (SOD) (VAA_03368)
that is highly expressed at equal levels under all conditions. Superoxide is a ROS
that is substantially more toxic than H202. The activity of SOD on superdioxides
yields H202. Nevertheless, SODs are important for virulence in several pathogens
including V. alginolyticus (280), Vibrio shiloi (281) and V. vulnificus (282).

A highly interesting finding is the mentioned regulation of Neutrophil activating
protein A (NapA), which was also upregulated in higher concentrations. NapA, is
a member of the DNA-binding protein from starved cells (Dps). Deletion of Dps in
V. cholerae reduced the ability of V. cholerae to colonize adult mice intestine and
impaired the resistance of the bacterium to hydroperoxides and environmental
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stressors (283). Similar results are observed for Salmonella enterica (284) and H.
pylori (285), suggesting that NapA may have a role in V. anguillarum in adapting
to oxidative stress.

Iron acquisition

The proteomic data obtained in paper lll suggested that iron acquisition strategies
such as expression of the HuvA receptor may be part of the V. anguillarum general
stress response. However, some findings indicate that V. anguillarum adapts these
strategies according to different environmental circumstances. Firstly,
siderophore-related mechanisms appear to be more requisite upon presence of
salmon serum compared to iron depletion. Considering that V. anguillarum causes
hemorrhagic septicemia this could be a trait important for viability in the blood of
the fish.

Two siderophore related proteins, VabB and FhuA, were found upregulated under
iron deprivation, suggesting that these are related to general environmental
changes of iron levels. FhuA is one of the described siderophores that possibly
enables V. anguillarum to “steal” iron from siderophores produced by other
organisms. VabB on the other hand is related to synthesis of vanchrobactin, which
as previously stated is not synthesized in strains harboring the pJM1 plasmid (like
V. anguillarum NB10 used in this study). Considering this, V. anguillarum has been
demonstrated to adapt the expression of virulence factors responding to
environmental signals such as iron levels and temperature. Interestingly, V.
anguillarum strain RV22 (serotype O2), lacking the pJM1 plasmid, was shown to
upregulate genes encoding the siderophore system vanchrobactin and
downregulate those of piscibactin at 25 °C after exposure to 50 uM DIP. Moreover,
it has been suggested that Vanchrobactin is more critical for the general
environmental behaviour and not necessarily as important within the host.

Finally, a siderophore interacting protein (SIP- protein) is highly interesting, since
this protein was only significantly upregulated in the presence of serum with a log2
fold change of ~4. This could be related to the upregulation of anguibactin related
proteins. However, little is known about the role of SIP in iron acquisition of V.
anguillarum (286).

An important difference in the iron deprivation conditions and the serum conditions
is that the putative availability of free iron is higher in the Atlantic salmon serum
conditions (putative presence of free iron in the medium). Interestingly, Fur was
only significantly up-regulated in presence of serum (and only marginally with log2
fold change 0.6). Fur is a negative regulator of iron uptake, and at low intracellular
Fe?* levels it inhibits transcription of several genes (including, but not limited to iron
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acquisition) by binding to the promotor (287). The proteomics data identified
several up-regulated proteins related to iron acquisition after incubation with serum
(e.g FatA, AngB, AngH). The up-regulation of Fur could indicate that the sampling
was performed at a time when V. anguillarum had acquired sufficient intracellular
iron levels. It must be noted that Fur controls a variety of genes, and that regulation
of iron acquisition is not limited to this protein (286, 288).

The importance of metabolic adaptation

One of the findings that stood out in the third study of this thesis, paper Ill, was the
modulation of bacterial metabolism as an important mechanism in adapting to
environmental changes. Interestingly, supplementation of H202, the iron chelator
DIP or salmon serum to the minimal media, resulted in down-regulation of proteins
related to metabolic pathways. This indicates that the response of V. anguillarum
to oxidative stress, iron-depletion and immune components is not limited to specific
proteins indicated to overcome the specific stressor (e. g. peroxidases and iron-
acquisition related proteins), but also involves the modulation of metabolism-
associated pathways. This can be connected to the dynamic relationship between
the bacterium and the host as the pathogen must adapt to the hostile environment
created by the host defenses (289). Firstly, the bacterium does not face only one
“nutritional status” within the host throughout infection (290, 291), and the available
nutritional sources can be limited or varied depending on the localization within the
host (e.g. intestine, blood, macrophages) and the status of the host, which in turn
may be affected by the presence of pathogen and bacteria-derived secondary
metabolites (292).

Putative virulence determinants

The proteomics data of paper Ill reveal some regulated proteins annotated
“‘uncharacterized” that are especially interesting.Two of these will be discussed
here, a maltoporin (VAA_02891) that was found differentially regulated, in serum
(Log?2 fold change -2.503) and under iron deprivation (Log2 fold change 1.478),
and a predicted transcriptional regulator MarR (multiple antibiotic resistance
regulator (VAA_01403)) that was upregulated in presence of serum (Log2 fold
change 2.468).

MarR family transcriptional regulators are ubiquitous in bacteria and archaea
(293). The ability of bacteria to regulate gene expression in response to changes
in intracellular metabolites or to environmental cues, is important, and the MarR
family transcription factors regulate various cellular processes, including stress
response and virulence (293, 294). Members of this family play important roles in
the virulence properties of several pathogens. For example, the DNA binding
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domain of V. cholerae AphA transcriptional regulator is structurally similar to those
of MarR (295), and is important in activating expression of virulence related genes
(296), whereas a V. vulnificus MarR type transcriptional regulator named PecS is
involved in processes necessary for managing oxidative stress (297, 298). It is not
unlikely that this uncharacterized protein in V. anguillarum play a similar role in
modulating expression of genes important for septicemia, but it could also have
other functions.

VAA_ 02891 is annotated as “maltoporin” in taxonomic identifier 55601 (NCBI).
Maltoporins (LamB family proteins) are abundant in gram negative bacteria and
are first and foremost associated with the diffusion of carbohydrates
(maltodextrins) across the outer membrane (299). Based on this, it is not surprising
that this protein was down-regulated in the stationary growth phase, since several
proteins related to metabolism of various carbohydrates were downregulated.
Incubation with serum and DIP resulted in differential regulation of this protein
(down-regulated in serum and up-regulated in DIP). Interestingly, injecting
Zebrafish with LamB protein, resulted in reduced susceptibility towards vibriosis
(300). The same study revealed that the antigenic epitopes of LamB in Vibrio
species (including V. anguillarum) are highly conserved and propose this protein
as a versatile vaccine candidate. V. anguillarum maltoporin has been identified as
downregulated at higher salinities (3.5 %), and Kao et al, suggested that higher
osmolarity inhibits carbohydrate transport (301). Finally, deletion of a LamB protein
in Aeromonas veronii, an opportunistic pathogen responsible for septicemia and
ulcers in freshwater fish, has been shown to reduce the lethality of this bacterium
in Zebrafish and mice (302). Deletion of LamB in A. veronii affected motility, biofilm
formation and adhesion of Epithelioma papulosum cyprini cells in vitro (302). The
finding that V. anguillarum down-regulates maltoporin in presence of serum can
be related to the general changes in composition of the growth media, and/or
altered preferation of carbon source. Up-regulation under iron deprivation is not
easy to hypothesize, but it could be related to increasing the membrane
permeability to ions (303). In presence of maltodextrins, the ion translocation ability
of maltoporins are blocked (304). In the end, the differential regulation of V.
anguillarum maltoporin is an excellent example of V. anguillarum altering its
metabolism under different circumstances such as encountered over the course of
vibriosis.

The LPMO of V. anguillarum

A discussion around a putative role of the V. anguillarum LPMO cannot be
overlooked since this bacterium, similar to Al. salmonicida and most other
members of the Vibrionaceae, have one or more LPMOs encoded in their
genomes. The genome of V. anguillarum encodes five chitinases and one LPMO,
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and the bacterium is reported to degrade chitin (99, 305). The LPMO is more
similar to AsLPMO10B (100% query cover and 68.37% identity) than it is to
AsLPMO10A (34 % query cover and 28.87 % identity). It is tempting to speculate
whether the LPMO of V. anguillarum and AsLPMO10B could be expressed in
similar manner, since we did not identify VaLPMO in either of the M9 conditions in
paper lll. Gene expression analysis showed transcription of the gene, but the
translational level may be too low to be identified in the proteomic analysis.
Moreover, the implications that copper may increase susceptibility to infection by
V. anguillarum is interesting in this perspective as LPMOs are copper dependent
enzymes. It must also be noted that the secretome of V. anguillarum was not
analysed in this study, which possibly could have contained the ValLPMO.
Interestingly, the gene expression of VaLPMO has, in another study, been shown
to increase ~19-fold in the presence of 10% salmon serum (247), possibly
indicating a role in virulence.
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9 Conclusion and future perspectives

9.1 Conclusion

Determining how virulence factors are orchestrated is important for understanding
the underlying biology of pathogenesis and to provide new clues and targets for
combating infections. The work presented in this thesis reveal several aspects of
host-pathogen interactions and the dynamic interactions between pathogens, the
environment and their hosts.

Paper | revealed that Al. salmonicida LF11238 can utilize chitin as a nutrient source
and that the GH18 chitinase and the two LPMOs are needed for this ability.
Biochemical characterization of the enzymes showed that the activity was
significantly lower than that of well-studies chitinolytic anzymes in chitin degrading
bacteria. Proteomic analysis revealed that ASLPMO10A was highly abundant in
the proteome during growth on chitin and glucose, while expression of the
chitinase and LPMO10B was influenced by chitin in the growth media.

In paper Il, the LPMOs of Al. salmonicida were found important for its pathogenicity
in Atlantic salmon. Deletion of ASLPMO10A and AsLPMO10B resulted in reduced
bacterial burden within the host compared to wild type. The reduced bacterial
burden appeared to be related to serum resistance, especially for AsSLPMO10B.
The study also revealed significant alterations in the proteome of gene deletion
strains and showed that the 3D structure of the AsSLPMO10B AA10 domain is
structurally similar to entomopathogenic LPMOs . The combined findings of paper
I and Il also gives strong support to the notion that bacteria can use LPMOs and
chitinases for multiple purposes.

In paper lll, the proteome response of V. anguillarum upon exposure to vibriosis-
related conditions such as oxidative stress, salmon serum immune components,
and iron deprivation, revealed that environmental stressors induce differential
responses in V. anguillarum. Most importantly, iron acquisition mechanisms were
regulated differentialy upon presence of serum components and the iron chelator
(DIP). Modulation of metabolism was found as a response to several stress-
conditions.

51



9.2 Future perspectives

The present thesis provides new findings related to the molecular determinants of
virulence in Al. salmonicida and V. anguillarum. Paper Il represent the first study
on LPMOs as virulence determinants of fish pathogens. Since LPMOs (and
chitinases) are present in the genome of several pathogens, studies investigating
the multifunctional role of these proteins represent a great opportunity to discover
new targets for e.g. vaccines or anti-virulence therapy. Some studies also report
chitin as an immunostimulant (306), protecting the host from opportunistic
pathogens (307, 308), or even chitin binding proteins from e.g. kuruma shrimp to
help in the clearance of V. anguillarum (309). Together all these finding represent
emerging and interesting perspectives of host-pathgen interactions related to chitin
and chitin-related proteins.

Future work investigating the mechanisms around the role of the Al. salmonicida
LPMOs would be of great interest, since this could add to the current knowledge
and even identify new mechanisms of for example immune modulation. Relevant
experiments could investigate interactions of the bacterium or recombinant
enzymes with host cell lines, macrophages, complement components and mucins
in vitro. The host immune response could also be investigate further, however,
consideration should be made in the use of experimental animals. Since our
studies indicate that immune components of Atlantic salmon blood could be
important, an i.p injection, followed by early sampling of head kidney, spleen and
liver, and at the same time sampling blood to assess the expression of ASLPMOs
could give insigtht into the dynamics between the pathogen and is host.

The findings that Al.salmonicida can degrade and catabolize chitin opens up new
question around the natural reservoir of this bacterium and the role of chitin-
associated interactions. Could its association with chitin stimulate DNA uptake and
virulence like for V. cholerae? Further, a study investigating the expression of
pseudogenes and their regulation would be of great interest for determining their
putative functional roles in Al. salmonicida biology. This is especially interesting
because the Al. salmonicida VS224 strain was found not to have an intact chitinase
in its genome, but several chitinase pseudogenes. This could indicate the the
VS224 strain is unable to utilize chitin, but since the LPMOs are intact it suggests
that chitin-associated interactions are important in this strain as well, or that the
LPMOs solely are virulence factors. A comprehensive study on the transcription
and translation of pseudogenes in these Al. salmonicida strains was beyond the
scope of this study.
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The ability of V. anguillarum to modulate metabolism as a response to stress is an
interesting characteristic that could be of interest to investigate further, as it could
reveal new targets for battling infections. Moreover a study looking into the LPMO
of V. anguillarum seems appropriate given the recent knowledge about LPMOs as
virulence factors and also because of the more experimental tools available for this
organism compared to Al salmonicida (e.g. the zebrafish model system is
available for V. anguillarum, but not the psychrophilic Al. salmonicida). For
example, it could be of interest to perform a challenge comparing a V. anguillarum
LPMO deletion mutant with the wild type strain. Zebrafish have been used to
visualize infection by Green fluorescent protein- labelling of the bacteria (69), and
this would provide an excellent tool to monitor and investigate the role of this
protein in pathogenicity. Finally, since several V. anguillarum strains have been
sequenced, it would be interesting to perform a comparative genomic study looking
into the LPMOs in the genome of this species.
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ABSTRACT

The fish pathogen Aliivibrio (Vibrio) salmonicida LF11238 is thought to be incapable
of utilizing chitin as a nutrient source since approximately half of the genes
representing the chitinolytic pathway are disrupted by insertion sequences. In the
present study, we combined a broad set of analytical methods to investigate this
hypothesis. Cultivation studies revealed that Al. salmonicida grew efficiently on N-
acetylglucosamine (GIcNAc) and chitobiose ((GIcNAc)2), the primary soluble
products resulting from enzymatic chitin hydrolysis. The bacterium was also able
to grow on chitin particles, albeit at a lower rate compared to the soluble substrates.
The genome of the bacterium contains five disrupted chitinase genes
(pseudogenes) and three intact genes encoding a glycoside hydrolase family 18
(GH18) chitinase and two auxiliary activity family 10 (AA10) lytic polysaccharide
monooxygenases (LPMOs). Biochemical characterization showed that the
chitinase and LPMOs were able to depolymerize both a- and B-chitin to (GIcNAc):
and oxidized chitooligosaccharides, respectively. Notably, the chitinase displayed
up to 50-fold lower activity compared to other well-studied chitinases. Deletion of
the genes encoding the intact chitinolytic enzymes showed that the chitinase was
important for growth on B-chitin, whereas the LPMO gene-deletion variants only
showed minor growth defects on this substrate. Finally, proteomic analysis of Al
salmonicida LF11238 growth on (3-chitin showed expression of all three chitinolytic
enzymes, and intriguingly also three of the disrupted chitinases. In conclusion, our
results show that Al. salmonicida LFI1238 can utilize chitin as a nutrient source
and that the GH18 chitinase and the two LPMOs are needed for this ability.

Dataset is available for download through the following link:

http://arken.nmbu.no/~gustko/Paper |/Supplemental%20Dataset%201.xlsx




INTRODUCTION

Chitin is one of the most abundant biopolymers in nature and is a primary
component of rigid structures such as the exoskeleton of insects and crustaceans,
and the cell wall of fungi and some algae (1-4). Some reports also indicate that
chitin is found in the scales and gut of fish (5, 6). This linear polysaccharide
consists of N-acetyl-D-glucosamine (GIcNAc) units linked by B-1,4 glycosidic
bonds that associates with other chitin chains to form insoluble chitin fibers.
Despite the recalcitrance of chitin, the polymer is readily degraded and
metabolized by chitinolytic microorganisms in the environment (7, 8).

Most bacteria solubilize and depolymerize chitin by secreting chitinolytic enzymes.
Such enzymes include chitinases from family 18 and 19 of the glycoside
hydrolases (GH18 and -19) and lytic polysaccharide monooxygenases (LPMOs)
from family 10 of the auxiliary activities (AA10), according to classification by the
carbohydrate active enzyme database (CAZy; http://www.cazy.org/) (9). Whereas
chitinases cleave chitin chains by a hydrolytic mechanism (10, 11), LPMOs
perform chitin depolymerization by an oxidative reaction (12-14). The latter
enzymes usually target the crystalline parts of chitin fibers that are inaccessible for
the chitinases. When combined, chitinases and LPMOs act synergistically,
providing efficient depolymerization of this recalcitrant carbohydrate (12, 15-17).
The products of enzymatic chitin degradation are mainly GIcNAc and (GlcNAc)z,
but also native and oxidized chitooligosaccharides, the latter (aldonic acids) arising
from LPMO activity.

The chitin degradation pathway is conserved in the Vibrionaceae (18, 19). Here,
GIcNAc and (GIcNAc)2 are transported into the periplasm by unspecific porins
(20, 21) or by dedicated transport proteins for chitooligosaccharides ((GIcNAc)2-
6), named chitoporins (22, 23). Once transported to the periplasm, (GIcNAc)2-s may
be hydrolyzed to GIcNAc by family GH20 N-acetylhexosaminidases or N,N-
diacetylchitobiose phosphorylases (24). Transport of GIcNAc or deacetylated GIcN
across the inner membrane can occur through phosphotransferase systems, while
(GlcNAc)2 may be transported through the action of an ABC transporter (18). Once
located in the cytosol GIcNAc, GIcNAc1P or GIcN enter the amino-sugar
metabolism. It should be noted that the fate of chitooligosaccharide aldonic acid is
not known.

Chitin degradation can be achieved by several marine bacteria, and can give
advantages for survival and proliferation in the marine environment (8, 25). Some
pathogens have chitin central in their lifecycle, the most prominent example being
the human pathogen Vibrio cholerae that uses chitin-containing zoo-plankton as
transfer vectors and nutrition (26, 27). The ability of the Gram-negative marine
bacterium Aliivibrio salmonicida (previously Vibrio salmonicida), to utilize chitin or
GIcNAc as a nutrient source is controversial. This pathogenic bacterium, which is
the causative agent of cold water vibriosis in salmonids, was identified as a new
vibrio-like bacteria in 1986 (28). Upon discovery and initial characterization of the
pathogen (strain HI 7751), Egidius et al. did not observe degradation of chitin by
the bacterium when growing on agar plates containing purified chitin. On the other
hand, the monomeric building block of chitin, GIcNAc, was readily consumed by
the bacterium. When the genome of the bacterium was sequenced two decades



later (strain LF11238), it was shown that insertion sequence (IS) elements caused
disruption of almost 10% of the protein encoding genes (29, 30). Especially
effected was the chitin utilization pathway where seven genes, including three
chitinases and a chitoporin, were either disrupted or truncated (29). In addition, the
gene encoding the periplasmic chitin-binding protein (VSAL_I2576, also called
CBP) was disrupted by a frameshift. The CBP ortholog in V. cholerae (VC_0620)
has been shown to activate the two-component chitin catabolic sensor/kinase ChiS
that regulates chitin utilization (31, 32). The gene encoding the ChiS ortholog in Al.
salmonicida is intact (29), along with the Tfox encoding gene which protein product
also is involved in regulation of enzymes related to chitin degradation in the
Vibrionaceae (33, 34). Of the putative secreted chitinolytic enzymes, only one
chitinase and two lytic polysaccharide monooxygenases remained intact in the Al
salmonicida genome. It was suggested that such extensive gene disruption could
indicate inactivation of this pathway and indeed, the authors could not observe
neither degradation of insoluble chitin nor utilization of GIcNAc as a nutrient source
(29).

In order to obtain a deeper understanding of the roles of the Al salmonicida
chitinolytic enzymes, we have analyzed the chitin degradation potential of Al
salmonicida LF11238 by biochemical characterization of the secreted chitinolytic
enzymes, gene deletion and cultivation experiments, gene expression analysis
and proteomics.

RESULTS

Al. salmonicida can utilize both GIcNAc and (GIcNAc). as nutrient sources
To assess the ability of Al. salmonicida LF11238 (abbreviated “Al. salmonicida” to
avoid confusion with Aeromonas salmonicida) to grow on GIcNAc and (GIcNAc)z2,
the wild type strain was cultivated in minimal medium supplemented with 0.2%
glucose (11.1 mM; control experiment), 0.2 % GIcNAc (9.0 mM), or 0.2 %
(GIcNACc)2 (4.7 mM) over a period of 92 hours. The cultivation experiments showed
that Al. salmonicida can utilize both GIcNAc and (GIcNAc)2 as sole carbon sources
(Fig. 1). Growth rates were compared by calculating the specific rate constants ()
and generation time across the exponential phase (Table S1), showing little
difference between the three carbon sources. In order to correlate GIcNAc and
(GlcNAc)2 consumption with the bacterial growth, the concentration of these
sugars in the culture supernatant were determined at different time points during
growth (Fig. 1E, F). The data show decreasing concentrations of GIcNAc during
growth and complete depletion within 40 hours (Fig. 1E). In comparison, (GIcNAc)2
is utilized at a slower speed, becoming depleted after 80 hours (Fig. 1F).

Sequence analysis and homology modelling.

Since Al. salmonicida was able to utilize both GlcNAc and (GIcNAc)z, the major
products of enzymatic chitin degradation, it was of interest to analyze the
chitinolytic potential of the bacterial genome, investigating the details of both intact
genes and pseudogenes. A previous study had already identified the presence of
three putatively secreted chitinolytic enzymes (29). Annotation of putative CAZy
domains of these three enzymes using the dbCAN server (35) showed that the
chitinase sequence, here named AsChi18A, (that contains 881 amino acids, which



is unusually large for a chitinase) contains predicted CBM5 and CBM73 chitin
binding domains and a C-terminal GH18 domain, the latter modest in size (only
324 amino acids; Fig. 2A). The protein sequence also shows long regions that
were not annotated. Attempts to functionally annotate these regions with other
sequence analysis servers such as InterPro, Pfam and SMART were inconclusive.
The relatively small size of the GH18 catalytic domain indicates an enzyme
stripped of most sub-domains that often are in place to form a substrate binding
cleft. Indeed, homology modelling using Swiss-Model (36) revealed a model
structure with a shallow substrate binding cleft, reminiscent of a non-processive
endo-chitinase, which is clearly observed when compared to the processive exo-
chitinase SmChi18A from Serratia marcescens that has a deep substrate binding
cleft and the shallow-clefted, non-processive chitinase ChiNCTU2 from Bacillus
cereus ((37); Fig. 2B). AsChi18A also shows an arrangement of active site
residues that is similar to that of the latter enzyme (Fig. S1).

Annotation of the LPMO sequences showed that both proteins contained an N-
terminal catalytic AA10 domain and a C-terminal CBM73 or CBMS5 chitin-binding
domain in AsSLPMO10A and —B, respectively (Fig. 2A). Like the chitinase, both
LPMOs displayed regions in the sequence that were not possible to annotate using
standard bioinformatics tools. Pair-wise sequence alignment of the two LPMOs
revealed only a 20% identity between the catalytic domains. Blast search and
modelling by homology of the individual catalytic domains showed that the catalytic
module of ASLPMO10A was similar to CBP21 from S. marcescens (49.5% identity,
Fig. 2 C; (38, 39)) and to the catalytic AA10 domain of GbpA, a Vibrio cholerae
colonization factor ((40); 65.6% identity). The similarity of full-length ASLPMO10A
to V. cholera GbpA (61% sequence identity) and their similar multi-modular
architecture (both have a N-terminal AA10 LPMO domain, followed by a “GbpA2”
domain, an un-annotated domain and a C-terminal CBM73 domain) indicate the
possibility of functionally similar roles. The catalytic AA10 domain of AsSLPMO10B
is, as already noted, very unlike ASLPMO10A. From sequence database searches,
orthologs were identified in a large variety of species from the Vibrionaceae family,
and also in other marine bacteria like Shewanella and Pseudoalteromonas. None
of these related enzymes have hitherto been biochemically characterized. When
searching for similar sequences in the PDB database, the most similar structure to
the AsLPMO10B catalytic domain belongs to the viral proteins called “spindolins”
(43.5% identity, but the alignment contains many insertions/ deletions). There exist
no activity data for spindolins, but it is assumed that they are active towards chitin
(41). It is therefore not straightforward to assign an activity to AsSLPMO10B based
on sequence analysis. In order to analyze the putative structural difference
between the LPMO domains, homology models were made using the Swiss-Model
homology modelling software (36). When compared to CBP21, one of the best
characterized family AA10 LPMOs, both Al. salmonicida LPMOs show several
differences that may influence both substrate binding and catalysis (Fig. 2C):
AsLPMO10A is relatively similar to CBP21 but displays some differences that may
be of functional relevance: amino acids W62, R119, K195 in AsLPMO10A
correspond to amino acids Y54, T111 and N185 in CBP21 that all have been
shown to have influence on substrate binding and the functional stability of the
enzyme (42, 43). AsSLPMO10B shows an active site environment similar to CBP21
but has an extension of the putative binding surface that positions a putatively



solvent exposed Trp (W46) further away from the active site histidines than for Y54
in CBP21 and W62 in AsLPMO10A. Whether these differences are important for
the substrate binding properties of the enzymes is not straightforward to interpret
based on the data presented in this study, since both Al. salmonicida proteins have
CBMs that very likely contribute to chitin binding.

Analysis of pseudogenes related to chitin catabolism

In addition to the intact genes encoding the chitinase, AsChi18A and LPMOs,
AsLPMO10A and -B, the genome of Al. salmonicida LFI112338 harbors multiple
pseudogenes encoding truncated or fragmented enzymes related to chitin
catabolism that are assumed to be non-functional (ORF identifiers VSAL_ 12352,
VSAL_I0763, VSAL_10902, VSAL_I1108, VSAL_I11414 and VSAL_11942).
Interestingly, transcription of Al. salmonicida pseudogenes (including chitinase-
related pseudogenes) has been observed (44-46). In addition, Al. salmonicida is
motile despite two flagellar synthesis genes (fliF/VSAL_I2308 and
(flaG/VSAL_112316) being disrupted by premature stop codons (29). Thus, we
performed a deeper analysis of the Al. salmonicida pseudogenes related to the
chitinolytic machinery to investigate their putative functionality. The analysis
revealed that VSAL 12352 (predicted chitoporin) contains a frameshift after codon
266, which most likely will result in a non-functional protein if expressed. On the
other hand, VSAL_I0763 (chitinase fragment), VSAL_10902 (truncated chitinase),
VSAL_11108 (truncated chitodextrinase), VSAL_I1414 (disrupted chitinase) and
VSAL_I1942 (disrupted chitinase) are rather truncated or disrupted by the type
Vsa_2 insertion sequence (IS) elements (Fig. 3A), resulting in coding sequences
(CDSs) of varying lengths that may give functional protein if expressed (Fig. 3B).
Annotation of putative CAZy domains predicted that VSAL_10902 (truncated
chitinase fragment), VSAL_[1108 (truncated chitodextrinase) and VSAL_11942
(disrupted chitinase) contain regions encoding GH18 domains, while VSAL 11414
(disrupted chitinase) was predicted to contain a region encoding a GH19 domain
(Fig. 3B). No functional domain was predicted for VSAL_10763 (sequence
containing 609 nucleotides truncated by upstream IS element and subsequent
recombinations). It is believed that VSAL_I0902 and VSAL_I0763 are fragments
belonging to one single chitinase (29).

In conclusion, four truncated chitinase genes contain regions encoding GH-
domains which may give functional protein if translated.

AsChi18A and AsLPMO10A and -B binds chitin

In order to determine the biochemical properties of putatively chitinolytic enzymes
(the pseudogene encoded chitinases were not expressed and characterized),
AsChi18A and AsLPMO10A and -B were cloned, expressed and purified (Fig. S2).
The presence of putative chitin binding modules on all three chitinolytic enzymes
prompted investigation of the substrate binding properties of the proteins. Using
purified protein, a-chitin and B-chitin were used as substrates in particle
sedimentation assays (Fig. 4). All proteins showed binding to the substrate
particles and AsSLPMO10B seems to bind slightly weaker to the substrates used
compared to AsSLPMO10A.



AsChi18A displays low chitinolytic activity

Since all three enzymes bound to chitin, the catalytic properties of the purified
chitinase and two LPMOs were analyzed. Using B-chitin as substrate, the activity
and operational stability of AsChi18A was followed over several hours at
temperatures ranging from 10-60 °C. The progress curves observed for AsChi18A
indicate an optimal operational stability, i.e. the highest temperature for which
enzyme activity remains stable over time, at approximately 30 °C (Fig. 5A). Similar
to other GH18 chitinases, the dominant product of chitin hydrolysis by AsChi18A
was (GIcNAc)2 with small amounts of GIcNAc (< 5%).

In order to compare AsChi18A activity with other well-characterized chitinases, the
chitin degradation potential of the enzyme was compared with the four GH18
chitinases of S. marcescens (SmChi18A, -B, -C and -D) (47-49) and, CjChi18D,
which is the most potent chitinase of Cellvibrio japonicus (50). Activities were
monitored at pH 6.0 (Fig. 5C), which is the pH where the S. marcescens and C.
Japonicus chitinases have their optima (47, 51, 52), and at pH 7.5 (Fig. 5D), which
is a typical pH of sea water and the near pH-optimum of AsChi18A. Strikingly,
SmChi18A, -B, -C and CjChi18D yielded more than 50-fold more (GlcNAc)2 than
AsChi18A after 24 h incubation at pH 6. At pH 7.5, the differences in yields were
lower (in the range of 25-40-fold larger yields, except for SmChi18D), most likely
reflecting the difference in pH optima. It should be noted that the presence of NaCl
in concentrations similar to sea water (~0.6 M) only marginally influenced
AsChi18A activity (Fig. S3).

AsLPMO10A and -B are active towards chitin

Both Al. salmonicida LPMOs were able to oxidize a- and B-chitin, yielding aldonic
acid chitooligosaccharide products with degree of polymerization ranging from 3
to 8 (Fig. S4). Such product profiles are commonly observed for family AA10
LPMOs that target chitin (12, 14, 53). The two enzymes displayed slightly different
operational stabilities when probed at temperatures ranging from 10 to 60 °C (Fig.
6). AsSLPMO10A showed an operational stability similar to that of AsChi18A, being
approximately 30 °C (Fig. 6A, B). In contrast, AsSLPMO10B showed an operational
stability lower than 30 °C (Fig. 6C, D). Comparison of the LPMO activities showed
that ASLPMO10A seems generally more active than AsLPMO10B, the former
enzyme yielding approximately twice as much soluble oxidized products than the
latter (Fig. 6B, D).

Combination of the chitinase and LPMOs shows enzyme synergies

For the putative chitinolytic system of Al. salmonicida the situation was different
than any other chitinolytic system studied since the chitin degradation potential of
the chitinase was substantially lower than that of the LPMOs (Fig. 5C, D and Fig.
6). Usually, the chitinase of a chitinolytic system is substantially more efficient in
substrate solubilization than the LPMO. Nevertheless, synergies were observed
when combining the AsChi18A with AsSLPMO10B giving an almost double yield
than the sum of products calculated by adding the sum of their individual yields,
for both a- and B-chitin (Fig. 7). ASLPMO10A, on the other hand, showed a weaker
synergy when combined with AsChi18A.



AsChi18A is important for growth of Al. salmonicida on chitin

Since the Al. salmonicida chitinase and LPMOs were able to depolymerize both a-
and B-chitin to soluble sugars that are metabolizable for the bacterium (GIcNAc
and (GlIcNAc)2), the ability of the bacterium to utilize chitin particles as a carbon
source was assessed. For this experiment, B-chitin was used for its higher purity
and lower recalcitrance compared to a-chitin. To unravel the roles of AsChi18A
and AsLPMO10A and -B in chitin degradation, Al. salmonicida gene deletion
strains were included in the cultivation experiments. The two single LPMO deletion
strains showed a moderate decrease of the growth rate compared to the wild type,
displaying a 30% increase in generation time (Fig. 8A and Table 1). In contrast to
the biochemical assays that showed stronger synergy between recombinant
AsChi18A and AsLPMO10B compared to AsSLPMO10A, the cultivation assays
showed that deletion of the single LPMOs resulted in the same growth reduction
as deletion of both LPMOs. Deletion of the AsChi18A gene decreased growth to a
larger extent than observed for the LPMO mutant strains (Fig. 8A), indicating that
AsChi18A is more important than the LPMOs for the ability of Al. salmonicida to
utilize chitin as a carbon source. The triple deletion mutant (AAABAChi) was least
able to utilize chitin as a source of nutrients, which also was clear from an agar-
plate chitin solubilization assay where only a marginal disappearance of chitin was
observed (Fig. S5). Growth of AAABAChi and wild type on LB25 medium was on
the other hand similar (Fig. S6), indicating that the gene deletions only influenced
chitin utilization and not metabolism in general.

It should be noted that the wild type bacteria incubated in the minimal medium
(Asmm) without added chitin obtained growth to OD 0.37+0.05 after 7 days
incubation (Fig. 8 panel A and Table 1) due to the presence essential amino acids
and traces of the LB25 pre-culture medium. Furthermore, it can also be observed
that all bacterial strains incubated in the defined media supplemented with chitin
increased ~0.1 in OD within the first 24 hours. This is most likely caused by the
presence of chitin monomers, dimers, oligosaccharides or other nutrients in the
chitin substrate that could be utilized by the bacteria without the need of the
chitinase or LPMOs.

To evaluate whether growth of the bacterium correlated with chitinolytic activity,
the culture supernatant of wild type growing on B-chitin was sampled once a day
in the period of highest growth (days 5-8) and analyzed for hydrolytic activity
towards the soluble chitooligosaccharide, chitopentaose. Indeed, the chitin
hydrolytic potential of the culture supernatant increased from day 5 to day 8 (Fig.
8B), indicating secretion of one or more chitinases (only dimeric and trimeric
products were observed; large concentrations of GIcNAc would indicate the
presence of a secreted N-acetylhexosaminidase).

Gene expression analysis by PCR amplification of cDNA

Encouraged by the biochemically functional chitinolytic machinery of Al
salmonicida and the ability of the bacterium to metabolize chitin degradation
products and chitin particles, it was of interest to couple these traits to transcription
of genes representing the enzymes in the chitinolytic machinery. The pseudogene
encoding parts of a family GH18 chitinase (VSAL_10902; AsChi18B;) was also
included in the analysis. RNA was isolated from Al. salmonicida LF11238 grown on
glucose, GIcNAc, (GIcNAc)2 and B-chitin (same cultures as shown in Fig. 1 and 8),



from both exponential and stationary phase. Gene expression was assessed
qualitatively by agarose gel chromatography (Table 2). The gene expression was
assessed as positive if the target gene was amplified in two out of three biological
replicates and at the same time no amplification was observed in PCR samples
obtained in the control reactions having no reverse transcriptase during cDNA
synthesis (examples shown in Fig. S7). The resulting data indicated that
AsChi18A, AsLPMO10B and, surprisingly, the chitinase pseudogene, AsChi18B,,
were expressed in the exponential phase during growth on all carbon sources.
Similarly, expression of AsChi18A and AsLPMO710A were detected in the
stationary phase, however not in all conditions. Expression of ASLPMO10B was
only detected in the exponential phase during growth on GIcNAc.

Proteomic analysis of expressed carbohydrate active enzymes (CAZymes)
To obtain a more complete understanding of chitin degradation by Al. salmonicida
during growth, label free quantitative proteomics was used to identify and quantify
proteins secreted by the bacterium when growing on this insoluble polysaccharide.
Guided by the gene expression analysis (Table 2), cultures were grown to
exponential phase on 1% p-chitin before harvesting and separation into
supernatant and cell pellet fractions for analysis of both secreted and intracellular
proteins. For analysis of bacteria and proteins binding to chitin, chitin from the
growing culture was collected and boiled directly in sample buffer. These samples
are referred to as “chitin-bound” samples and are enriched in proteins with high
affinity for chitin. In total, 1179 proteins were identified (Supplementary data file
1), from which 20 were annotated as CAZymes, including glycoside hydrolases,
transferase activities, lipid biosynthesis, glycogen metabolism, peptidoglycan
(murein) and carbohydrate metabolic processes (Fig. 9, Table S2). In more detail,
both LPMOs (AsLPMO10A and AsLPMO10B) and AsChi18A were identified, albeit
not in all samples and at variable intensities. ASLPMO10A was present at highest
abundance amongst the CAZymes, especially in the chitin-bound samples. The
protein was identified in all three biological replicates in all sampled conditions
except in the bacterial pellet obtained from growth on glucose, where the protein
only was identified in one biological replicate (Fig. 9).

AsChi18A and AsLPMO10B were only detected in the culture supernatant in one
or two of the biological replicates obtained from growth on glucose, and in two out
of three replicates of the chitin-bound samples. AsChi18A was only identified in
the chitin-bound sample and the culture supernatant of the glucose grown
samples. However, the chitinase was found at noticeable higher intensity in the
chitin-bound samples compared to the supernatant samples obtained from
cultivation on glucose.

Importantly, a GH20 {-N-acetylhexosaminidase (Uniprot ID: B6EGV7) was
identified amongst the CAZymes. All samples showed a relatively similar
abundance of this GH20. This enzyme, also called Chitobiase, is vital for
hydrolyzing (GIcNAc)2 into two GIcNAc units, but also has the ability to
depolymerize longer chitooligosaccharides (even aldonic acid
chitooligosaccharides resulting from LPMO activity) (53). Sequence analysis
revealed 58% identity between the Al salmonicida GH20 identified (~100%
sequence coverage) and the  biochemically characterized B-N-
acetylhexosaminidase VANAG1 from Vibrio harvey 650 (54). The amino acids



involved in catalysis and substrate binding are conserved (Fig. S8) indicating a
function of the Al. salmonicida GH20 in chitin catabolism. It should be noted that
N, N-diacetylchitobiose phosphorylases also can perform a role similar to 3-N-
acetylhexosaminidases. Interestingly, a family 3 glycosyl hydrolase (GH3),
annotated as beta-hexosaminidase was also identified. GH3s have a broad range
of substrate specificities, which mostly involves peptidoglycan recycling pathways.
However, the marine bacteria Pseudoalteromonas piscicida, Vibrio furnissi and
Thermotoga maritima encode GH3s that are believed to participate in intracellular
chitin metabolism (55-57). The AsGH3 enzyme was detected at similar levels in
both glucose and chitin cultures, indicating that it is not dependent on chitin
degradation. Also, the amino acid sequence of AsGH3 was similar to the NagZ
enzymes of this GH family (e.g. 67% sequence identity to NagZ of V. cholerae),
which removes (3-N-acetylglucosamine from ends of peptidoglycan fragments (58).
4-alpha-glucanotransferase (GH77) and membrane-bound lytic murein
transglycosylase (GH23) were only detected when the bacterium was grown on
glucose. A putative glycosyl transferase family 2 (GT2) was only detected in the
chitin substrate fraction. GTs are generally involved in biosynthesis by transferring
sugar moieties from activated donor molecules to specific acceptor molecules,
forming glycosidic bonds.

Analysis of the chitin catabolic pathway in Al. salmonicida

To assess the chitin catabolic pathway used by the bacterium, the proteomics data
were scrutinized with the aim of identifying expressed proteins with a putative role
in uptake, transport or downstream processing of chitin degradation products. An
illustration of relevant findings and the suggested pathway is shown in Fig. 10.
Guided by the biochemical assays and cultivation experiments, secreted
AsChi18A, AsLPMO10A and AsLPMO10B are indicated to hydrolyze and cleave
chitin into smaller oligosaccharides. It must be noted that AsChi18Bp, AsChi19Ap
and AsChi18Cp are illustrated in context with AsChi18A based on conserved
domains, rather than evidence of participating in extracellular hydrolysis of chitin.
Interestingly, the chitinase pseudogene, AsChi18Bp, is one of few proteins
exclusively identified in chitin samples. The GH20 B-N-acetylhexosaminidase,
which shows a ~3 fold increase in abundance during growth on chitin compared to
glucose (p=0.0082, paired two-tailed t-test; Fig. S9), is indicated to hydrolyze
(GlcNACc):2 into GIcNAc in the periplasmic space.

Utilization of extracellular sugars requires uptake and transportation across both
the outer and inner membranes. With the lack of a functional chitoporin, other
proteins relevant for outer membrane transport were investigated. Of proteins
related to transport through the outer membrane, 14 proteins were identified,
including outer membrane assembly factors and outer membrane proteins of the
OmpA family, OmpU, TolC. These proteins are not generally known for sugar
transport but cannot be excluded. For transport of sugars across the inner
membrane, the most relevant transporters identified were 9 proteins assigned to
the phosphoenolpyruvate-dependent sugar phosphotransferase system and two
N-acetylglucosamine and glucose permeases (NagE). The latter transporters are
likely contributing to translocation of GIcNAc across the inner membrane and
showed increased abundance in chitin samples compared to glucose (Fig. 10).
Two PTS component IIA and two Lactose/Cellobiose specific IIB subunits where



identified, of which the lactose/cellobiose specific subunits likely contribute to
sugar transportation across the inner membrane, were found upregulated during
growth on chitin compared to glucose. Furthermore, out of 9 ABC transporter
proteins identified, the four components not related to iron or amino acid transport
were assessed. The ABC transport protein, “ATP binding component” (B6EMAS3)
shows increased abundance in the chitin-bound samples, whereas “ATP-binding
protein” (B6ESL1) was only identified during growth on chitin. However, it is
uncertain whether these proteins are involved in transport of GIcNAc/(GIcNAc)z2. It
should be noted that no ABC transporter proteins specific for (GIcNAc)z2, or GIcNAc
specific subunits could be identified, although these are common in transport of
such sugars (59-61).

In terms of downstream processing of GIcNAc, the monosaccharide is most likely
converted into GICNAC6P by the permease NagE or N-acetylglucosamine kinase
NagK (Fig. 10). N-acetylglucosamine deacetylase is encoded by the genome of
Al. salmonicida, albeit was not identified in this experiment. Deacetylation of
GIcNAC6P would result in GIcN-6P, a product further processed into Fru-6P by
glucosamine-6-phosphate deaminase, an enzyme which was found at higher
abundance in the chitin pellet samples compared to glucose (Fig. 10).
Alternatively, GIcN-6P can be processed (in three steps) by Phosphoglucosamine
mutase (EC 5.4.2.10), the bifunctional protein GImU (N-acetylglucosamine-1-
phosphate uridyltransferase (EC 2.3.1.157) and UDP-N-acetylglucosamine
pyrophosphorylase (EC 2.7.7.23) into UDP-GIcNAc, a sugar that can be
processed to other UDP sugars or utilized in pathways such as lipopolysaccharide
biosynthesis or peptidoglycan synthesis. These enzymes were found in all
conditions analyzed (Fig. 10).

DISCUSSION

Knowing whether Al. salmonicida is able to utilize chitin as a source of carbon (and
nitrogen) is important for understanding the ecology of the bacterium and its
implications for pathogenicity. The literature contains conflicting information about
this topic, but in the present study, we clearly demonstrate that Al. salmonicida is
capable of degrading chitin to soluble chitooligosaccharides and to utilize these as
a nutrient source. This capability is dependent on the single chitinase in the Al
salmonicida genome, despite the low in vitro activity of chitinase, and the ability of
the LPMOs to degrade chitin. In the absence of AsChi18A, only products from
LPMOs activity will be available to the bacterium. These products are oxidized
chitooligosaccharides with a high degree of polymerization, that most likely cannot
be taken up by the bacterium due to the absence of a specific outer membrane
transporter (chitoporin). The fact that minor growth of the bacterium still is achieved
in the absence of the chitinase is most likely due to the presence of a GH20 N-
acetylhexosaminidase in the culture supernatant, that can depolymerize LPMO-
generated chitooligosaccharides to GIcNAc, which can be taken up and
catabolized by the bacterium. Another explanation may be that the
chitooligosaccharides are cleaved by secreted pseudo-chitinases, proteins indeed
observed by the proteomics data. In support for the latter hypothesis, minor growth
on B-chitin and indications of degradation of colloidal chitin was observed for the
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Al. salmonicida AAABAChi variant (Figs 8 and S5, respectively). Notably, the
importance of a single chitinase for growth on chitin is not unique to Al. salmonicida
LF11238. In C. japonicus, CjChi18D is essential for the degradation of a-chitin
despite the expression of three additional chitinases and two LPMOs (50).
Similarly, a systematic genetic dissection of chitin degradation and uptake in Vibrio
cholerae found the chitinase ChiA2 critical for growth on chitin, but not sufficient
alone (62).

Both As. salmonicida LPMOs are required for obtaining maximum growth on chitin,
an observation that is different than for the efficient chitin degrader C. japonicus
where deletion of the chitin-active LPMO only resulted in delayed growth, but did
not affect growth rate (50). This may be explained by the 50-fold lower activity of
AsChi18A compared to CjChi18D of C. japonicus. In the latter organism, the
contribution of the LPMOs in chitin solubilization is most likely minor compared to
Al. salmonicida, for which the rate of depolymerization is almost equal for the
LPMOs and the chitinase. ASLPMO10A and -B are distinctly different in domain
organization and sequence and the former enzyme is more active towards B-chitin
than the latter. This may be related to the chitin binding properties of the enzymes
as AsLPMO10A binds better to both a- and B-chitin than AsLPMO10B (Fig. 4).
Alternatively, the difference in activity can be related to the ability of the
components in the reaction mixture to generate reactive oxygen species such as
hydrogen peroxide, e.g. by the oxidase activity of LPMOs as shown in several
studies (63-65). In such a scenario, the discovery that LPMOs can use H20: as a
co-substrate, and that the concentration of H202in solution may be rate limiting for
LPMO reactions (13, 66, 67), may account for activity differences between LPMOs
when no external H20: is added to the enzyme reaction (only reductant).

The contribution of the LPMOs for chitin utilization by Al. salmonicida is most likely
related to the synergy obtained when combining the LPMOs with the chitinase.
Such synergy can be explained by the ability of ASLPMO10s to cleave chitin chains
that are inaccessible to AsChi18A (i.e. in the crystalline regions of the substrate).
The newly formed chitin chain ends formed by LPMO activity, represent new points
of attachment for the chitinases, thereby increasing substrate accessibility. Indeed,
several studies have demonstrated this phenomenon (16, 68-70), including a study
on the virulence-related LPMO from Listeria monocytogenes (71).

A surprising observed was made when combining both LPMOs and the chitinase
in a chitin degradation reaction (Fig. 7, panels B&D). Here, no synergy was
observed for B-chitin degradation and a lower than theoretical yield was obtained
for a-chitin. This was unexpected since the bacterial cultivation assay indicated a
cooperative relationship between the LPMOs as the reduced growth observed for
two single LPMO deletion strains were similar to that observed for the double
LPMO mutant strain (ASALPMO10A-ALPMO10B). The explanation for the lack of
synergy is not straightforward, but it may be that a total concentration of 2 UM
LPMO is too much for these reactions, giving rise to less bound enzyme to the
substrate and thereby production of harmful reactive oxygen species (ROS) by the
non-bound LPMO molecules. It is well established that LPMOs not bound to the
substrate are more prone to autooxidation (13, 43, 72). Another explanation could
be that a non-optimal enzyme stoichiometry could create competition for substrate
binding sites. Indeed, Both LPMOs were expressed during growth on B-chitin,
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although AsLPMO10A was detected in substantially higher abundance. As a
matter of fact, AsSLPMO10A was the protein showing the highest abundance
among the detected CAZymes, also when the bacterium was cultivated on
glucose. This could imply that this LPMO has additional functions (this is discussed
in more detail below). All three chitinolytic enzymes were observed in highest
abundance in the samples obtained from the chitin particles, indicating high affinity
of the enzymes towards chitin, a trait corroborated by the substrate binding
experiments.

The proteomic analysis identified peptides from three pseudogenes. Interestingly,
AsChi18Bp was only identified during growth on chitin, in contrast to the gene
expression analysis where it was detected during growth in all carbon sources.
This suggests a regulatory mechanism of translation influenced by the presence
of chitin particles and that the relevant transcription factor regulating this gene still
is functional. It is not uncommon that bacterial pseudogenes are expressed (73,
74) and Kuo & Ochman have hypothesized that this may be related to the
regulatory region of the pseudogenes still remaining intact (74). It must be noted
that translation of a pseudogene does not necessarily equal a functional protein.
Indeed, our data showing a large growth impairment upon AsChi18A deletion
suggest that translation of pseudogenes is insufficient for chitin degradation,
although, as previously noted, a minor growth also can be observed for the triple
knock out strain. Pseudogenes have long been considered to only represent
dysfunctional outcomes of genome evolution, and the multitude of pseudogenes
in Al. salmonicida LFI11238 possibly reflects its adaption to a pathogenic lifestyle.
On the other hand, there is increasing evidence indicating that pseudogenes can
have functional biological roles, and recent studies have shown that pseudogenes
potentially regulate expression of protein-coding genes (reviewed in (75, 76)).

An intriguing observation of chitin catabolism by Al. salmonicida is the absence of
key regulatory proteins such as ChiS and Tfox in the proteomics data. These
regulatory proteins are important for chitin catabolism in other bacterial species in
the Vibrionacea (18, 31, 33, 34). There is no doubt that Al. salmonicida is capable
of chitin catabolism, thus the bacterium may have evolved an alternative
mechanism for regulating the chitin utilization loci. In support of this hypothesis,
the gene encoding the periplasmic chitin binding protein, which activates ChiS
when bound to (GIcNAc)2 (31), is disrupted in the Al. salmonicida genome (29).

Although the Al. salmonicida chitinolytic system clearly is active and functional,
there are some observations that may indicate other or additional functions of the
chitinolytic enzymes. Firstly, the activity of the chitinase is substantially lower that
what would be expected for an enzyme dedicated to chitin hydrolysis. Secondly,
the dominantly expressed LPMO (AsLPMO10A) is not essential for chitin
degradation and is also abundantly expressed when the bacterium is cultivated on
glucose. These observations could be associated with the adaption of a
pathogenic lifestyle where the need for chitin as a nutrient source has been
reduced, but could also indicate other or additional functions, as for example roles
in virulence. The notion of chitinases having additional functions has been shown
in several studies, for example cleavage of mucin glycans by the V. cholerae
chitinase Chi2A (77) and hydrolysis of LacdiNAc (GalNAcB1-4GIcNAc) and
LacNAc (GalB1-4GIcNAc) by the L. monocytogenes and Salmonella typhimurium
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chitinases (78). Such substrates were not evaluated by activity assays with
AsChi18A. Moreover, incubation of AsChi18A with mucus collected from Atlantic
salmon skin revealed an unidentifiable product (different from the negative control),
but determination of its identity was unsuccessful.

Compared to other virulence related chitinases, AsChi18A has a similar size, but
different modular architechture. For example, ChiA2 from V. cholerae, which has
been shown to improve survival of the bacterium in the host intestine, also contains
around 800 amino acids, but the GH18 domain is close to the N-terminus and a
CBM44 and a CBMS5 chitin-binding domain are present on the C-terminal side. As
already noted, ChiA2 has been shown to cleave intestinal mucin (releasing
GIcNAc), but has a deep substrate binding cleft and resembles an exo-chitinase
(85% sequence identity to the structurally resolved exo-chitinase of Vibrio harveyi;
(79)). An unusual property of AsChi18A is its double pH optimum, shown by
enzyme activity being approximately equal at pH 4 and 7 (Fig. 5B). Chitinases
usually display a single pH optimum, but double pH optima are not uncommon for
hydrolytic enzymes, e.g. like phytase from Aspergillus niger (80) and pB-
galactosidase from Lactobacillus acidophilus (81). It is possible that this property
is associated with the chitinase being utilized in environments that vary in pH. If
the Al salmonicida chitinase has evolved an additional role than chitin
degradation, the same question applies for the LPMOs. Both LPMOs are active
towards chitin, but it is not certain that this is the intended substrate of these
enzymes. For instance, GbpA, an LPMO from V. cholera, has activity towards
chitin (53), but its main function seems to be related to bacterial colonization of
transfer vectors (e.g. zoo-plankton), the host epithelium (e.g. human intestine) or
both (82, 83). The LPMO of L. monocytogenes is also active towards chitin (71),
but the gene encoding this enzyme is not expressed when the bacterium grows on
chitin (on the other hand, the L. monocytogenes chitinase-encoding genes are
expressed when the bacterium is grown on chitin (71, 84)). The LPMO of the
human opportunistic pathogen Pseudomonas aeruginosa, CbpD, was recently
shown to be a chitin-active virulence factor that attenuates the terminal
complement cascade of the host (85). In the present study, both LPMOs were
expressed in the presence of chitin, but also in the glucose control condition,
indicating that regulation is not controlled by chitin or soluble
chitooligosaccharides. Thus, chitin may represent a potential substrate for these
LPMOs, but possibly not the (only) biologically relevant substrate.

On the other hand, some LPMOs are designed to only disrupt and disentangle
chitin fibers, rather than to contribute to their degradation in a metabolic context,
namely the viral family AA10 LPMOs (also called spindolins) (41). These LPMOs
are harbored by insect-targeting entomopox- and baculoviruses, and have been
shown to disrupt the chitin containing peritrophic matrix that lines the midgut of
insect larvae (86). The main function proposed for the viral LPMOs is to destroy
the midgut lining in order to allow the virus particles to access the epithelial cells
that are located underneath. Since the scales and gut of fish are indicated to
contain chitin (5, 6), it is tempting to speculate that the role of the fish pathogen
LPMOs is similar to that of viral LPMOs, namely to disrupt this putatively protective
chitin layer in order to provide an entry point to the bacteria for infection.
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In conclusion, the present study shows that Al. salmonicida LFI1238 can degrade
and catabolize chitin as a sole carbon source, despite possessing a chitinolytic
pathway assumed to be incomplete. Our findings imply that the bacterium can
utilize chitin to proliferate in the marine environment, although possibly not as
efficient as other characterized chitinolytic marine bacteria. Nevertheless, it is likely
that this ability can be of relevance for the spread of this pathogen in the ocean.
Finally, our discovery that pseudogenes are actively transcribed and translated
indicates that such genes cannot be disregarded as being functionally important.

METHODS AND MATERIALS

Bacterial strains and culturing conditions

Al. salmonicida strain LF11238 originally isolated from the head kidney of diseased
farmed cod (Gadhus morhua; (29)) and mutant strains (see below) 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), and if applicable 2% (w/v) colloidal
chitin made from a-chitin (gift from Silie Lorentzen). Growth analysis was
performed at 12 °C in Al. salmonicida specific minimal media (Asmm: 100 mM
KH2POs, 15 mM NH4(SO4)2, 3.9 pM FeSO4x7H20, 2.5 % NaCl, 0.81 mM
MgSO4x7H20, 2 mM valine, 0.5 mM isoleucine, 0.5 mM cysteine, 0.5 mM
methionine and 40 mM glutamate). Prior to inoculation of Asmm media, strains
were grown up to 48 hours in 10-15 mL LB25 at 200 rpm. 1 mL bacteria were
harvested by centrifugation at 6000 x g for 1 minute, followed by immediate
resuspension of the pellet in 1 mL Asmm. The cell suspension was transferred to
the final cultures by a 1:50 dilution in media supplemented with 0.2% glucose,
0.2% N-acetyl-D-glucosamine, 0.2 % diacetyl-chitobiose (Megazyme, Bray,
County Wicklow, USA) or 1 % B-chitin from squid pen purchased from France
Chitine (Batch 20140101, Orange, France). Culture volumes ranged from 5-50 mL.
Final cultures were incubated at 12 °C with shaking at 175 rpm. Growth was
measured by optical density (ODeoo) using Ultrospec® 10 Cell Density Meter
(Biochrom). The baseline was set by using sterile Asmm media with or without 1%
B-chitin. ODsoo measurements of the B-chitin cultures was performed by allowing
the cultures to settle for 30 seconds before collecting 1 mL for measurement.

Generation of gene deletion strains

LFI1238 derivative in-frame deletion mutants AAsChi18A, AASLPMO10A,
AASLPMO10B, AASLPMO10A-ALPMO10B and ALPMO10A-ALPMO10B-
AChi18A (also referred to as DADBDChi) were constructed by allelic exchange as
described by others (87, 88). For clarification, Table 3 lists the target genes, their
associated protein name, predicted carbohydrate-active enzyme family (CAZyme
family) and corresponding CAZyme annotated name applied throughout this study.

Primers were ordered from eurofins Genomics (Ebersberg, Germany), and
designed with restriction sites and regions complementary to the pDM4 cloning
vector to allow for in-fusion cloning. Table 4 lists primers used for construction of
the deletion alleles. For construction of AAsChi18A, the flanking regions upstream
and downstream of the AsChi18A gene were amplified using primer pairs
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GH18_YF/GH18_IR and GH18_IF/GH18_YR, respectively. The two PCR
fragments were fused by overlapping extension PCR where complementarity in
the &' regions of the primers resulted in linkage of the AsChi18A -flanking regions.
AAsSLPMO10A and AASLPMO10B was constructed in the same manner as
described for AAsChi18A using the listed primers (Table 4).

The final PCR products were inserted into the suicide vector pDM4 by In-Fusion ®
HD cloning (Takara Bio USA, Inc). In short, pDM4 linearized with Spel and Xhol
was gently mixed with 5x In-Fusion HD Enzyme premix, purified PCR fragment
(purified using Nucleospin® Gel and PCR Clean-up, MACHEREY-NAGEL GmbH
& Co. KG), and H20 to acquired final volume. Ratio of insert and linearized vector
was determined using the online tool “In-Fusion molar ratio calculator” (Takara Bio
USA, Inc). The reaction mix was incubated at 50 °C for 15 min. Following
incubation, the reaction mix was placed on ice for 20 min and transformed into E.
coli S17-1 Apir by standard transformation techniques.

Conjugation was performed as described by others (87-90). In brief, pelleted cells
from 1 mL E.coli S17-1 donor cells (ODeoo 0.60-0.80) and 1 mL Al. salmonicida
LFI1238 recipient cells (ODeoo 1.00-1.40) were washed in LB, mixed and
transferred to LA1 as a spot. The spot plate was incubated 6 hours in room
temperature and ~17 hours at 12 °C. The next day, the cell spot was collected and
resuspended in 2 mL LB25, grown for 24 hours with shaking and spread onto LA25
containing chloramphenicol (2 uyL/mL). Potential transconjugates were re-streaked
on LA25 2CAM, incubated for 3-5 days and tested for integration of the pDM4
construct by colony PCR using a combination of primers annealing within and
outside the integrated plasmid (Table S3). Next, confirmed transconjugates were
grown in LB25 to ODesoo 0.4 and spread onto LA25 containing 5% sucrose.
Colonies appearing within 5 days were tested for excision of the integrated plasmid
by sequentially patching single colonies onto LA25 plates containing 2CAM or 5%
sucrose. Mutants showing loss of resistance to CAM and presence of gene-
deletion product (colony PCR using primer pairs AsAChi18A_For/
ASAChi18A_Rev), was confirmed by GATC Biotech Sanger sequencing (Eurofins
genomics, Germany).

Mutant strains containing multiple gene deletions were generated in a step-wise
manner. Specifically, LFI1238AAsLPMO10A were recipient cells for pDM4-
AAsLPMO10B. Similarly, the resulting AASLPMO10A/ALPMO10B strain were
recipient cells for pDM4-AAsChi18A, thus generating the triple mutant strain
ALPMO10A/ALPMO10B/AChi18A. All strains and vectors are listed in Table 5.

Cloning, expression and purification

Codon-optimized genes encoding the following ASLPMO10A (residues 1-491,
UniProt ID; B6EQB6), AsSLPMO10B (residues 1-395, UniProt ID; B6EQJ6) and
AsChi18A (residues 1-846, UniProt ID; B6EH15) from Al. salmonicida (LFI1238)
were purchased from GenScript (Piscataway, NJ, USA). Gene-specific primers
(Table 6), with sequence overhangs corresponding to the pre-linearized pNIC-CH
expression vector (AddGene, Cambridge, Massachusetts, USA) were used to
amplify the genes in order to insert them into the vector by a ligation independent
cloning method (91). All the cloned genes contained their native signal peptides.
Sequence-verified plasmids were transformed into ArcticExpress (DE3) competent

15



cells (Agilent Technologies, California, USA) for protein expression. Cells
harboring the plasmids were inoculated and grown in Terrific Broth (TB) medium
supplemented with 50 ug/mL of kanamycin (50 mg/mL stock). Cells producing the
full-length AsSLPMO10s were cultivated in flask-media at 37 °C until OD = 0.700,
cooled down for 30 min at 4 °C, induced with 0.5 mM IPTG and incubated for 44
hours at 10 °C with shaking at 200 rpm. Cells producing AsChi18A were grown in
a Harbinger LEX bioreactor system (Epiphyte Three Inc, Toronto, Canada) using
the same procedure described above, although the cell were cultured for a shorter
time period (12 hours) and air was pumped into the culture by spargers.
Successively, cells were harvested using centrifugation and the periplasmic
extracts were generated by osmotic shock (92). The periplasmic fractions,
containing the mature proteins (signal peptide-free), were sterilized by filtration (0.2
pum) before purification (see below).

AsLMO10A and AsLPMO10B were purified by anion exchange chromatography
using a 5 mL HiTrap DEAE FF column (GE Healthcare) followed by hydrophobic
interaction chromatography (HIC) using a 5 mL HiTrap Phenyl FF (HS) column
(GE Healthcare). For the ion exchange procedure, proteins in the periplasmic
extract were applied on the column using a binding buffer containing 50 mM Bis-
Tris-HCI pH 6.0. After all non-bound proteins had passed through the column,
bound proteins were eluted by applying a linear gradient (0 to 100 % in 20 column
volumes with a flow rate of 1 mL/min), using an elution buffer containing Bis-Tris-
HCI pH 6.0 and 500 mM NacCl. Fractions were collected and analyzed for the
presence of LPMO using SDS-PAGE. Fractions containing LPMO were pooled
and adjusted to 1M (NH4)2SO4 and applied on the HIC column using a binding
buffer consisting of 50 mM Tris-HCI pH 7.5 and 1 M (NH4)2SOa4. Following elution
of unbound proteins, bound proteins were eluted by applying a linear gradient (0
to 100% over 20 column volumes with a flow rate of 1.5 mL/min), using an elution
buffer containing 50 mM Tris-HCI pH 7.5. In addition, AsSLPMO10B was further
purified by size exclusion chromatography using a HiLoad 16/60 Superdex 75
column operated at 1 mL/min and with a running buffer containing 1X PBS, pH 7.4.

AsChi18A was purified by immobilized metal affinity chromatography using a
HisTrap FF 5 mL column (GE Healthcare). The periplasmic extract containing
AsChi18A was applied on the column using a binding buffer consisting of 20 mM
Tris-HCI pH 8.0 and 5 mM imidazole, using a flow rate of 3 mL/min. Bound proteins
were eluted from the column by applying a linear gradient (0 to 100 % over 20
column volumes with a flow rate of 3 mL/min) with an elution buffer containing 20
mM Tris-HCI pH 8.0 and 500 mM imidazole. Fractions containing the pure protein,
identified by SDS-PAGE, were pooled and concentrated using Amicon Ultra
centrifugal filters (Millipore, Cork, Ireland).

Protein purity was analyzed by SDS-PAGE. Concentrations of the pure proteins
were determined by measuring Azso and using the theoretical molar extinction
coefficients of the respective enzyme (calculated using the ExPASy ProtParam
tool) to estimate the concentration in mg/mL. Before use, AsSLPMO10A and
AsLPMO10B were saturated with Cu(ll) by incubation with excess of CuSOa4 in a
molar ratio of 1:3 for 30 minutes at room temperature. The excess Cu(ll) was
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eliminated by passing the protein through a PD MidiTrap G-25 desalting column
(GE Healthcare) equilibrated with 50 mM Tris-HCI pH 8.0 and 150 mM NaCl.

Preparation of substrates

The substrates used in the assays were either squid pen B-chitin (France Chitin,
Orange, France), shrimp shell a-chitin purchased from Chitinor As (Avaldsnes,
Norway) and skin mucus of Salmo salar. Skin mucus was collected from freshly
killed farmed Atlantic salmon purchased from the Solbergstrand Marine Research
Facility (Drgbak, Norway). The mucus was gently scraped off the skin of the fish
using a spatula and stored in plastic sample tubes at -20°C until use.

Enzyme activity assays

For activity assays, chitin was suspended in 20 mM Tris-HCI pH 7.5, in 2 mL
Eppendorf tubes to yield a final concentration of 10 mg/mL. All reactions were
incubated at 30 °C and stirred in an Eppendorf Comfort Thermomixer at 700 rpm.
For LPMO reactions, the final enzyme concentrations were 1 yM and reactions
were started by the addition of 1 mM of ascorbic acid (this activates the LPMOs).
Similar reaction conditions were used for AsChi18A, although the final enzyme
concentration used was 0.5 uM and ascorbic acid was not added in the reactions.
At regular intervals, samples were taken from the reactions and the soluble
fractions were separated from the insoluble substrate particles using a 96-well filter
plate (Millipore) operated with a vacuum manifold. Subsequently, the soluble
fraction of AsLPMO10s-catalyzed reactions were incubated with 1.5 uM of a
chitobiase from S. marcescens (also known as SmCHB or SmGH20A) at 37 °C
overnight in order to convert LPMO products (oxidized chitooligosaccharides of
various degree of polymerization) to N-acetylglucosamine (GIcNAc) and
chitobionic acid (GIcNAcGIcNAc1A) as previously described in (53, 93), followed
by a sample dilution with 50 mM H2SO4in a ratio of 1:1 prior quantification by HPLC
(see below). The soluble fractions of AsChi18A reactions, were diluted with H2SO4
after the filtration step, which stopped the enzymatic reaction, before quantification
of (GlcNAc)2 by HPLC (see below). Additionally, in order to collect samples for
product profiling by matrix-assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF MS, see below) of the two AsLPMO10s-catalyzed
reactions, 5 pL of the soluble fraction was sampled after filtration and kept at -20
°C prior to analysis.

Analysis and quantification of native and oxidized chitooligosaccharides,
(GlcNAc)2 and GIcNAc

Qualitative analysis of the native and oxidized products of the AsSLPMO10A and -
B soluble fractions were performed by MALDI-TOF MS using a method developed
by G. Vaaje-Kolstad et al. (12). For this analysis, 1 yL of sample was mixed with 2
ML 2,5-dihydroxybenzoic acid (9 g.L-', prepared in 150:350 H20/Acetonitrile),
applied to a MTP 384 target plate in ground steel TF (Bruker Daltonics) and dried
under a stream of warm air. The samples were analyzed with an Ultraflex MALDI-
TOF/TOF instrument (Bruker Daltonics GmbH, Bremen, Germany) equipped with
a Nitrogen 337 nm laser beam, using Bruker FlexAnalysis software. Quantitative
analysis of all soluble products formed by the chitinolytic enzymes or GIcNAc or
(GlcNAC):2 in culture supernatants was performed by ion exclusion chromatography
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using a Dionex Ultimate 3000 UHPLC system (Dionex Corp., Sunnyvale, CA,
USA), equipped with a Rezex RFQ-Fast acid H* (8%) 7.8% x 100 mm column
(Phenomenex, Torrance, CA). The column was pre-heated to 85 °C and was
operated by running 5 mM H2SO4 as a mobile phase at a flow rate of 1 mL/min.
The products were separated isocratically and detected by UV absorption at 194
nm. The amount of GIcNAc and (GIcNAc)2 were quantified using standard curves.
Pure GIcNAc and (GIcNAc): were obtained from Sigma and Megazyme,
respectively. In order to quantify chitobionic acid (GIcNAcGIcNAc1A), a standard
was produced in-house by treating chitobiose (Megazyme, Bray, Irleand) with a
chitooligosaccharide oxidase (ChitO) from Fusarium graminearum , which yields
100% conversion of chitobiose to chitobionic acid, a method previously described
by J. S. M. Loose et al. (53). Standards were regularly analysed in each run.

Analysis of chitinase activity in culture supernatants

To analyze presence of chitinolytic activity in the supernatant of Al. salmonicida
when growing on B-chitin, 1 mL sample of wild type bacterial culture was harvested
at time points during growth on chitin. The sample was centrifugated and the
supernatant filter sterilized using 0.22um sterile Ultra-free centrifugal filters. 500
uL filter sterilized supernatant was concentrated to 100 pyL using Amicon ultra
centrifugal filter units with 3 000 Da cut-off (Merck Millipore, Cork Ireland) and
washed three times in 10 mM Tris pH 7.5, 0.2 M NaCl (Tris-HCI NaCl). The
concentrated supernatant containing secreted enzymes were stored in Tris-HCI at
4 °C until use. The presence of chitinolytic activity was assessed by mixing 100
UM chitopentaose with 15 pL enzyme cocktail in 20 mM Tris pH 7.5 0.2 M NacCl
and incubated at 30 °C. The generated products were analyzed and quantified by
ion exclusion chromatography as described above.

Protein binding assays

The binding capacity of AsSLPMO10s and AsChi18A on a-chitin and B-chitin was
tested, suspending 10 mg/mL of substrate in 20 mM Tris-HCI pH 7.5 to a total
volume of 350 pL in 2 mL Eppendorf tubes. Reactions were started by the addition
of ASLPMO10A or —B (0.75 pM final concentration) or AsChi18A (0.50 uM), which
were incubated in 2 mL Eppendorf tubes, at 30 °C and stirred in an Eppendorf
Comfort Thermomixer at 700 rpm. Samples were taken (100 L) after 2 hours and
immediately filtrated using a 96-well filter plate (Millipore) operated with a vacuum
manifold to obtain the unbound protein fraction. In order to assess the percentage
of bound proteins to the substrate, control samples with only enzyme and buffer
were performed, representing the maximum quantity of protein present in the
samples (100%). The protein concentration in each sample was determined using
the Bradford assays (Bio-Rad, Munich, Germany).

RNA isolation and gene expression analysis

To analyze expression of specific genes as previously done by e.g. T. M. Wagner
et al. (94), samples were taken at mid exponential phase (OD = 0.6-0.7) and early
stationary phase (OD = 1.0-1.3).1 mL sample of each culture was directly
transferred to 2 mL RNAprotect cell reagent (Qiagen, Hilden, Germany). The
samples were vortexed 5 sec, incubated 5 min at room temperature and
subsequently harvested by centrifugation at 4000 x g, for 10 min at 4 °C. The
supernatant was carefully decanted, and the cell pellet stored at -20 °C until cell
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lysis and RNA isolation. RNA isolation was performed using Qiagen RNeasy Mini
Kit (Qiagen, Hilden, Germany) using the Quick-Start protocol. In order to disrupt
the bacterial cell wall before isolation, the pellet was lysed using 200 pL Tris-EDTA
pH 8.0 supplemented with 1 mg/mL lysozyme, vortexed for 10 sec and
subsequently incubated at room temperature for 45 min. 700 uL buffer RLT (kit
buffer, Qiagen) supplemented with 10 yL/mL B-mercaptoethanol was added to the
sample and mixed vigorously before proceeding with the protocol. The quantity of
isolated RNA was determined using NanoDrop.

Residual genomic DNA (gDNA) was removed using The Heat&Run gDNA removal
kit (ArcticZymes®, Tromsg, Norway). 8 uL of the RNA samples was transferred to
a RNase free Eppendorf tube on ice. For each 10 pL reaction, 1 uL of 10x reaction
buffer and 1 yL Heat-labile-dsDNase was added. The suspension was gently
mixed and incubated at 37 °C for 10 min. To inactive the enzyme, samples were
immediately transferred to 58 °C for 5 min. The RNA concentration was measured
using the nanodrop before proceeding to copy DNA (cDNA) synthesis.

cDNA synthesis was performed using iScript™ Reverse Transcription Supermix
(Bio-Rad, Hercules, CA, USA). For each sample, 100 ng RNA, 4 pL 5x iScript™
Reverse transcription Supermix and RNase free water to a total volume of 20 pL
was assembled in PCR reaction tubes. All samples were additionally prepared with
iScript™ no reverse transcriptase control supermix to account for residual gDNA
in downstream analysis. The cDNA synthesis of the samples were performed by
using a SimpliAmp™ Thermal Cycler (Thermo Fischer Scientific, USA) with the
following steps: priming at 25 °C for 5 min, reverse transcription at 46 °C for 20
min, and inactivation of the reverse transcriptase at 95 °C for 1 min. The
synthesized cDNA was stored at -20 °C until analysis.

The cDNA samples were screened for presence of AsChi18A, ASLPMO10A,
ASLPMO10B and VSAL _10902/AsChi18Bp by PCR amplification using Red Taq
DNA polymerase 2x Master mix (VWR, Oslo, Norway) according to the
manufacturers protocol. The PCR reaction was carried out using 30 cycles,
annealing temperature 58 °C (AsChi18A, ASLPMO10A, AsLPMO10B) or 56 °C
(VSAL_10902/AsChi18Bp) and 30 sec extension. To evaluate gDNA presence,
samples prepared with no reverse transcriptase during cDNA synthesis (referred
to as -RT control) was applied as template for primer pairs AsSLPMO710A and
VSAL_10902.

PCR products were visualized by agarose gel electrophoresis of the total 20 pL
PCR reaction in 1.3 % agarose 1xTAE electrophoresis buffer (Thermo scientific,
Vilnius, Lithuania). The agarose was supplemented with peqGreen DNA/RNA dye
(peglab brand, VWR, Oslo, Norway) for visualization. After gel visualization, the
gene expression was assessed as positive if the target gene was amplified in two
out of three biological replicates and at the same time no amplification was
observed in PCR samples prepared with the -RT controls. A complete list of
primers used for amplification of target genes is shown in Table S4.
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Sample preparation and proteomic analysis

Biological triplicates of Al. salmonicida LFI1238 was incubated in 50 mL Asmm
supplemented with 1 % B-chitin. At mid-exponential phase, cultures were
harvested and fractioned into supernatant and pellet by centrifugation at 4 000 x g
for 10 min at 4°C. B-chitin aliquots from the culture flasks were transferred to 2 mL
Safe-Lock Eppendorf tubes (Eppendorf, Hamburg, Germany) and boiled directly
for 5 min in 30 yL NuPAGE LDS sample buffer and NuPAGE sample reducing
agent (Invitrogen™, CA, USA). Filter sterilized supernatant was concentrated
using Vivaspin® 20 centrifugal concentrators (Vivaproducts, Littleton, MA, USA)
by centrifugation at 4 000 rpm and 4 °C until it reached 1 mL concentrate. The
bacterial pellet was lysed in 2 mL 1x BugBuster™ protein extraction reagent
(Novagen), incubated by slow shaking for 20 min, followed by centrifugation and
protein precipitation. Proteins were precipitated by adding trichloroacetic acid
(TCA) to 10 % and incubation over-night at 4 °C. The precipitated proteins were
harvested by centrifugation at 16 000 x g and 4°C for 15 min and washed twice in
ice-cold 90 % acetone/0.01 M HCI. All final samples were boiled in 30 yL NuPAGE
LDS sample buffer and sample reducing agent for 5 min and loaded on Mini-
PROTEAN® TGX Stain- Free™ Gels (Bio-Rad laboratories, Hercules, CA, USA).
Electrophoresis was performed at 300 V for 3 min using the BIO-RAD Mini-
PROTEAN® Tetra System. Gels were stained with Coomassie Brilliant Blue R250
and 1x1 mm cube gel pieces were excised and transferred to 2 mL LoBind tubes
containing 200 pL H20. Sequentially, the gel pieces were washed 15 min in 200 pl
H20 and decolored by incubating 2x15 min in 200 yL 50% acetonitrile, 25mM
ammonium bicarbonate (AmBic). Next, reduction was performed by incubating the
gel pieces in dithiothreitol (10 mM DTT/100mM AmBic) for 30 minutes at 56 °C
and alkylation was done with iodo-acetamide (55 mM IAA/100mM AmBic) for 30
minutes at room temperature. After removal of the IAA solution, the gel pieces
were dehydrated using 200uL 100% acetonitrile and digested using 30-45 uL of
10 ng/pL trypsin solution overnight at 37 °C. The next day, digestion was stopped
by addition of 40 pyL 1% trifluoroacetic acid (TFA). Peptides were extruded from
the gel pieces by 15 minutes sonication and desalted using C18 ZipTips (Merch
Millipore, Darmstadt, Germany), according to manufacturer’s instructions.

Peptides were essentially analyzed as previously described (95). In brief, peptides
were loaded onto a nanoHPLC-MS/MS system (Dionex Ultimate 3000 UHPLC;
Thermo Scientific) coupled to a Q-Exactive hybrid quadrupole orbitrap mass
spectrometer (Thermo Scientific). Peptides were separated using an analytical
column (Acclaim PepMap RSLC C18, 2 um, 100 A, 75 ymi.d. ~ 50 cm, nanoViper)
with a 90-minutes gradient from 3.2 to 44 % [v/v] acetonitrile in 0.1% [v/v] formic
acid) at flow rate 300 nL/min. The Q-Exactive mass spectrometer was operated in
data-dependent mode acquiring one full scan (400-1500 m/z) at R=70000 followed
by (up to) 10 dependent MS/MS scans at R=35000. The raw data were analyzed
using MaxQuant version 1.6.3.3 and proteins were identified and quantified using
the MaxLFQ algorithm (96). The data were searched against the UniProt Al
salmonicida proteome (UP000001730; 3513 sequences) supplemented with
common contaminants such as human keratin and bovine serum albumin. In
addition, reversed sequences of all protein entries were concatenated to the
database to allow for estimation of false discovery rates. The tolerance levels used
for matching to the database were 4.5 ppm for MS and 20 ppm for MS/MS.
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Trypsin/P was used as digestion enzyme and 2 missed cleavages were allowed.
Carbamidomethylation of cysteine was set as fixed modification and protein N-
terminal acetylation, oxidation of methionines and deamidation of asparagines and
glutamines were allowed as variable modifications. All identifications were filtered
in order to achieve a protein false discovery rate (FDR) of 1%. Perseus version
1.6.2.3 (97) were used for data analysis, and the quantitative values were log2-
transformed, and grouped according to carbon source and condition
(substrate/supernatant/pellet). Proteins were only considered detected if they were
present in at least two replicates in at least one condition. All identified proteins
were annotated with putative carbohydrate-active functions as predicted by
dbCAN2 (98), biological functions (GO and Pfam) downloaded from UniProt, and
for subcellular location using SignalP5.0 (99).

Pseudogenes

Pseudogenes are gene sequences that have been mutated or disrupted into an
inactive form over the course of evolution and is commonly thought of as “junk
DNA”. The genome of Al. salmonicida LF11238 contains a significant number of IS
elements, and several genes are truncated and annotated as such pseudogenes.
Since pseudogenes in general are believed to be non-functional, putative products
of these are commonly not included in proteome databases. Consequently, a
proteomic analysis towards the annotated proteome of Al. salmonicida LFI1238
will not detect products of these genes. To include these in our analysis, a few
required steps were taken. Firstly, pseudogenes of three chitinases, a chitoporin
and a chitodextrinase were selected as genes of interests based on the publication
by Hjerde et al (29). Next, the truncated nucleotide sequence of a pseudogene
was retrieved by searching the complete genome sequence annotation of Al
salmonicida LFI1238 chromosome | (FM178379.1) for the specific gene locus. The
gene locus of each selected pseudogene is shown in Table 7. The nucleotide
sequences were translated to putative protein sequences using the translate tool
at ExPASy Bioinformatics Resource Portal (100). The translate tool identifies
potential start and stop codons of the query sequence by assessing reading frames
1-3 of forward and reverse DNA strand. Manually, putative peptides larger or equal
to 6 amino acids were selected as supplement for the proteomic analysis.
Pseudogene products of which unique peptides were identified was assigned a
putative CAZy annotation using dbCAN2.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (101) partner repository with the
dataset identifier PXD021397.
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TABLES

Table 1. Growth rate and max cell density of Al. salmonicida and derivative

mutant strains

Strain Rate constant Generation Max cell density
M (hours™) time (ODeoo)
(hours)
Wild type 0.43+0.01 175+04 1.60 £ 0.08
AAsChi18A na na 0.82 £ 0.03
AAsLPMO10A 0.27 £ 0.07 29.1+8.2 1.25+0.08
AAsLPMO10B 0.28 +0.01 26.8+1.1 1.15+£0.04
AAAB 0.28 £ 0.02 26.8+1.7 1.24 £ 0.04
AAABACHI na na 0.58 + 0.02
Wild type control na na 0.37 £ 0.05

media

Table 2. Gene expression of AsChi18A, AsLPMO10A, AsLPMO10B and
AsChi18Bp. Exp = Exponential phase, Stat.= Stationary phase. Data shown as
positive (“+” on green background) or negative (“-“ on blue background) detection
of expression, based on three biological replicates. AsChi18A (VSAL_I0757),
ASLPMO10A (VSAL _110134), AsLPMO10B (VSAL 110217) and AsChi18Bp

(VSAL_10902).

GlcNAc | (GlcNAc)2 | Glucose | B-Chitin

AsChi18A
AsLPMO10A
AsLPMO10B

AsChi18Bp
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Table 3. Description of target genes

Gene name Protein name CAZy family | CAZyme name
VSAL 10757 chiA | Endochitinase chiA GH18 AsChi18A
VSAL 110134 GlIcNAc-binding AA10 AsLPMO10A
gbpA protein A

VSAL 110217 Chitinase B AA10 AsLPMO10B

Table 4. Primers used for construction of in frame deletion mutants.

Primer Sequence 5-3’

AsGH18_YF GAAGGGCCCCACTAGTCGCACACTGATTTATCACACT
AsGH18_IR GTTCATTAATGTCAGACTGTTAATGAAAATCCGTTTCAT
AsGH18_IF CATTAACAGTCTGACATTAATGAACGCTCAATAA
AsGH18_YR ACCGTCGACCCTCGAGGTGTTCTAATAGCGGGCATT

AsSLPMO10A_YF

GAAGGGCCCCACTAGTGGGTACAAGATTGTTGCTTTT

AsLPMO10A _IR

ATCCCAAGCCATCGTTGAGCATTTATTCATCATTTATTC

AsLPMO10A _IF

AAATGCTCAACGATGGCTTGGGATAAAATCTAACCA

AsLPMO10A _YR

ACCGTCGACCCTCGAGGTGTACGGATGTTCTAACATC

AsLPMO10B_YF

GAAGGGCCCCACTAGTCCGTCAATCATCAACTAGAGA

AsLPMO10B _IR

TCCCCATTCTATTGTATTTGTCATATTTCATCCTTGTCT

AsLPMO10B _IF

AATACAATA GAATGGGGAGTATGGCGA

AsLPMO10B _YR

ACCGTCGACCCTCGAGTTTCTTGTCACCCATGATCAC
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Table 5. Complete list of strains and vectors.

Strain or plasmid Comment Ref.

LF11238 Aliivibrio salmonicida strain LF11238 §

S17-1 Apir Escherichia coli conjugation donor strain S17- | (102)
1 Apir

AsAChi18A LF11238 containing gene deletion AChi18A *

AsALPMO10A LF11238 containing gene deletion ALPMO10A | *

AsALPMO10B LF11238 containing gene deletion ALPMO10B | *

AsALPMO10A-A10B | LFI1238 containing gene deletions *
ALPMO10A and ALPMO10B

AsALPMO10A- LFI11238 containing gene deletions *

A10B-AChi ALPMO10A, ALPMO10B and AChi18A

pDM4 pDM4 SacB suicide plasmid/ cloning vector (90)

pDM4-AsAChi18A

pDM4-construct designed for allelic exchange
and deletion of AsChi18A

pDM4- pDM4-construct designed for allelic exchange | *
AsALPMO10A and deletion of AsLPMO10A
pDM4- pDM4-construct designed for allelic exchange | *
AsALPMO10B and deletion of AsLPMO10B

§Originally isolated by the Norwegian Institute of Fisheries and Aquaculture Research, N-9291 Tromsg,

Norway, but provided by Simen Foyn Ngrstebg for this study. *This study.
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Table 6. Clonin

primers for AsSLPMO10A and -B and AsChi18A

Cloning Sequence (5°-3’)

primers

pNIC- TTAAGAAGGAGATATACTATGATGAATAAATGCAGTACCA
CH/AsLPMO | A

A (forward)

pNIC- AATGGCTTGGGACAAAATCTAAGCGCACCATCATCACCA
CH/ASLPMO | CCATT

A (reverse)

pNIC- TTAAGAAGGAGATATACTATGACCAACACGATTAAAATCA
CH/AsLPMO | ATTC

B (forward)

pNIC- AATGGGGTGTGTGGCGCTAAGCGCACCATCATCACCACC
CH/AsSLPMO | ATT

B (reverse)

pNIC- TTAAGAAGGAGATATACTATGAAACGTATCTTTATTAACA
CH/AsGH18 | GT

A (forward)

pNIC- TGATGAATGCGCAAGCGCACCATCATCACCACCATT
CH/AsGH18

A (reverse)

Table 8. Pseudogenes analyzed. Gene locus, product name and CAZyme based

name.
Gene locus Product CAZyme based name
VSAL 10763 Chitinase A (fragment) na
VSAL 10902 Chitinase A (fragment) AsChi18Bp
VSAL 11414 Putative chitinase (pseudogene) | AsChi19p
VSAL 11942 Chitinase (pseudogene) AsChi18Cp
VSAL 12352 Chitoporin (pseudogene) na
VSAL 11108 Chitodextrinase (fragment) na
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Figure 1. Utilization of Glucose, GIcNAc and (GIcNAc),. Panels A to C show
the growth of Al. salmonicida LF11238 in minimal media supplemented with 0.2 %
glucose, 0.2% GIcNAc (9.0 mM) or 0.2 % (GIcNAc)2 (4.7 mM), respectively. Growth
in defined media without supplementation of carbon source (negative control) is
shown in panel D. Growth results are shown as mean value of three biological
replicates and the standard deviation is indicated. Panels E & F show the depletion
of soluble substrates by Al salmonicida, determined by sampling of the culture
supernatant of one replicate different time points through the growth time-period
and quantification of GIcNAc (panel E) or (GIcNAc)z (panel F) by ion exclusion
chromatography. Results are shown as the mean value of three technical
replicates.
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Figure 2. Predicted domains and three dimentional structures of the A.
salmonicida chitinase and LPMOs. (A) Prediction of CAZy domains of the
chitinolytic enzymes was performed using the dbCAN server. Numbers indicate
the position in the sequence. The theoretical molecular weight of the proteins
calculated by the ProtParam tool (in the absence of the predicted signal peptide)
is 87.4, 52.5 and 41.2 kDa for AsChi18A, AsLPMO10A and AsLPMO10B,
respectively. Signal peptides were determined by the SignalP 4.0 server
(http://www.cbs.dtu.dk/services/SignalP/) and represent residues 1-29, 1-25 and
1-26 for AsChi18A, AsSLPMO10A and AsLPMO10B, respectively. The GenBank
protein identifiers for the enzymes are CAQ78442.1 (AsChi18A, also called
“‘endochitinase A”), CAQ80888.1 (AsLPMO10A, also called “chitin binding
protein”) and CAQ80971.1 (AsLPMO10B, also called “chitinase B”). (B) The
homology model of AsChi18A (left structure) and the structures of SmChi18A deep
clefted exo-chitinase from S. marcescens (middle structure) and the Bacillus
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cereus GH18 ChiNCTU2 shallow clefted chitinase (37) are shown in light brown
surface representation with the catalytic acids colored red (or indicated by a red
star for SmChiA, as it is concealed by other amino acids). Ligands are shown in
stick representation with gray (chitooctaose; SmChi18A) and purple (chitobiose;
ChiNCTU2) colored carbon atoms. Subsites are indicated by numbering. Ligands
shown in the AsChi18A substrate binding cleft are derived from structural
superimpositions of the AsChi18A model with SmChi18A or ChiNCTUZ2 and are
provided for illustrational purposes only. The template used for modelling the
AsChi18A catalytic GH18 domain was PDB ID 3N1A (apo-enzyme structure of
ChiNCTUZ2 from B. cereus) and gave a Qmean value of -1.99, which represents a
good quality model. (C) The crystal structure of CBP21 (PDB ID 2BEM) and the
homology models for ASLPMO10A and AsLPMO10B are shown in cartoon
representation. For CBP21, the side chains of the amino acids that have been
shown to be invovled in substrate binding by experimental evidence (42, 43, 103)
are shown in stick representation. The corresponding amino acids in ASLPMO10A
and AsLPMO10B are also shown in stick representation. One exception is W46 of
AsLPMO10B, which is not present in the two other enzymes. The latter residue is
positioned on an insertion that potentially extends the putative binding surface
(indicated by rectangle with dashed lines). In CBP21, Ser58 is shown with two
alternative side chain conformations. Swiss Model was used with default
paramters to generate the homology models of AsSLPMO10A and -B, using PDB
structures 2XWX (66.5% sequence identity to ASLPMO10A) and 4YN2 (43.6%
sequence identity to AsLPMO10B) as templates, respectively. The Q-mean
scores obtained were -1.65 for ASLPMO10A model and -3.34 for ASLPMO10B
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Figure 3. Sequence analysis of putative chitinase pseudogenes. The gene
locus and insertion sequence elements are shown in yellow and gray, respectively,
with the locus name indicated. Solid lined arrow direction indicates reading frame
direction, while dashed lined arrows indicate pseudogenes. CAZyme annotation
of the pseudogenes genes was done using dbCAN2 and the resulting enzyme
activity prediction is displayed below each gene. Annotation of VSAL 10763,
VSAL_10902, VSAL_ 11108 was performed with  the  truncated
chitinase/chitodextrinase sequence. VSAL 11414 and VSAL_11942 were analyzed
using the full-length sequences including repeat region. The illustrations
representing the ORFs are not to scale.
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Figure 4. Substrate binding of AsChi18A, AsLPMO10A and -B. Each bar
shows the percentage of bound proteins after 2 h of incubation at 30 °C. Reactions
contained 10 mg/mL of substrate, 0.75 yM (LPMOs) or 0.50 pM (AsChi18A) of
enzymes and 10 mM of Tris-HCI buffer at pH 7.5. All reactions were run in
triplicates and the standard deviations are indicated by error bars.
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Figure 5. Enzymatic properties of AsChi18A. Production of (GIcNAc)2 by
AsChi18A analysed at various temperatures (A) and pH values (B). The activity of
AsChi18A was also compared to the chitinases from Serratia marcescens
(SmChi18A, -B, -C and -D) and C. japonicus (CjChi18D) at pH 6.0 (C) and 7.5 (D).
All reactions conditions included 10 mg/mL B-chitin and 0.5 yM enzyme. For data
displayed in panel A, reactions were carried out at pH 7.5. For the data displayed
in panel B, all reactions were incubated at 30 °C. Buffers used were formic acid
pH 3.5, acetic acid pH 4.0 and 4.5, ammonium acetate pH 4.5 and 5.0, MES pH
5.5, 6.0 and 6.5, BisTris-HCI pH 7.0, Tris-HCI pH 7.5 and 8.0 and Bicine pH 8.5
and 9.0. The amounts of (GIcNAc): presented are based on the average of three
independent reactions containing 10 mg/mL B-chitin, 0.5 yM enzyme and 10 mM
buffer. The insets in panel C and D show magnified views of reactions catalysed
by AsChi18A and SmChi18D. Standard deviations are indicated by error bars
(n=3).
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Figure 6. Operational temperature stability of A. salmonicida LPMOs. The
activity of ASLPMO10A and AsLPMO10B is indicated by the production of GIcNAc
is shown in panel A and C, respectively. Since the end-product of chitin
degradation by the LPMOs are oxidized chitooligosaccharides (Fig. S4) that are
inconvenient to quantify, the reaction products obtained from the reactions were
depolymerized by Chitobiase that completely converts the oligosaccharide mixture
to GIcNAc and oxidized (GIcNAc)2 (i.e. GIcNAcGIcNAc1A). The quantities of the
latter products formed by the LPMOs, are shown in panel B and D. The amounts
presented are based on the average of three independent reactions, which
contained 10 mg/mL of B-chitin, 1 yM of enzyme, 1 mM of ascorbic acid and 10
mM of Tris-HCI buffer at pH 7.5, incubated at different temperatures between 10
and 60 °C (colour code provided in panel A). Standard deviations are indicated by
error bars.
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Figure 7. Synergistic activity of AsSLPMO10s and AsChi18A on chitin. Panels
A and C show the production of GIcNAc by the individual and combined enzymes
on - and a-chitin, respectively. Panels B and D show the theoretically calculated
amounts of GIcNAc based on the sum of its production by the individual enzymes
(*, brown bars) and the detected amounts of GIcNAc by combining the enzymes
after 8 h (green bars). The amounts presented are based on the average of three
independent reactions containing 10 mg/mL of chitin substrate, 1 yM of LPMOs
and/or 0.5 uM of GH18, 1 mM of ascorbic acid and 10 mM of Tris-HCI buffer at pH
7.5, incubated at 30 °C for 8 h. Standard deviations are indicated by error bars
(n=3).
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Figure 8. Growth of Al. salmonicida LFI1238 and derivate gene-deletion
strains on B-chitin. (A) The growth of Al. salmonicida LF11238 at 12 °C in minimal
media supplemented with 1 % B-chitin. (B) Chitinase activity in the culture
supernatant of Al. salmonicida growing on f-chitin. The chitinase activity was
assayed by mixing a sample of the culture supernatant sampled at various time
points with 15 mM chitopentaose and quantifying the (GIcNAc): resulting from
hydrolysis over a period of 180 minutes. Error bars indicate standard deviation (n
=3).
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Figure 9. CAZymes expressed by Al salmonicida LFI1238. Heatmap
presentation of identified CAZymes and label free quantification intensities ranging
from low intensity (grey), medium intensity (red) to high intensity (white). The data
is presented as three biological replicates. Conditions are as following: proteins
eluted from chitin obtained from the culturing experiment (Chitin), culture
supernatant proteins from the chitin cultivation experiment (ChitinS), proteins
extracted from the bacterial cells obtained from the chitin cultivation experiment
(ChitinP), culture supernatant proteins obtained from culturing the bacterium on
glucose (GlucoseS) and proteins extracted bacterial cell pellet from the glucose
cultivation experiment (GlucoseP).
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Figure 10. Putative chitin utilization pathway by Al salmonicida LFI238.
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roles in the utilization pathway and the MaxLFQ Intensities. Enzymes acting on
chitin: AsChi18A (B6EH15), AsSLPMO10A (B6EQB6), AsLPMO10B (B6EQJ6),
putative pseudogene chitinases (VSAL_11414, VSAL_I11942, VSAL_l0902).
Transport across membranes: Phosphotransferase system (PTS) component IIA
(B6EGWS5), PTS permease for N-acetylglucosamine and glucose (B6EHLG6), PTS
system, Lactose/Cellobiose specific [IB subunit (B6EMGO0), PTS system permease
for N-acetylglucosamine and glucose (B6ERZ1). Hydrolysis of (GIcNAc): into
GIcNAc: beta-N-acetylhexosaminidase GH20 (B6EGV7), Amino sugar
metabolism:  Glucosamine-6-phosphate deaminase (B6EN78), UDP-N-
acetylglucosamine pyrophosphorylase (B6EHG2), Phosphoglucosamine mutase
(B6ENDS8), N-acetyl-D-glucosamine kinase (B6EKQ4). A bar chart comparing the
log2 LFQ values of the putative chitinolytic enzymes is shown in Fig. S9.
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Supplemtary figures

Figure S1. Active site of the AsChi18A homology model superimposed on
ChiNCTU2 (D143A variant). Proteins are shown as cartoon representation with
side chains shown in stick representation (AsChi18A colored cyan, ChiNCTU2
D143A [PDB id: 3N13] colored yellow). Side chains are labeled showing AsChi18A
amino acid numbers above the ChiNCTU2 numbers. The chitobiose ligand bounbd
in the -1 and -2 subsite of the ChiNCTUZ2 active is shown in stick representation
with gray colored carbon atoms. Hydrogen bonds are illustrated by dashed lines
and distances (A) are indicated. It should be noted that the positioning of the
ChiNCTU2 catalytic acid, E145, deviates from the position observed in the
ChiNCTU2 wild type structure (which is more similar to the positioning of AsChi18A
E645) due to the absence of an Asp at position 143.
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Figure S2. Analysis of protein purity. SDS-PAGE was used to determine protein
purity. Panel A shows an SDS-PAGE gel with lanes displaying protein benchmark
ladder (Invitrogen) in lane 1, ASLPMO10A in lane 2 and AsLPMO10B in lane 3.
The SDS-PAGE gel in panel B displays the stages of protein purification for
AsChi18A, showing the protein benchmark ladder in lane 1, cell free extract from
an induced culture in lane 2, flow through in lane 3, wash fraction in lane 4-6 and
the eluted protein in lanes 7 and 8. Only fractions containing highly pure protein
were used in biochemical assays. All proteins used in biochemical assays were
estimated to be >95% pure.
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Figure S3. Influence of NaCl on AsChi18A activity. The amount of (GIcNAc)2
(chitobiose) released from 10 mg/mL B-chitin in Tris-HCI pH 7.5 by 1.0 mM
AsChi18A in the presence and absence of 0.6 M NaCl was evaluated at three time
points (n=3). Reactions were incubated at 30°C.
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Figure S5. Chitin degradation assay. Images show photographs of agar plates
containing LB25 supplemented with 2% colloidal chitin with Al salmonicida
variants (indicated on the left side of the image) spotted in triplicate and allowed to
grow at 12 °C for 20 days. The photographs show the agar plates before (left) and
after (right) the colonies had been removed by gentle washing. Halos indicate
chitin degradation.
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Figure S6. Growth of Al. salmonicida LFI1238 variants. Growth of the wild type

Al. salmonicida LF11238 strain compared to the triple knock-out strain (AAABACH:i)
in LB25 broth. Standard deviation is indicated by error bars (n=3).
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Figure S7. Gene expression analysis by PCR amplification of cDNA. Panel A
and B shows the products formed in PCR experiments using cDNA from samples
obtained during exponential growth in GIcNAc and GIcNAc2 combined with primer
pairs GH18Expression and 10AExpression, respectively. Panel D shows the PCR
experiments using -RT controls as template combined with primer pair
10AExpression. The -RT templates used in Panel D corresponds to the cDNA
applied to Panel A and B. Panel C shows the products formed in PCR experiments
using cDNA from samples obtained during exponential and stationary growth in
glucose combined with primer pair /0902Expression. In this case gene expression
was evaluated as positive (+) during exponential growth (lane 2-4) and negative (-
) during stationary growth (lane 5-7). Panel E shows the products formed in PCR
experiments using the -RT samples corresponding to the cDNA template used in
Panel C combined with primer pair I0902Expression. Lane 1; 100 bp DNA ladder,
lanes 2-4 or 5-7; biological replicates within the same condition.
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Figure S8. Pairwise sequence alignment of the Al. salmonicida GH20 (UniProt ID
B6EGV7) and Vibrio harvey GH20 VANAG1 (UniProt ID D9ISD9). The alignment
was made using the EMBOSS pairwise sequence alignment tool using default
parameters. The Alignment was formatted using BoxShade. Based on data from
W. Suginta et al. (1), catalytic amino acids are shown in red shading and amino
acids involved in substrate binding are shown in blue shading.
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Figure $9. Al. salmonicida protein abundances. The abundance of selected Al.
salmonicida proteins related to chitin catabolism displayed in bar chart format as a
supplement to Figure 9. Log2 LFQ values shown represent the average values
obtained from the label free proteomics data (Supplementary Dataset 1). Error
bars are shown for proteins that were detected in two or three biological replicates.
The GH20 B-N-acetylhexosaminidase was calculated to have a statistically
significant 1.58 log2 fold higher abundance during growth on chitin compared to
glucose (p=0.0082; paired two-tailed t test).
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Supplementary tables

Table S1. Growth rate measurements and max cell density of Al. salmonicida
cultivated in glucose, GIcNAc and GIcNAc:

Carbon Rate constant Generation time Max cell density
source p (hours™) (hours) (ODe0o)
Glucose 0.065 + 0.025 5.36 £ 2.17 2.63 £ 0.094
GIcNACc 0.069 + 0.029 5.16 £ 2.00 1.31 £ 0.022
GlcNAc: 0.055 + 0.021 4.95+0.89 1.58 £ 0.145

Mean * SD of three biological replicates.
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Table S2. Identified CAZymes sorted by their putative biological processes,
according to gene ontology (GO) annotations.

CAZy Uniprot  Biological process
Carbohydrate metabolic process [GO:0005975]
AA10 B6EQJ6 AsLPMO10B
CBM73;GH B6EH15 AsChi18A
18
GH13_19 B6EGT4 Alpha-amylase
GH20 B6EGV  Putative beta-N-acetylhexosaminidase
7
GT35 B6EQ29 Alpha-1,4 glucan phosphorylase
GH77 B6EQ30 4-alpha-glucanotransferase
GH3 B6ERJ6 Beta-hexosaminidase*

Chitin binding [GO:0008061]
AA10;:CBM B6EQB  AsLPMO10A

73 6
Cell cycle, cell division, protein import
[GO:0007049/ 0051301/ 0017038]
PL22 B6EGK  Tol-Pal system protein TolB
3
Formaldehyde catabolic process [GO:0046294]
CE1 B6EHO03  S-formylglutathione hydrolase
Glycogen biosynthetic process [GO:0005978]
GT5 B6EQL7 Glycogen synthase
Lipid A biosynthetic process [GO:0009245]
CE11 B6ELHO UDP-3-O-acyl-N-acetylglucosamine deacetylase
GT19 B6EJW  Lipid-A-disaccharide synthase
7
Lipopolysaccharide biosynthetic process
[GO:0009103]
GT9 B6EPB8 ADP-heptose-LPS heptosyltransferase I
Peptidoglycan metabolic process [GO:0000270]
GH23 B6EJV5 Membrane-bound lytic murein transglycosylase D
GH23 B6EGC  Soluble lytic murein transglycosylase
8

Trehalose catabolic process [GO:0005993]
GH13_29 B6ERJ9 Trehalose-6-phosphate hydrolase

Not assigned

GH103 B6EIWO Putative exported protein
GT2 B6EKR9 Putative glycosyl transferase
GT51 B6EM36  Penicillin-binding protein 1A

*Also, Cell cycle [GO:0007049];cell division [GO:0051301];cell wall organization
[GO:0071555];peptidoglycan biosynthetic process [GO:0009252];peptidoglycan
turnover [GO:0009254];regulation of cell shape [GO:0008360]
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Table S3. Primers designed for construction of flanking regions and fusion
product, sequencing and selection/verification of transconjugates and mutants.

Primer Sequence 5-3’

AsGH18_For GCTGATGGCGTGATCAAC
AsGH18_Rev GGCGCGTGCTAATTTCAA
ASLPMO10A_For GGCTGCTATTGTCACAGAATA
ASLPMO10A_Rev AAGCCTAATAAAGCACACCCA
AsLPMO10B_For GATGAGGTGTACCATCTTGAA
AsLPMO10B _Rev TGTAATAGAATGTCACCAGCA
pDM4_Seq_F CGGGAGAGCTCAGGTTAC
pDM4_Seq_R GGCTTCTGTTTCTATCAGCT
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Table S4. Primers applied for amplification of target genes using cDNA.

Primer Sequence (5~ 3) Product
size (bp)
GH18Expression F AGTCAAGCATCAGCCAAGAAAG
GH18Expression_R TAAGGCAAGGCTCGATCCAG o0
10AExpression_F ATTCGGTCCTGCTGATGG
10AExpression_R ATTTGCTTGACCTTGTGTTGC 065
10BExpression_F TCAAGCGTGTCAGTCTGC 441
10BExpression_R TGCCAACGAGTGTAGAGC
10902Expression_F ATGCACAAGGTCGATCTG 097
10902Expression_R ATGGGATGTACTTGTCGC

Supplementary references

1. Suginta W, Chuenark D, Mizuhara M, Fukamizo T. 2010. Novel beta-N-
acetylglucosaminidases from Vibrio harveyi 650: cloning, expression, enzymatic

properties, and subsite identification. BMC Biochem 11:40.
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Abstract

Aliivibrio (Vibrio) 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
Al. salmonicida pathogenicity are largely unknown. Chitin-active Iytic
polysaccharide monooxygenases (LPMOs) have been indicated to play roles in
both chitin degradation and virulence in a variety of pathogenic bacteria. In the
present study we investigated the role of LPMOs in the pathogenicity of Al
salmonicida LF1238 in Atlantic salmon (Salmo salar L.). In vivo challenge
experiments using isogenic deletion mutants of the two LPMOs encoding genes
ASLPMO10A and AsLPMO10B, showed that both LPMOs, and in particular
AsLPMO10B, were important in the invasive phase of cold-water vibriosis.
Crystallographic analysis of the AsLPMO10B AA10 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 Al. salmonicida
LPMO deletion variants compared to the wild type strain, indicating the struggle of
the bacterium to adapt to the host immune components.

Datasets are available for download through the following links:

http://arken.nmbu.no/~gustko/Paper_|lI/Dataset%201.xIsx
http://arken.nmbu.no/~gustko/Paper_|l/Dataset%202.xlsx
http://arken.nmbu.no/~gustko/Paper _|l/Dataset%203.xlsx




Introduction
Aliivibrio salmonicida (Vibrio salmonicida before transfer 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 septicemia (1-4). Once the pathogen enters
the bloodstream (5), Al. salmonicida can disseminate in many sites, e.g. sinusoids
of the head kidney/lymphoid organ, leukocytes, and endothelial cells (6), and even
actively proliferate in blood upon passing a latent stage (5, 7, 8). Notably,
histopathological changes caused by the bacterium are found to be associated
with the bacterial burden (6). Although CWYV is under control by vaccination,
virulence-associated factors that are essential for the full spectrum of Al
salmonicida pathogenicity are largely unknown. So far, in vitro and in vivo studies
have demonstrated that the salinity-sensitive quorum-sensing regulator LitR (9),
LPS O-antigen (10), moatility/flagellation (11), and the /ux operon (12) are required
for full virulence of Al. salmonicida.

Chitinolytic enzymes include chitinases (glycoside hydrolases 18 and 19
(GH18 and -19) and lytic polysaccharide monooxygenases (LPMOs), with the
latter classified in the auxiliary activities 10 family (AA10) according to the
classification by the Carbohydrate Active Enzymes database (CAZy (13)). Such
enzymes are associated with the modification, binding, depolymerization, and
catabolism of chitin (14-18). LPMOs were discovered in 2010 (18), and thus
represented 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 reactions (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 pathogenicity (22-29). Direct evidence for
a role of LPMOs in virulence was recently published by Askarian et al. (2021), who
showed that the LPMO of the opportunistic human pathogen Pseudomonas
aeruginosa, called CbpD, was important for establishing systemic- and lung
infections, where the role of the enzyme was attributed to attenuation of the
terminal cascade of the complement system (30). A somewhat different role has
been proposed for the Vibrio cholerae LPMO, GbpA, which binds chitin and
mucins, mediating bacterial colonization of epithelial cell surfaces (31). 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 bacterial persistence within the lungs of mice in vivo
(32). Recently, is has been shown that L. pneumophila ChiA is involved in
hydrolysis of the peptide bonds of mucin-like proteins (33), suggesting novel
mechanisms of mucin degradation.

The Al. salmonicida LF11238 genome harbors genes encoding two family
AA10 LPMOs (ASLPMO10A, AsLPMO10B) and one chitinase GH18 (AsChi18A).
All three enzymes can depolymerize chitin and are important for the ability of the
bacterium to utilize chitin as a nutrient source (34). However, the authors noticed
several features that could indicate additional roles of the enzymes, for instance a
remarkably low chitinolytic activity of the chitinase, and constitutive expression of
AsLPMO10A (this protein is one of the most abundant proteins produced by the
bacterium). In addition, the whole genome sequencing analysis of Al. salmonicida



LFI1238 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 important for regulating
expression of the chitin degradative loci (35)). Cumulatively, these results suggest
the contribution of the chitinolytic enzymes to other or additional functions beyond
chitin degradation and utilization by Al. salmonicida. Thus, the current work set
out to elucidate the putative immune evasive properties of AsSLPMO10A (A) and
AsLPMO10B (B) in Al. salmonicida pathogenesis during CWV in Atlantic salmon.
Using a series of isogenic mutants (AA, AB and AAB), we found that the LPMOs
contributed to the pathogenicity of Al. salmonicida in the invasive phase of CWV.

Results

Phylogenetic analysis

The sequence and biochemical properties of ASLMO10A and AsLPMO10B have
previously been biochemically characterized (34), 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 (36) were scanned for LPMO-encoding genes that
subsequently were subjected to phylogenetic analysis (Fig. 1). The analysis
showed that LPMOs are present in the majority of aerobic Gram-negative bacteria
investigated, but to a lesser extent in Gram-positives. AsSLPMO10A clusters with
LPMOs from a variety of bacterial families, whereas AsLPMO10B clusters with
representatives mostly restricted to the Vibrionaceae.
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Figure 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 (37) that utilizes PhyML v20160115 (38). 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 Al
salmonicida LPMOs are indicated in blue colored bold formatting.

Proteomic profiling

Gene deletions may induce alterations in protein regulation by the bacterium to
adapt to this impairment. Such re-organization can be readily visualized by
comparing the proteomic response of wild type (WT) and 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 hour in the absence or
presence of SS, prior to being harvested. In total, 1725 proteins were identified,
corresponding to almost half the predicted proteome of Al. 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
regulation of 61 (AA), 27 (AB) and 32 (AAB) and 46 (AA) and 70 (AB) and 94 (AAB)
in the absence or presence of SS, respectively (Fig. 2A). In the absence of SS, the
most significantly upregulated protein was RpoC for AB and AAB and Rne for AA
(Dataset 2). Beside RpoC, RpoB and Rne was found to be among the top three
hits of the upregulated proteins in most of the deletion mutants (Dataset 2). The
protein Rne was found to be common for all (Dataset 3, Fig. 2B).

In the presence of SS, 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 CheW), CheA (Phosphorelay protein LuxU) and FigL (Flagellar P-ring
protein). The latter protein was identified as up-regulated in all deletion 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), Luxl (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 peroxiredoxin),
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 ASLPMO10A resulted in up-regulation of Prc (Tail-
specific protease) and SohB (Probable protease SohB), and down-regulation of
HslU (ATP-dependent protease ATPase subunit HslU) compared to wild type (Fig.
2C, Dataset 2). It should be noted that HslU is not directly a protease, but rather a
subunit of the heat-shock locus HslIV-HslU complex associated with the
proteasome of many bacteria (39, 40). 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 wild type, while subunit A (IhfA) was up-regulated in the B deletion
mutant compared to wild type (Fig. 2C, Dataset 2). Notably, the host integration
factor is implicated in regulation of virulence related factors in V. cholerae (41),
Vibrio vulnificus (42) Vibrio harveyi (43) and Vibrio fluvialis (44). Interestingly, the
transposon VSAL_ 10029 was up-regulated in both AB and AAB. The function of
this transposon is not known; however, it is located closely to a reported T6SS
effector VSAL_10031 (45). 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 (45). Finally, ASLPMO10B was
not detected in any samples, whereas AsSLPMO10A was observed in both wild type
and AB (but not significantly regulated in any condition).

Together, these data indicate that deletion of the LPMO encoding genes in
Al. salmonicida results in a significantly altered proteome compared to wild type.
Moreover, the number of differentially regulated proteins in the AB and AAB strains
were remarkably increased in presence of SS.
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Figure 2. Significantly regulated proteins of Al. salmonicida deletion variants
exposed to Atlantic salmon serum. (A) Volcano plots showing the p-values of
significance and Logz 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 (log1o = 1.3) and (+) 1.5-fold change (logz = 0.58) in protein abundance.
Significance was determined by a paired two-tailed t-test. (B) Heatmaps showing
the fold change values (logz) 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.

In vivo immersion challenge experiments to establish chronic septicemia

To provide insight into the contribution of LPMOs in the virulence properties of Al
salmonicida, an immersion challenge was carried out using the wild type and the
deletion variants (AA, AB, AAB). In an experiment using a total of 1340 Atlantic
salmon smolts, fish were immersed in a high concentration of Al. salmonicida
variants for 30 min, followed by water exchange (Fig. 3A). Immersion in
approximately 1.2-2.7x107 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 accumulated 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 septicemia as all sampled fish were positive

for presence of Al 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).
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Figure 3. Immersion challenge to establish persistent septicemia. (A)
Challenge groups and infection doses represented by colony forming units (CFU)
pr mL Al salmonicida containing seawater. (B) Accumulative mortality. (C)
Presence of Al. salmonicida WT and deletion variants in blood after 10 minutes of
exposure. Bacteria (WT, AA, AB or AAB) were isolated from the drawn blood of
Atlantic salmon following immersion challenge. Data are shown as individual
values (n=5) with mean + SEM representing colony forming units (CFU) pr mL
blood.

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 Al. 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
number in whole salmon blood was observed between days 1-6 compared to 1h
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 generally 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 AsSLPMO10A and -B were
not critical for the viability and survival of Al. salmonicida in salmon blood in the
early- or late- stage of infection in vivo, albeit AsSLPMO10B was found to be
important in the invasive phase of CWV.
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Figure 4. Presence of Al. salmonicida variants in blood from 1 hour to 16
days post-challenge. Bacteria (WT, AA, AB or AAB) were isolated from drawn
whole blood of Atlantic salmon following immersion challenge. Data are shown as

individual values (n=5-10) with mean + SEM representing colony forming units
(CFU) pr mL blood.

Bacterial burden in tissues and organs

Next, samples were taken from the various tissues and organs to evaluate whether
LPMOs were critical in viability of Al. salmonicida in organs over the course of
chronic CWV infection. Assessing the bacterial burden revealed that despite Al
salmonicida being absent in skin and gills of the sampled fish at day 1-6 post-
infection, wild type and AA were recovered from all sampled fish at 8 days post



challenge (Fig. 5A, panels 1-2). In the AB and AAB infected groups, the recovery
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 recovered wild type compared to the AB and AAB mutant strains 8
days post-challenge (Fig. 5B, right and left panels). Interestingly, the number of
recovered 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 recovery of Al. salmonicida from skin, gills, head kidneys, liver and spleen
at the later time-points as the CWV 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).
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Figure 5. Presence of Al. salmonicida variants from tissue and organs over
the course of CWV infection. (A) Percentage of sampled fish that were positive
for presence of Al. salmonicda from 1 hour to 19 days post immersion challenge
with WT, AA, AB and AAB. (B) 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 =
SEM representing colony forming units (CFU) per gram organ.

As the difference in the bacterial burden was well reflected in the spleen, the
expression of selected proinflammatory markers (Interleukin-1B (IL-18 and TNFa)
and complement factors C3 and C5 were further evaluated via RT-qPCR in the
wild type and AAB infected fish in this organ (Fig. 6). The induction of
proinflammatory markers were comparable in wild type and AAB infected salmon.
The expression of the complement components, C3 and C5, showed a higher
induction of C5 in wild type, albeit no statistically significant difference was
obtained.

In summary, these data demonstrate the importance of AsSLPMO10A and -B
in the invasive phase of CWV caused by Al salmonicida although the
transcriptional induction of inflammatory and complement markers were
comparable in all infected fish at 10 days post immersion challenge.
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Figure 6. Mean fold change of host immune parameters in Atlantic salmon
spleen 10 days after challenge with wild type (WT) and the AAB deletion
strain. The data is shown as mean fold change + SEM compared to the mock
infected group (n=5). The fold changes represent 2*(-AACq) were AACq = ACq
(Cq of target gene — average Cq of house-keeping genes EF1A and 3-actin) of the
individual samples from WT and AAB infected groups- mean ACq (Cq of target
gene — Cq of house-keeping genes) of the mock infected group. Target genes;
TNFa (Tumor necrosis factor a), IL-1B (Interleukin 1-B), C3 (Complement
component 3) and C5 (Complement component 5-2).

Structure of AsLPMO10B

A structural investigation of AsSLPMO10B was initiated to find a rationale for its
preeminent role as a facilitator during host invasion. The X-ray crystal structure of
the family AA10 LPMO domain of the protein (amino acid residues 26-214; Fig.
8A) was solved to a resolution of 1.35 A and deposited in the Protein Data Bank
(PDB; PDB ID: 70KR). AsLPMO10B carries the canonical (46) fibronectin-
like/immunoglobulin-like B-sandwich core structure (Fig. 8B), consisting of seven
B-strands arranged as two juxtaposing B-sheets. The B-sandwich supports the
histidine brace catalytic motif (His26, His136) and the putative co-substrate
coordinating amino acid (Glu206), which shows conformational flexibility and was
modeled in two alternative conformations (Fig. 8C). The histidine brace is loaded
with a copper ion, an expected consequence of the sample preparation process,
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and confirmed by anomalous scattering. Copper shows an incomplete square
planar coordination, hinting at the presence of Cu (1) at the metal-binding site. The
latter is likely a consequence of the well-documented photoreduction of Cu (IlI)
during X-ray data collection (47). The model also contains 109 water molecules
from the first and second coordination sphere and three polyethylene glycol
fragments (PEG) from the crystallization conditions. We also observe electron
density “above” the copper site (Fig. S1), where the putative ligand would bind,
which may represent a citrate molecule from the buffer. A search for structural
homologues was run on the DALI server (48) (ekhidna2.biocenter.helsinki.fi/dali),
using the coordinates of the new LPMO domain. The list of results contains
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 al. (46), which includes members that display
substrate promiscuity for either chitin or cellulose. The match with the highest
score (Z score: 27.2, r.m.s.d.: 1.8 A) was Tma12, a putative AA10 LPMO from the
fern Tectaria macrodonta (PDB ID: 61F7; sequence identity: 33.3%). Tma12 has
been proven to shield its host from predators by exerting an entomotoxic activity
(49). Their structural superposition reveals a possible site for AsSLMPO10B O-
linked glycosylation at Thr166, matching the N-linked glycosylation of Tma12 at
Asn158. A PEG molecule modeled in close proximity of Thr166 partially
superposes with the polar groups of the N-linked glycan decorating Tma12, further
supports the hypothesis of O-glycosylation.

While carrying the distinctive loop 2 (L2) structural element of cluster 2, the AA10
module of ASLPMO10B shows several matches to elements from cluster 4, which
groups together LPMOs of viral origin. Among them is fusolin from insect
poxviruses (PDB ID: 4YN2 (50)) which has 35.5% sequence identity to
AsLPMO10B and therefore was used as a model for solving the structure (see
Materials 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. 8D). The
tryptophan is oriented parallel to the substrate binding surface and is positioned
similar to the tyrosine residue essential for catalysis in the cellulolytic Lentinus
similis LPMO9A (Tyr203). In LsLPMOO9A, Tyr203 is carried by the long C-terminal
loop (LC), absent in both AsSLPMO10B and fusolin, and it provides a stacking
interaction with the cellulose substrate (Fig. 8D; (PDB ID: 5ACI)(51)). Quite
interestingly, LPMOs which possess both the C-terminal loop and L2, as the
Thermoascus aurantiacus GH61 isozyme A (PDB ID: 2YET)(52), carry aromatic
amino acids on both, at the position occupied by Trp46 in AsSLPMO10B and Tyr203
in fusolin (Fig. 8D).
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Figure 8. 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 indicates signal peptide. CBM indicates
carbohydrate binding domain family. (B) Cartoon representation of the crystal
structure, with the topology assigned as described by Vaaje-Kolstad et al. (46).
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
AsLPMO10B, 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. (D) Conservation of substrate-docking aromatic
amino acids among LPMOs. Loop-2 Trp46 from AsLPMO10B (teal) is conserved
in the viral LPMO fusolin (Trp20; green), a close structural homolog (PDB ID:
4YN2). Their placement mimics Tyr203 (orange), a substrate-binding residue
found on the long C-terminal loop (LC) in Lentinus similis LPMO 9A (PDB ID:
5ACI). LPMOs that carry both LC and L2 loops bear aromatic amino acids
matching the position of both Trp46 and Tyr203 (e.g. Tyr24 and Tyr212 on
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Thermoascus aurantiacus GH61 isozyme A, PDB ID: 2YET). The structures of the
three proteins were aligned by secondary structure matching (SSM).

Discussion

To gain insight into the potential roles of chitinolytic enzymes in virulence, the
current study set out to elucidate the putative immune evasive properties of
AsLPMO10A and AsLPMO10B in the pathogenesis of Al. salmonicida in Atlantic
salmon. Given the putative role of LPMOs in mucin binding and attachment of
bacteria to mucosal surfaces (31, 53), we hypothesized that AsSLPMO10A 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 (34), combined with the proposed presence of chitin in Atlantic salmon
scales (54, 55) gave additional points of relevance to the hypothesis. A challenge
model able to probe all phases of pathogenesis was therefore chosen, namely an
immersion challenge where the Atlantic salmon smolts were exposed to Al
salmonicida in the aqueous environment. Considering that rapid disease
development and high mortality may mask potential differences between groups,
the infection dose selected was aimed to establish chronic septicemia without
exhaustive killing. Our results indicated that neither of the LPMOs are critical for
Al. salmonicida in passing the outer barrier since all fish were positive for the
presence of Al. salmonicida wild type and deletion variants after 10 minutes in the
challenge bath, and no significant difference between the groups was observed
(Fig. 3C). On the other hand, the LPMOs were found to be important for the
invasive phase of CWV. 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 have been made for the
opportunistic pathogen Listeria monocytogenes, where a LPMO deletion strain
was attenuated in the spleen and liver three days post systemic infection in mice
(25). The P. aeruginosa LPMO (so 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 (30). Neither ASLPMO10A or -B are
especially similar to CbpD (25.6 and 28.4 % sequence identity, respectively), but
AsLPMO10A contains an N-terminal family AA10 LPMO domain and a C-terminal
family CBM73 chitin binding domain similar to CbpD (Fig. 8A). Moreover, we note
the structural similarity of the AsSLPMO10B AA10 domain with the chitin-active
AA10-domain of viral fusolin, which strongly enhances the infectivity of
entomopoxviruses (50, 56, 57) and that represents an LPMO domain serving to
enhance the virulence of a pathogen.

An interesting trait of Al. salmonicida is its possession of two distinctly
different LPMOs. Several other pathogens also share this trait, but many also only
carry a single LPMO in their genome (Fig. 1), including P. aeruginosa for which the
LPMO clearly is a virulence factor (30). Can it be that the two LPMOs have different
functions? Both Al. salmonicida LPMOs cleave chitin chains by oxidation and
contribute to chitin catabolism (34), but ASLPMO10A is expressed at high
abundance and independent on growth medium, and have shown a slightly higher
rate of chitin oxidation compared to ASLPMO10B (34). In the context of the slightly
different phenotypes observed for the AsSLPMO10A and-B deletion variants in this
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study, it is not unlikely that these LPMOs play different roles in Al. salmonicida
pathogenesis.

Deletion of LPMOs resulted in an altered proteome response compared to
the wild type, in the presence and absence of Atlantic salmon serum (Fig. 2).
Intriguingly, 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 Luxl in the AA and AAB strains are intriguing observations (Fig. 2,
panel C). The latter protein, Luxl, is important for the regulation of motility and
biofilm formation (58). It should be noted that a substantial proteome alteration was
also observed for the P. aeruginosa LPMO deletion strain when exposed to human
serum (compared to the wild type; (30)), indicating the struggle of the pathogens
to interfere with host immune responses when lacking the LPMO(s).

In conclusion, we have shown that the LPMOs of Al. salmonicida are
moonlighting enzymes that not only contribute in chitin catabolism (34), but also
play a role in the pathogenicity of the bacterium in the invasive phase of CWV 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 functions for acquisition of nutrients, but also for protection of the bacteria
towards host defense mechanisms.

Materials and methods

Bacterial strains

Al. 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, AsLPMO10B and AsLPMO10AA10B and genes in strain LF11238
were described in our previous study (34).

Table 1. List of bacterial strains.

Strain Description Ref.

LFI1238 Aliivibrio salmonicida strain LF11238 §

AsALPMO10A LFI11238 containing gene deletion ALPMO10A | *

AsALPMO10B LF11238 containing gene deletion ALPMO10B | *

AsALPMO10A/A10B LFI1238 containing gene deletions *
ALPMO10A and ALPMO10B

§Originally isolated by the Norwegian Institute of Fisheries and Aquaculture
Research, N-9291 Tromsg, Norway, but provided by Simen Foyn Ngrstebg for this
study.
*(34)
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Atlantic salmon challenge

Housing and ethical statement. 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). 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 Benzoak® (ACD Pharmacuticals As, Leknes, Norway).

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
transported according to the Norwegian Regulations on transport of Aquatic
Animals and allocated in their designed experimental groups. Ahead of the
immersion challenges, parr-smolt transformation was induced by gradually
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 Oslofjord (45-50 meters depth).
The average temperature and salinity of intake water was 9.9 °C and 33.5 ppm
respectively. 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 Al. salmonicida LF11238 or LPMO gene
deletion strains AAsLPMO10A, ALPMO10B and AAsLPMO10AALPMO10B 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 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 ul 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 bacteriological samples up to 19 days post challenge.
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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Tissue samples. Tissue intended for RNA isolation was dissected using sterile
scalpels and disposable forceps (VWR International), 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 pl sterile 1.4 mm ceramic beads (OMNI
International) and 200 pl PBS. The tubes were weighed before and after sampling,
homogenized by using FastPrep (MP Biomedicals), 4 ms, 3 x 5 seconds. Volumes
of 100 and 10 pl were spread onto LA25 in duplicates and incubated at 12 “C for
3-5 days before calculation of colony forming units/ (mg organ) (CFU/mg).
Necroscopy. Euthanized and deceased fish were autopsied to determine 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
bacteriological samples were taken by puncturing the organs with 1 pl sterile
disposable inoculation loops (Sarstedt) and streaking onto LA25. Al. 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, discolored liver
and swollen spleen.

RNA isolation, reverse transcription and real-time PCR. Spleen samples
obtained from infected/mock infected Atlantic salmon were supplemented with
RNAprotect and kept at -80 C. To isolate RNA, the samples were thawed on ice,
was decanted, and the tissue transferred to 2 mL FastPrep® tubes (MP
Biomedicals) containing 200 pl sterile 1.4 mm ceramic beeds and 1 mL ice cold
TRIzol® Reagent (Ambion life technologies). The tissues were homogenized using
FastPrep (MP Biomedicals) at 4 m/s 3x10 seconds, followed by 5 min incubation
at RT and addition of 200 pl chloroform (EMSURE® EMD Millipore). The samples
were shaken by hand for 15 seconds and incubated 2-3 min at room temperature
before centrifugation at 12000xg for 15 min at 4 °C. Next, 400 pl of the aqueous
phase was transferred to 1.5 mL RNase-free microfuge tubes (Ambion) and mixed
with equal amounts of 70 % ethanol. The solution was transferred to an RNAeasy
spin column (Qiagen) and the RNA extracted according to the manufacturer’s
protocol. The genomic DNA (gDNA) was removed by the Heat&Run gDNA
removal kit (ArcticZymes®) according to the manufacturer’s instruction. Copy DNA
(cDNA) synthesis was performed using iScript™ Reverse Transcription Super mix
(Bio-Rad). A no reverse transcriptase control was included in the analysis. The RT-
gPCR was run in 96 well plates (BIO-RAD) in a CFX96 Touch™ Real-Time PCR
Detection System (BIO-RAD) using iTaq Universal SYBR Green super mix
according to the manufacturer’s protocol (BIO-RAD) using relevant primers (Table
3). Polymerase activation and DNA denaturation for 30 seconds at 95 °C was
followed by 40 cycles of 5 sec denaturation at 95 °C, annealing/extension and plate
read at 60 °C for 30 seconds. Melt curve analysis was performed from 65 °C-95
°C, with 0.5 °C increases.

Real time data analysis / gene expression analysis. Host gene expression of
selected immune parameters/immune genes was assessed by AACq analysis of
RT-gPCR data (61). Normalization factors for each sample was determined by
calculating the geometric mean of house-keeping/reference genes -actin and
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EF1AA (62). For each gene assessed, all individual Cq values were transformed to
quantities and normalized against the normalization factor of the sample. Gene
expression data are shown as fold change (+ standard error of the mean, SEM)
relative to the control group (5 fish sampled 10 dpc).

Table 2. primers applied for gene expression analysis by RT-gPCR

Description Primers Sequence 5- 3 Ref.
B-actin B-actin-F | CCAAAGCCAACAGGGAGAAG (62)
(BG933897.1) B-actin-R | AGGGACAACACTGCCTGGAT
Elongation factor EF1A-F CCCCTCCAGGACGTTTACAAA (62)
1Aa (AF321836.1) | EF1A-R CACACGGCCCACAGGTACA
Complement C5-F AGAACTCTTCCGAGTTGGCATG | (63)
component 5-2 C5-R GT
(CA364804) AGTGATGCTGGGATCCATCTCT

GA
Complement C3-F TCCCTGGTGGTCACCAGTACAC | (64)
component 3 C3-R ATGATGGTGGACTGTGTGGATC
(XM_014186867.1)
Tumor necrosis TNFa-F AGGTTGGCTATGGAGGCTGT (65)
factor a TNFo-R TCTGCTTCAATGTATGGTGGG
(NM_001123589.1)
Interleukin 1- IL-1B-F GCTGGAGAGTGCTGTGGAAGA (65)
(AYB17117.1) IL-18-R TGCTTCCCTCCTGCTCGTAG

Proteomics. Starter cultures of wild type, AA, AB and AAB were grown in LB25, in
triplicate, for 48 hours 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
(ODeoonm = 0.4-0.5). After reaching early logarithmic phase, the cultures were split
in two and incubated for 1 hour in the absence or presence of 1% Atlantic salmon
serum (SS). Thereafter, 1 mM beta-glycerophosphate (Sigma), 1 mM sodium
orthovanadate (Sigma), 20 mM sodium pyrophosphate (Sigma), 1mM
phenylmethylsulfonyl fluoride (PMSF, Sigma), and 1x Complete Mini EDTA-free
protease inhibitors (Roche) were added to the samples. The bacterial pellets 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 (20x, 5 s off-5 s on, 26% amp), and the cellular debris
was cleared by centrifugation (4500 x g, 30 min, 4 °C).

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 pyL 50 % acetonitrile (ACN), 25 mM
ammonium bicarbonate (AmBic) at room temperature (RT) for 15 min. Decolouring
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was performed twice. After washing and decolouring, the gel bits were left to shrink
and dehydrate for 5 min in 100 yL 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 AmBic, and then with 55 mM iodo-acetamide
and 100mM 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 yL 0.5 %
trifluoroacetic acid (TFA). For peptide extraction, the gel pieces were sonicated for
10 min and afterwards centrifuged (16 000 x g, 5 min). The supernatants were
then transferred to the StageTips for desalting. This procedure was repeated once
more, however for the second round the gel pieces were added 70 pL 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 (66). The tips were activated by transferring
50 pL of methanol to the tips. Afterwards, the tubes were centrifuged (2500 x g, 5
min), and the flowthrough was discarded. For equilibration, 100 pL of 0.1 % TFA
were added and centrifuged as before. The flowthrough was discarded, and the
peptide solution was loaded into the tips after sonication, as described in the
previous section. 100 pL of 0.1 % TFA were added, centrifuged as earlier, and the
flowthrough removed. For eluting the peptides, 50 uL of a solution containing 80
% ACN and 0.1 % TFA were added and centrifuged 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 (nanoElute, Bruker) operating a
C18 reverse-phase column, 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 Al. 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. Carbamidomethylation 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 values were logz transformed. Valid values were filtered with minimum
2 values in each group for each of the comparisons, and missing values were
imputed. Significantly up- or downregulated proteins were determined by
performing Student’'s ttest (p = 0.05). For the volcano plots, differentially
expressed proteins were defined by having p-values of < 0.05 (log1o = 1.3) and
log2 fold change >1.5 (logz2 = 0.58).
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Protein production and purification

The AA10 domain of AsLPMO10B 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 (34).
Expression and periplasmic extraction of the protein was performed identically to
the protocol described in (34). The protein was purified using a three-step method
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 protein 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 (NH4)2SOs4,
20 mM Tris-HCI 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 protein was eluted by applying a 200 mL
linear gradient to 0 M (NH4)2SO4. The fractions containing ASLPMO10B were
collected and concentrated using an Amicon Ultra-15 Centrifugal Filter Unit with a
10 kDa cutoff (Milipore). Finally, 1.5 mL of the concentrated eluate was run through
a Superdex 75 120 mL SEC column (Cytiva) using 20 mM Tris-HCI pH 8.0, 150
mM NaCl, 0.1mM EDTA as running buffer. Pure AsLPMO10B was collected,
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 vapor diffusion hanging-
drop method. Before setting up crystallization trials, the protein was saturated with
Cu(ll) by adding a 3-fold molar excess of CuSOs after adding 1 mM CaCl2 (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 weight cutoff) centrifugal concentrators (Sartorius Stedim Biotech
GmbH). The concentrated protein was stored at 4 °C until use. Crystallization
cocktails were prepared in a pre-greased 48-well VDX plate (Hampton Research)
and mixed on silanized coverslips with the protein solution in a 1:1 volume ratio.
Diffraction-quality crystals grew after 30-60 min incubation at 20°C, from a
reservoir solution containing 0.1 M Na-phosphate/citrate pH 4.2 and 40 % PEG
300. Crystals were cryoprotected by complementing the crystallization solution
with 25% 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 synchrotron (Lund, Sweden), on the
BioMAX beamline (67) (Dectris EIGER16M Hybrid-pixel detector) (68). Data
collection was carried out at 100K, 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 (69) software pipeline, and the integration
and scaling output was reindexed using REINDEX, a component of the CCP4
crystallography software suite (70). Crystals belong to space group P6s, with unit
cell parameters a = 71.1 A, b = 71.1 A, ¢ = 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 replacement using the program PHASER
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(71), from the CCP4 suite. The structure of Wiseana spp. entomopoxivirus fusolin
(PDB ID: 4YN2 (50)) served as search model (35.5% sequence identity). The
search model was edited, removing alternative conformations for all residues using
the CCP4 tool PDBCUR, and truncating mismatching portions with SCULPTOR.
Refinement was carried out using data to 1.35 A, alternating between cycles of
real-space refinement using Coot (72) and maximum likelihood refinement against
anomalous data with REFMAC5 (73). The molecular replacement output was
examined and improved by first removing ill-defined side chains and loops, then
adding missing structural elements in a step-wise fashion as the quality of the
electron density map improved. After improving the protein main chain, water
molecules were added based on compatible electron density and hydrogen-
bonding interactions. A peak in the phased anomalous difference map confirmed
the presence of copper bound in the center of the histidine brace motif. Toward the
end of the refinement process, missing side chains or alternative conformations
were built, and their relative occupancies refined with PHENIX.refine (74). As the
last step, the very high data-to-parameter ratio (~32) allowed to perform full
anisotropic B-factor refinement, including ligands and water molecules. The
coordinates and structure factors were deposited in the PDB (75) with PDB ID:
70KR.
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Table S1. Data collection and refinement statistics.

AsLPMO10B-D12

A. Data collection

Beamline MAX-IV BioMAX
Wavelength (A) 0.9763
Space group P65

Cell parameters — a, b, ¢ (A)
Resolution (A)P

71.1,71.1,100.3
33.5-1.35 (1.40-1.35)

Rmerge (all I* and ) (%)®° 9.7 (>100)
Rmerge (within I*/I) (%)®° 9.3 (>100)
Rmeas (all I* and I) (%)°? 9.9 (>100)
Rmeas (within I*/I') (%)Pd 9.8 (>100)
Rp.im. (all I* and F) (%) 2.2 (54.5)
Rp.i.m. (within I*/I) (%)Pe 3.1 (83.0)
CCpf 99.9 (54.5)
Mean I/ o(I)° 15.3 (0.9)
Completeness (%)° 99.9 (99.7)
Multiplicity® 18.2 (9.7)
No. reflections (unique) 62730 (6133)
Wilson B-factor 20.2
B. Refinement
Resolution (A) 33.5-1.35
Rwork/ Riree (%)° 13.9/16.2
Macromolecules / a.s.u. 1
No. atoms
Protein 1715
Water 109
Ligands 22
B-factor (A2?)
Protein 28.5
Water 37.3
Ligands 66.3
r.m.s.d. from ideal values
Bond lengths (A) 0.02
Bond angles (deg.) 1.86
Ramachandran plot
Core region (%) 97.9
Outliers (%) 0
PDB ID 70KR

aFriedel pairs were treated as different reflections.

bValues in parentheses refer to highest resolution shell

®Rmerge = ZnZj |Inj - {In)| | ZnZj Inj , where (/n) is the mean intensity of symmetry-related
reflections In

9Rmeas = Zn [Nn/(Nh-1)1"2 Zi |Inj - {In)| / =nZi Inj , where N is the redundancy of reflection h
eRp.im. = Zh [1/(Nn=-1)1"2 Zj |Inj - {In)| | ZnZj Inj

fThe high resolution cut-off was chosen despite the low CC12 ensuring the presence of a
low signal-to-noise ratio by visual inspection of the electron density map

9Riee Was calculated from 5% of randomly selected reflections for each data set

28



V' A

& N el TR\
Figure S1. Electron density at the AsLPMO10B LPMO domain catalytic
center. The figure shows the ocA-weighted 2mfFo-Fc electron density map
contoured at 1.0 o around the histidine brace motif (light grey) and the phased
anomalous difference map peak validating the presence of copper at its center
(magenta, contoured at 4.5 o). The weighted Fo-Fc difference density map (green)
reveals the presence of a large ligand left unmodelled. The ligand completes the
coordination of the catalytic copper from the solvent side, mirroring the substrate.
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ABSTRACT

The gram-negative bacterium Vibrio (Listonella) anguillarum (VA) is the causative
agent of vibriosis, a terminal hemorrhagic septicemia affecting the aquacultural
industry across the globe. The success of VA as a pathogen comes through its
ability to explicitly disarm the immune system of the host by evasive strategies
achieved through expression of virulence factors involved in resistance to
immunologic clearance. In the current study we used comparative label free
quantitative proteomics to map how VA adapts its proteome in vitro to conditions
that mimics vibriosis-related stress such as exposure to oxidative stress (H202),
opsonization with complement factors via incubation with Atlantic salmon serum,
and iron deprivation upon supplementation of 2,2'-dipyridyl (DIP) to the growth
medium. We also studied how regulation of virulence factors may be governed by
the bacterial growth phase and nutrient availability. All conditions investigated
revealed stress-specific proteomic adaption and only nine proteins were found to
be commonly regulated in all conditions. Notably, iron deprivation and exposure to
Atlantic salmon serum both evoked upregulation of iron acquisition mechanisms
and key virulence factors. The modulation of multiple metabolic pathways that was
observed upon exposure to all examined conditions reflects the struggle of the
pathogen to obtain physiological adaptation. A general observation made for all
stress-related conditions was regulation of multiple metabolic pathways, which
highlights the importance of controlling metabolite levels in the context of vibriosis
associated stress. The findings made in the present study represent a source of
potential virulence determinants that can be of use in the search for means to
avoid/control future vibriosis outbreaks.

Datasets are available for download through the following links:

http://arken.nmbu.no/~gustko/Paper lll/Dataset%201.xlsx
http://arken.nmbu.no/~gustko/Paper lll/Dataset%202.xIsx
http://arken.nmbu.no/~gustko/Paper _lll/Dataset%203.xlsx
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1. INTRODUCTION

Today, aquaculture is a growing part of the economy and is responsible for 50%
of the fish consumed globally. The growth in this sector is accompanied with
incidents of disease outbreaks that are of concern to both animal welfare and
economical aspects. The gram-negative bacterium Vibrio (Listonella) anguillarum
(VA) is the causative agent of vibriosis, a disease associated with severe
hemorrhagic septicemia in various marine and brackish water cultured and wild
fish, as well as in marine invertebrates (e.g., bivalves and crustaceans) (1). So far,
a total of 23 serotypes of VA have been described (O1 to 023), of which mainly
serotypes O1 and O2 are associated with vibriosis in aquaculture (2, 3). In fish,
the disease commonly arises by colonization and subsequent breaching of the skin
barrier, or through the gut, especially in larvae (1, 4). Once VA passes the outer
barrier, the infectious agent uses several strategies to cope with stress, evade host
immunity, and establish a severe systemic infection (Reviewed in (5)).

The full mechanism of VA pathogenesis is not completely understood, but
many virulence determinants have been characterized, including
lipopolysaccharides (LPS; e.g. O-antigen polysaccharide) (6, 7), multiple iron-
acquisition systems (8, 9), motility (e.g., FlaA, MotA, CheR) (10-13), production of
exopolysaccharide (14), quorum-sensing (e.g. VanT) (15), hemolytic (e.g. Vah1-5
and Rtx) (16, 17) and proteolytic (e.g., EmpA and PrtV) (18, 19) activities. Some
of the virulence factors such as the LPS O-antigen are attributed to multiple
functions in VA including evasion of phagocytosis by epithelial cells (6) and
attenuation of serum-mediated killing in rainbow trout (7). A recent study has
demonstrated that a VA O2 serotype adjusts its expression of virulence factors
genes in response to both iron levels and temperature fluctuation (20). In this
regard, the Type VI secretion system (T6SS) (VtsA-H) plays a crucial role in the
regulation of RpoS, a stress response regulator in VA (21). The T6SS is associated
with the hemolysin co-regulated protein (Hcp) that is known to be important for
secretion of bacterial effectors such as hemolysins (22).

The viability of VA in the blood is governed by a complex interplay
between VA, immune cells and humoral innate immune components, such as
complement proteins, proteases, esterases, antimicrobial peptides and lysozyme
(1). Phagocytosis of the opsonized VA by immune cells initiates a cascade of
downstream events, including induction of oxidative burst and release of reactive
oxygen species (ROS). These ROS are generated by NADPH oxidases and
include superoxide anion, hydrogen peroxide (H202), hydroxyl radicals,
hypochlorous acid and chloramines (23). Many bacteria have developed strategies
for handling oxidative stress, for example by producing detoxifying enzymes, such
as catalase and superoxide dismutase, (reviewed in (24, 25)) and enzymatic
pathways dedicated to the repair of oxidized proteins (26). The importance of
phagocytosis in combating VA- associated vibriosis has been studied in a variety
of species, including gilthead seabream (Sparus aurata L.) (27, 28), sea bass
(Dicentrarchus labrax L.) (29), rainbow trout (Oncorhynchus mykiss) (30, 31), and
ayu (Plecoglossus altivelis) (32-34). The inhibition of leukocyte respiratory burst
and apoptosis has been reported as a major evasion mechanism of VA in sea bass
(29).

An important property of the host environment is the limited availability of
free iron. Iron is an essential micronutrient for all living organisms and iron
acquisition systems therefore represent a vital strategy in bacterial pathogenesis



(35, 36). VA has a well-developed iron acquisition apparatus consisting of three
siderophore systems (vanchrobactin, anguibactin and piscibactin) and a gene
cluster encoding nine heme uptake-related proteins (e.g., HuwvABCD, TonB1) (37).
Iron transport systems known to be important in other Vibrio species such as Vibrio
parahaemolyticus and Vibrio cholerae, are also present in the genomes of many
VA strains, including genes encoding transport systems for unchelated ferrous iron
(feoABC), ferric iron (fbpABCs and fbpABC;) and siderophore ferrichrome
transport (fhuABCD) (8, 38, 39). Most importantly, the plasmid pJM1 is present in
the majority of serotype O1 strains and encodes the anguibactin synthesis
machinery, a major virulence determinant for VA (8, 40-43).

Expression of the virulence repertoire of a bacterium is a determinant of
its pathogenesis and resistance to antimicrobial immune responses. Thus, the
current study aimed to obtain molecular insights into the proteome profile of VA
serotype O1 strain NB10 upon exposure to different types of stresses mimicking
vibriosis in vitro. This NB10 strain was originally isolated at the Umea Marine
Research Centre, Norrbyn, Sweden during a natural outbreak of vibriosis (44, 45).
Our data shed light on the adaptation of VA to oxidative stress, iron limitations and
humoral components of innate immunity, and offer new insights into virulence
determinants associated with the response of VA over the course of vibriosis.

2. MATERIALS AND METHODS

2.1 Bacterial strain and growth media

The V. anguillarum NB10 (VA) strain used in this study was obtained as a gift from
Prof. Hans Wolf-Watz (University of Umea, Sweden). The bacterium was routinely
cultured in bacteriologic Luria Broth (LB) supplemented with 2 % NaCl (Sigma,
w/v) (abbreviated “LBs”) at 25 °C in ambient air with agitation (220 rpm) or on agar
plates that containing LBs solidified with agar (7 g/L). When indicated, VA was
grown in M9 minimal medium (Gibco) supplemented with 1 % NaCl (Sigma, w/v),
0.2 % Casamino Acids (Difco, w/v), and 0.5 % glucose (Sigma, w/v) (abbreviated
as “M9va”) pre-heated to room temperature.

2.2. Collection of pooled salmon serum

Pooled Atlantic salmon serum (S) was obtained from 5 Atlantic salmon (Salmo
salar L.; approximately 1-1.5 kg in size) sourced from the Norwegian University of
Life Sciences fish laboratory. The fish were killed by a sharp blow to the head prior
to blood drawing, and blood was collected in non-heparinized tubes by puncture
of the caudal vein plexus and allowed to clot for 10-20 minutes on ice. After
centrifugation (10 min, 2000 x g), serum was immediately collected, pooled, and
stored at -80 °C.

2.3. Harvesting of samples for proteomics analysis

Cultures of VA were obtained by inoculating 5 mL LBs with fresh colonies followed
by overnight incubation at 25 °C with agitation at 220 rpm. To identify the VA
proteome at different stages of the bacterial growth phase, the overnight culture
was diluted 1:100 (total volume of 5 ml) in LBs and incubated at 25 °C with
agitation, closely monitoring optical density at 600 nm (ODeoo). Samples were
harvested at ODsoo 0.3-0.4, 0.6-0.7, and >1.0 and pelleted by centrifugation (4000
x g for 10 min at 4 °C).



To evaluate the VA proteome response to opsonization with S, iron
limitation or oxidative stress, the overnight culture of VA was diluted 1:100 in M9va
and incubated at 25 °C with agitation (220 rpm). Upon reaching to ODeoo 0.5-0.6,
VA cultures were left untreated (control) or supplemented with either pooled
Atlantic salmon serum (S, 10 % v/v), 2,2'-dipyridyl (DIP, Sigma) at the final
concentration of 200 yM, or H202 (Sigma) at the final concentration of 1 uM, 1 mM
and 10 mM. Next, following 30 minutes (S and H202) or 1 h (DIP) incubation,
samples (1 mL) were collected and centrifuged at 4000 x g for 10 min at 4 °C.

The sample supernatants were transferred to a 2 mL low protein binding
tube (Eppendorf), and immediately stored at -80 °C. The bacterial pellets were
washed twice by resuspension in ice-cold phosphate-buffered saline (PBS, Sigma)
and finally stored at -80 °C. The bacterial pellet was further processed as described
in section 2. 4. The experiments were performed in biological triplicates.

2. 4. Protein extraction and nano HPLC-MS/MS analysis

Frozen bacterial pellets were thawed on ice, resuspended in 200 uL lysis buffer
that contained PBS, 1 mM EDTA, 1 mM DTT and homogenized by bead beating
(Fastprep, MP Biomedicals) in three one-minute intervals at 6 m/s. Following lysis,
the lysis suspension was centrifuged at 14000 rpm and 4 °C for 10 min. The
supernatant was sterile filtered (0.22 pym) and transferred to a LoBind tube
(Eppendorf). To precipitate the proteins, TCA (10 % v/v) were added to the
samples. The samples were vortexed and frozen overnight at -18 °C. The next
day, the samples were thawed and centrifuged (14000 rpm, 4 °C, 15 min). The
supernatant was discarded, and the pellet was washed in 300 uL 90 % acetone-
HCI (0.01 M). The sample was centrifuged (14000 rpm, 4 °C, 15 min), the
supernatant was discarded, and the pellet was air-dried for approximately 5 min.
The protein pellet was dissolved in 55 yL 7 M urea, 20 mM TrisHCI pH 8.0. Prior
to reduction and alkylation, the pH was measured (= pH 7.8) and the protein
concentration was estimated using Bradford reagent (BioRad). To reduce the
proteins, 10 mM DTT was added to the samples followed by incubation in a
thermomixer (Eppendorf) (400 rpm, RT, 30 min). Subsequently, the proteins were
alkylated by adding 15 mM IAA followed by 30 min static incubation at RT in the
dark. The samples were diluted in 20 mM Tris-HCI pH 8.0 to reduce the amount of
Urea to 1 M prior to trypsinization (1/40 of the protein concentration). The
trypsinization was carried out overnight at 37 °C in a thermomixer (Eppendorf) at
400 rpm. The next day, the reaction was quenched by adding 1 % TFA (v/v). The
sample volume was reduced to approximately 150 pL in a SpeedVac (Eppendorf)
at 40 °C. The resulting peptides were cleaned by using ZipTips (C18 solid-phase
extraction). For this purpose, the ZipTips were equilibrated by pipetting up and
down in 100 % MeOH (3X), 70 % (v/v) ACN-0.1 % (v/v) TFA (1X) and 0.1 % (v/v)
TFA (2X). The peptides were bound to the C18 material by pipetting up and down
(4X). The tip was wiped with a tissue and the samples were washed with 0.1 %
TFA. The peptides were eluted in 10 pyL 70 % (v/v) ACN-0.1 % (v/v) TFA. The
samples were dried in a SpeedVac and eluted in 10 pL 2 % (v/v) ACN-0.1 % (v/v)
TFA.

Peptides were analyzed as previously described (46). In brief, peptides
were loaded onto a nanoHPLC-MS/MS system (Dionex Ultimate 3000 UHPLC;
Thermo Scientific) coupled to a Q-Exactive hybrid quadrupole orbitrap mass
spectrometer (Thermo Scientific). Thereafter, peptides were separated using an



analytical column (Acclaim PepMap RSLC C18, 2 um, 100 A, 75 ym i.d., 50 cm,
nanoViper) with a 90-minutes gradient from 3.2 to 44 % (v/v) acetonitrile in 0.1 %
(v/v) formic acid at a flow rate 300 nL/min. The Q-Exactive mass spectrometer was
operated in data-dependent mode acquiring one full scan (400-1500 m/z) at
R=70000 followed by (up to) 10 dependent MS/MS scans at R=35000.

The raw data were analyzed using MaxQuant version 1.6.17.0, and proteins were
identified and quantified using the MaxLFQ algorithm (47). The data were
searched (October, 2020) against the UniProt VA (strain ATCC 68554 /
775) proteome (UP000006800; 3722 sequences), which is essentially identical to
the proteome of NB10. In addition, reversed sequences of all protein entries were
concatenated to the database to estimate the false discovery rates. The tolerance
levels used for matching to the database were 4.5 ppm for MS and 20 ppm for
MS/MS. Trypsin/P was used as a digestion enzyme and 2 missed cleavages were
allowed. Carbamidomethylation of cysteines was set as a fixed modification and
protein N-terminal acetylation, whereas oxidation of methionine and deamidation
of asparagine and glutamine were allowed as variable modifications. All
identifications were filtered to achieve a protein false discovery rate (FDR) of 1 %.
Perseus version 1.6.2.3 (48) was used for data analysis, and the quantitative
values were logz-transformed. The proteins were considered as detected when
they were present in at least two out of three replicates of one examined condition.
All identified proteins were additionally annotated with putative carbohydrate-
active functions as predicted by dbCAN2 (49).

2. 5. Evaluation of LPMO expression using droplet digital PCR™

The expression of LPMO was assessed using droplet digital PCR™ (ddPCR™,
Bio-Rad). The expression was assessed during bacterial growth in LBs. Upon
reaching ODsoo of 0.3 and >1, 1 mL of bacterial culture was transferred to an
RNase/DNase-free tube and supplemented with 1 mL of RNA protect (Qiagen).
The samples were immediately vortexed for 5 seconds, incubated at least 5 min
at RT, and centrifuged (10 min, 4000-5000 % g, 4 °C). The pellet was stored at -80
°C until cell lysis and RNA isolation. RNA isolation was performed using Qiagen
RNeasy Mini Kit (Qiagen) using the Quick-Start protocol. To disrupt the bacterial
cell wall, the pellet was lysed using 200 pL Tris-EDTA pH 8.0 supplemented with
1 mg/mL lysozyme (Sigma), vortexed for 10 seconds, and subsequently incubated
at room temperature for 45 min. Next, 700 pyL buffer RLT (kit buffer, Qiagen)
supplemented with 10 yL/mL B-mercaptoethanol were added to the sample and
mixed vigorously before proceeding with the protocol. The RNA integrity and
quantity were determined by Nanodrop. Residual genomic DNA (gDNA) was
removed using the HL-dsDNase digestion (ArcticZymes®) according to the
manufacturer's instructions. The cDNA synthesis was performed using iScript™
Reverse Transcription Supermix (Bio-Rad), and the synthesized cDNA was stored
at -20 °C until analysis. Droplet digital PCR analysis was performed using
EvaGreen ddPCR™(Bio-Rad) according to the manufacturer's recommendations.
The analysis was conducted using IpmOya detection primers JpmOya-ddPCR-FW:
CGCGGCAAAATACCTGTTAC and IpmOvs-ddPCR-RV:
CAACAGCTTGAACATGAGCC. No template/no reverse transcriptase controls
were included as negative controls.



2. 6. Data deposition:

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (50) via the PRIDE (50) partner repository with the
dataset identifier PXD025367.

2. 7. Data analysis

Data were analyzed and plotted either using GraphPad Prism 8.0 or Perseus
(Maxquant). When indicated, data are presented as the means + standard error of
the mean (SEM), unless otherwise indicated. Two-way ANOVA and Student’s t-
test (paired) in the GraphPad Prism software package or Perseus were used to
identify statistical significance (p < 0.05), respectively. Proteins were considered
significantly differentiated in abundance with a p-value <0.05 and up-regulated or
down-regulated with a 1.5-fold change cut-off. The detail associated with statistical
analysis of the proteomic data is described in detail under relevant sub-sections.
Venn-diagrams were generated via the web-based tool developed by Heberle et
al., (51). Networking and KEGG pathway enrichment analysis were performed
using the STRING database (52).

3. RESULTS

The effect of the growth phase and nutritional stress on the VA proteome. To
assess the influence of the growth phase and growth medium on the VA proteome
profile, the bacterium was grown in bacteriologic medium (LBs) and sampled for
proteomic analysis in early-logarithmic (ODeoo nm = 0.3), mid-logarithmic (ODeoo nm
= 0.6), and stationary growth phase (ODeoo nm >1). Proteomic analysis of these
conditions identified 1261 proteins of which 1070 were shared under the above-
examined conditions (Fig. 1A and Fig. S1, Dataset 1). Two-dimensional principal
component analysis (PCA) revealed strong coherence between biological
replicates and showed the formation of two distinct clusters (PC1 = 38.8 % and
PC2 = 16.0 %), where the VA translational response from the exponential phase
was clearly distinguished from the stationary phase (Fig. 1B). To further verify our
proteomics analysis, a random gene (locus tag VAA 01311, which encodes a lytic
polysaccharide monooxygenase, gene henceforth called “lpmOva” was selected to
assess the transcription (at the mRNA level) and the translational response of VA
at different growth phases. The [IpmOyvs mRNA abundance was estimated ~1600
and ~4300 copies/100 ng RNA at exponential and stationary growth phases,
respectively (Fig. 1C, left panel). This result was in accordance with the
translational response of this protein (LPMO) in our label-free quantitative
proteomics analysis (LFQ intensity; Fig. 1C, right panel). Comparing the proteome
response of VA at mid-logarithmic (ODsoo nm = 0.6) and stationary growth phase
(ODe0o nm >1) against early-logarithmic (ODeoo nm = 0.3) revealed significant up-
regulation of 49 and 92, and down-regulation of 25 and 97 proteins, respectively
(Fig. 1D left and right panels, Dataset 2). Venn analysis revealed that most of the
significantly regulated proteins were unique to the growth phase of the bacterium
(Fig. 1E). The up-regulated (Fig. 1F) and down-regulated (Fig. S1B) proteins were
highly interconnected. Importantly, the functions of these significantly regulated
proteins were majorly attributed to metabolic pathways, with particular enrichment
of secondary metabolite biosynthesis and antibiotic biosynthesis in the up-
regulated proteins (Fig. 1F). The expression of several virulence factors associated
with VA pathogenesis (Fig. 1G), including motility (e.g., FliA, FliK, FigD, FIgN),



chemotaxis (e.g., CheY), iron acquisition (e.g., HuvB, AngH, AngM), export of
polysaccharide (Wza), were significantly altered at the stationary phase compared
to the early exponential growth phase (Fig. 1G), indicating that the pathogenicity
of VA can be regulated via stationary- or exponential-phase specific virulence
determinants.

Next, to evaluate the versatility and adaptability of VA to environmental
changes, we further determined the proteome response of VA in NaCl-containing
Luria broth (LBs) and minimal medium (M9va) at mid-logarithmic phase (ODeoo nm
= 0.6; Dataset 3). PCA analysis (PC1 = 19.3 % and PC2 = 13.0 %) revealed a
distinct proteome profile of VA when comparing bacteriologic medium (LBs) and
nutrient-limited condition represented by M9va (Fig. S2A). Volcano plot analyses
showed that exposure of VA to a nutrient-limited condition (M9va) resulted in
differential regulation of 343 proteins in M9va vs. LBs of which 160 and 180 proteins
were up- and down-regulated, respectively (Fig. 1H, Dataset 3). KEGG pathway
analysis using the STRING database (52) further revealed depletion of proteins
involved in the biosynthesis of secondary metabolites, antibiotics and in particular
amino acids, and enrichment of proteins involved in the metabolism of carbon,
pyruvate, fructose and mannose and citrate cycle when comparing VA grown in
LBs compared to M9va (Fig. 11). Alternation of VA metabolism was also reflected
in the altered abundance of several carbohydrate-active enzymes (CAZymes; Fig.
1J), of which seven were found to be up-regulated (B-glycosidases represented by
glycoside hydrolase families GH1, GH2 and GH3, a-galactosidases represented
by GH36, carbohydrate phosphorylases represented by GH94, glycosyl
transferases represented by GT28 and carbohydrate esterases of the CE1 family)
and three were found to be down-regulated (a representative of the diverse
glycosyl transferase GT2 family, an a-glycosidase of GH13 and a carbohydrate
oxidase of the AA3 family) in LBs versus M9va. Importantly, five out of seven of the
up-regulated enzymes are glycosyl hydrolases (GH), a widespread group of
enzymes that hydrolyze glycosidic bonds between two or more carbohydrates or
between a carbohydrate and a non-carbohydrate moiety (53), and that often are
related to carbohydrate catabolism.

Since bacterial stress responses are determinants of their resistance to
antimicrobial immune responses, we further evaluated the VA translational
response to oxidative stress, iron limitation, and opsonization with complement
components via supplementation of H202, 2,2'-Dipyridyl (DIP) and serum to in vitro
growth condition (M9va). In total, 1034 proteins were shared across all examined
conditions (Fig. S2A left panel, Dataset 1). PCA analysis (PC1 =19.3 % and PC2
= 13.0 %) resulted in three main clusters that reflect the distinct in vitro stress
response of VA compared to typical bacteriologic media conditions (Fig. S2B).
Qualitative (protein identity) and quantitative (i.e. up-regulation or down-regulation)
analysis revealed that some of the detected proteins were unique to the examined
conditions (Fig. S2A left and right panels) and provide the basis for further
description and discussion below.

Proteomic response of VA to oxidative stress. To assess the translational
responses of oxidative stress on VA, we compared VA proteomes in the absence
and presence of increasing concentrations of H202 (1 uM, 1 mM, or 10 mM). PCA
analysis revealed distinct clustering of the VA proteome response to 10 mM H20:
compared to 1 yM and 1 mM, respectively (Fig. S2A). Volcano plot analysis



showed that the number of significantly regulated proteins increased in response
to increasing concentrations of H202 in the M9va medium (Fig. 2A). Upon exposure
to 1 uM, 1 mM and 10 mM H202, 23, 48 and 111 proteins were significantly
regulated, respectively (Fig. 2A, Dataset 4). Notably, 24 significantly regulated
proteins were shared at least under two examined H20: conditions (Fig. 2B,
Dataset 4). Of note, pseudouridine synthases (RsuA and RIuC),
exopolysaccharide synthesis related protein (WbfD), UDP-sugar diphosphatase
(NutA), long-chain fatty acid transport protein (FadL-2), neutrophil-activating
protein A (VAA 01966), tetratricopeptide repeat family protein (MshN) and
magnesium transporter MgtE (VAA_01744) were among the top list of significantly
up-regulated proteins. Among these proteins, exopolysaccharide biosynthesis-
related protein (WbfD) and the neutrophil-activating protein A are of special
interest. WbfD is involved in the anchoring of VA to fish scales (14), whereas the
Helicobacter pylori ortholog of VAA 01966 is a major ROS stimulator in human
leukocytes (54). The following proteins including, 3-oxoacyl-[acyl-carrier protein]
reductase (AlsO), acetolactate synthase (AlsS), ion-translocating oxidoreductase
complex subunit C (RnfC) and several proteins associated with sulfur metabolism
(CysC, CysK, CysM) were commonly down-regulated under all examined H202
concentrations.

Since the proteomic response of VA to H202 was concentration-
dependent, we further focused on the regulated proteins that were unique to each
condition. Two proteins associated with oxidative stress including
dihydrolipoamide dehydrogenase (VAA_02624) (55) and peroxiredoxin
(VAA_02625) (56) were identified as up-regulated proteins that were unique to the
supplementation of 1 yM H20:2 (Fig. 2C left panel, Dataset 4). The mitochondrial
enzyme dihydrolipoamide dehydrogenase is known to be sensitive to H202 (55)
whereas peroxiredoxins express peroxidase activity towards H202 and are thought
to protect cells from oxidative stress (56). Exposure to 1 mM H20:2 resulted in
significant up-regulation of 26 proteins unique to the examined in vitro condition
including, the transmembrane regulatory protein (ToxS), chain length regulator
(Wzc), and O-antigen export system ATP-binding protein (VAA_02481) (Fig. 2C
middle panel, Dataset 4). The two latter proteins are involved in transport and
biosynthesis of exopolysaccharide and LPS (14). The two lowest H20:2
concentrations resulted in significant down-regulation of 22 proteins associated
with metabolism such as thymidine phosphorylase (DeoA), carbamoyl-phosphate
synthase small chain (CarA), phosphatidylserine decarboxylase pro-enzyme
(Psd), ion-translocating oxidoreductase complex subunit C (RnfC) and 3-oxoacyl-
[acyl-carrier protein] reductase (AlsO) and motility regulator, e.g. RNA polymerase
sigma factor FliA (Figs. 2B-C, Dataset 4).

Addition of 10 mM H202 to VA growth medium, a potentially lethal
condition, altered expression of several proteins unique to the condition (Fig. 2C,
Dataset 4). Several of these proteins were associated with the integrity of the VA
outer membrane, including BamA, OmpK, BamC, LptD, VAA_ 03672, VAA_03060
(Fig. 2C). The top three unique up-regulated proteins were cytochrome ¢ domain-
containing protein (VAA _03558; FC=4.2), an uncharacterized protein
(VAA_02533; FC=3.0) and arginine/ornithine antiporter (VAA_ 02565; FC=2.8).
The VA cytochrome C domain-containing protein amino acid sequence is 77%
identical to cytochrome ¢554 of Vibrio parahaemolyticus with an unknown function
(57). The arginine/ornithine antiporter amino acids sequence is 43% identical to



ArcD in Streptococcus suis that contributes to the biological fitness of the
bacterium (58). The STRING-based pathway enrichment analysis further revealed
that increased concentrations of H20:z influenced the central metabolism of VA
(Fig. 2D). More specifically, the highest concentration of H202 resulted in down-
regulation of several central metabolic pathways associated with amino acid
synthesis (e.g., llvD, DapF, MetH, CysM, CysK, HisB and AlsS), antibiotics (e.g.,
IlvD, DapF, VAA_01746, CysM, VAA 0118, CysK, PurF and AlsS), secondary
metabolites (e.g., Psd, MetH, PanC, VAA 01187 and HisB) and sulfur metabolism
(e.g., CysM, CysA, CysK and CysC ). Importantly, alteration of metabolism is
known as an adaptive strategy in bacteria to mitigate oxidative stress (Reviewed
in (59)).

Proteome profile of VA upon opsonization with Atlantic salmon serum. Upon
exposure of VA to Atlantic salmon serum (S), 121 proteins including several
virulence factors were significantly regulated (Fig. 3A, Dataset 5). Siderophore-
interacting protein (SIP or VAA_01637, logz FC=4.5) and the ribosomal subunit
S50 protein L32 (RpmF, log2 FC=3.8) (Fig. 3B) were the top two up-regulated
proteins. Orthologs of SIP/ VAA 01637 have been shown to be involved in iron
acquisition or virulence in other bacteria (60, 61). In V. cholerae the SIP protein,
called ViuB, utilizes ferric vibriobactin and is controlled by the Fur regulator (61).
In correlation with the latter observation, the VA Fur transcriptional regulator was
also up-regulated upon exposure to serum (Figs. 3B-C). Furthermore, several
other proteins of various functions were up-regulated, including transcriptional
regulators (e.g. CsrA and VanT), proteins associated with chemotaxis and motility
(e.g., CheZ, FlaA, FliS) and stress responses including, small heat shock protein
(LbpA), thioredoxin (YbbN), chaperone (co-chaperone protein HscB homolog),
ATP-dependent protease subunit (HslV), Lon protease (Lon) (Fig. 3B). STRING
analysis of the significantly up-regulated proteins (Fig. 3C) revealed clustering of
the proteins associated with the iron acquisition/homeostasis including virulence
associated plasmid pJM1, anguibactin biosynthesis (AngM, AngB/G, AngH,),
ferric-anguibactin receptor (FatA), ferric anguibactin binding protein (FatB and
FatA) and putative ABC transporter (Uniprot ID Q6W4S5). FatA- FatD are
essential for the iron transport process (62), whereas FatA is an outer membrane
receptor for ferric anguibactin (63, 64) and FatB is a membrane associated
periplasmic binding protein (65). Fur and a plasmid pJM1-derived antisense RNA
(RNAQa) are the negative regulators of FatA and FatB (66). The main network
cluster additionally contained the chromosome encoded hemin receptor HuvA,
which is associated with heme transport and virulence (Fig. 3C) (67). Interestingly,
the virulence related hemolysin CorC/Vah2, capable of lysing erythrocytes (17),
was also found up-regulated upon exposure to serum (Fig. 3B,C). Also noteworthy
is the up- regulation of the small cluster containing stress response/ chaperones/
proteases (LbpA, HslV, Lon and a thioredoxin, or- co chaperone protein named
YbbN). LbpA belongs to the small heat shock protein (HsP20) family that
contributes to protection of proteins from unfolding/aggregating during stress (68,
69). The Lon protease is known to be important for survival and virulence of other
bacterial strains such as V. cholera (70). HslV is a protease subunit of a
proteasome-like degradation complex believed to be a general protein degrading
machinery, important for removing and recirculating of unfolded and/ or
aggregated proteins. YbbN is a thioredoxin, or co-chaperone protein. The up-



regulation of this protein cluster highlights the stress response of VA upon
exposure to complement components.

Analysis of the significantly down-regulated proteins revealed several
proteins related to a variety of functions, but also several proteins that were
assigned to unknown functions. Pathway enrichment analysis of significantly
down-regulated proteins in VA identified enrichment of several pathways related
to biosynthesis of secondary metabolites, antibiotics and glycolysis/glucogenesis
(Fig. 3D).

Stress response of VA to iron deprivation. To assess the response of VA to
iron-limiting conditions, bacteria were exposed to 200 uM 2,2'-Dipyridyl (DIP) for
60 min. Volcano plot analysis showed altered expression of 60 proteins, of which
20 and 40 were up- or down-regulated, respectively (Fig. 4A and Supplementary
Dataset 5). Most of the up-regulated proteins were also found to be among the list
of differentially regulated proteins under other examined stress-inducing
conditions. As expected, several of the significantly up-regulated proteins were
associated with biosynthesis’lhomeostasis of siderophores including members of
the FecCD transport family, ferrichrome-iron receptor (FhuA), vanchrobactin-
specific isochorismatase (VabB), iron-sulfur cluster insertion protein (ErpA), hemin
receptors HuvA and co-chaperone HscB. The two latter proteins represent a
putative outer membrane transporter that are capable of binding to heme (HuvA
was also up-regulated by serum exposure), and a chaperone specifically involved
in the maturation of iron-sulfur cluster-containing proteins, respectively. In addition,
five of the identified regulated proteins were unique to the iron deprivation
conditions (Fig. 4B), namely 50S ribosomal protein L31 type B (RpmE2),
isochorismatase  (VabB), two-component response regulator protein
(VAA_01443), Fe-S carrier protein (ErpA) and a L-ascorbate 6-phosphate
lactonase (UlaG). Of these, two were related to the iron acquisition or iron-related
functions: isochorismatase is a hydrolase involved in synthesis of siderophores
(reviewed in (8)) and ErpA that shares 70% amino acid sequence identity with an
ortholog in Escherichia coli that has been shown to take part in inserting Fe-S
cofactors in iron-sulphur cluster proteins (71). Several other regulators associated
with motility (FlaA Flagellin), carbon storage (CsrA) or the two-component
response (VAA_01443) were also up-regulated under iron starvation. In addition,
several proteins known to be associated with stress response including FAD
assembly factor (SdhE, FC=3.331), 50S ribosomal protein L31 type B (RpmE2,
FC=3.240), cytochrome d ubiquinol oxidase subunit (VAA 03161;, FC=3.183),
small heat shock protein (VAA_00852; FC=2.886) and thioredoxin (VAA_02116;
FC=1.202) were also among the list of significantly up-regulated proteins under
iron deprivation (Dataset 5).

Analysis of the down-regulated proteins revealed the association of the
stress response with a variety of processes, including cell division (ZipA and
MinD), key regulators of virulence or stress mediators including poC, Dxs, AphB
(transcriptional regulator, LysR family), and FliA (Fig. 4B and Dataset 5). Similar
to the other investigated conditions, STRING-based pathway analysis revealed
that the majority of the significantly down-regulated proteins were assigned to a
variety of metabolic processes (Fig. 4D). Interestingly, the PCA analysis of the
datasets showed co-clustering of proteomes obtained from exposure to 10 mM
H202 and 2,2"-Dipyridyl (DIP) (Fig. S2A) and several of the significantly regulated
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proteins (e.g., ferrichrome receptor FhuA and cell division inhibitor (VAA_02327;
MinD) were shared under both examined conditions (Fig. 4D).

Regulated proteins common to all vibriosis-mimicking stress conditions. To
obtain a better overview of the proteins that were commonly up- or down-regulated
under all examined stress-inducing conditions in vitro (H202, serum and DIP), a
Venn diagram was generated (Fig. 5A). For simplification, all differentially
regulated proteins under H202 treatments were assembled as one unified list. The
analysis revealed that 9 regulated proteins were common under all treatments (Fig.
5A). Several of these up-regulated proteins were involved in different biological
functions including, virulence (e.g., motility [FlaA] and heme uptake [HuvA]), iron-
sulphur cluster protein maturation (co-chaperone protein [HscB]) and
mitochondrial function (e.g., CydA-1b [VAA_03161], YgfY and a protein involved
in purine metabolism (QueD)) (Fig. 5B). HscB is known to be important for
maturation of iron-sulphur cluster proteins (72) and CydA-1b (cytochrome bd-I
ubiquinol oxidase) has been shown to be responsible for oxidation of ubiquinol
during metabolism (73). An uncharacterized protein VAA 00242 belonging to the
HBL/NHE enterotoxin family was down-regulated in all examined conditions.
Amino acid sequence analysis revealed this protein shares 99% sequence identity
with the cytotoxin MakA from V. cholerae. MakA is a part of the motility-associated
killing factor operon (makDCBA), which is secreted via the flagellum channel and
involved in cytotoxin export of V. cholerae (74).

In conclusion, our data show that VA adjusts its proteome response
differentially according to the environmental stresses and that only few proteins
are commonly regulated across all conditions.

Differentially regulated hypothetical proteins. Several regulated proteins were
annotated as hypothetical or uncharacterized proteins in the VA genome. To obtain
a better understanding of their putative functions, their amino acid sequences were
further analyzed using the InterPro database search tool (75) (Table S1) for
domain and orthologs prediction. Interestingly, proteins VAA_01403 (FC=2.5 in
serum vs no serum) and VAA_02532 (FC=1.6 in serum vs no serum) showed high
sequence similarity to transcriptional regulator MarR (multiple antibiotic resistance
regulator) and DNA-binding protein HU-alpha in the Vibrionaceae, respectively
(Table S1). Members of the MarR/SIyA family of transcriptional regulators have
been shown to play important roles in the regulation of several genes, including
virulence determinants (76).

4. DISCUSSION

Establishment of infection requires adaptation of the bacterium to multiple host
defense strategies and involves the orchestration of multiple virulence factors. Of
these, some are common to all types of stress, whereas others are highly adapted
and regulated in response to defined properties of the stress conditions. A trait that
was common to all conditions investigated in the current study was down-
regulation of metabolic pathways, demonstrating that VA reorganized its
metabolically related proteome to adapt to the environmental challenge or milieu
encountered. This is a trait that can been related to virulence as some bacteria are
known to manage oxidative stress by altering the metabolic redox homeostasis of
the cells (59). Metabolic modulation is also a mechanism bacteria use for immune
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evasion since the host immune system is tuned to detect and respond to certain
bacterial secondary metabolites that can be mitigated by down-regulating specific
pathways (77).

The dominant stress-response observed across all stress-conditions was
related to iron acquisition, a pivotal function for VA virulence (reviewed by (8); Fig.
6). Since iron is an essential element of nutritional immunity in bacteria, host
systems are essentially depleted for free iron (and other micronutrients) to prevent
bacterial sustenance and proliferation. Thus, the success of pathogens in host
colonization relies on iron acquisition systems that can sequester iron from iron-
containing host proteins (35, 36). Importantly, the iron acquisition-related response
evoked by iron depletion using DIP was different compared to the response
obtained by serum exposure. Specifically, anguibactin related proteins and other
proteins related to iron acquisition, were only up-regulated in serum and not in DIP.
This indicates that the bacterium has different mechanisms for acquiring iron that
might depend on the environmental stimuli. The serum conditions are more host-
specific than DIP, which could indicate that the anguibactin siderophore system is
adapted to specifically sequestering iron from the host environment. This is in line
with the plasmid (pJM1) encoding synthesis of the anguibactin siderophore, which
is known to be a major virulence factor of VA (8, 40-43). One of the dominant iron-
containing proteins in Atlantic salmon serum is hemoglobin. Upon exposure to
serum, profound expression of erythrocyte-disrupting hemolysins, hemoglobin
degrading proteases and proteins representing the hemin uptake system would be
expected. Interestingly, the hemin uptake protein HuvA was up-regulated in all
stress-inducing conditions, indicating that its expression is a general stress
response. In the context of HuvA, the hemolysin Vah2, which is known to
contribute to virulence of VA in rainbow trout and to lyse erythrocytes (17), is
expectedly uniquely up-regulated in the serum-condition. Like for anguibactin, this
indicates that the expression of some virulence factors is regulated by specific
factors, whereas others, like HuvA and more (Fig. 5 & 6), are regulated by a
general stress response regulator, or by separate regulators that respond to a
variety of conditions.

Since many of the proteomic changes observed were related to
mechanisms and pathways requiring several interacting proteins, it was of interest
to scrutinize the significantly regulated response regulators that may play the role
of orchestrating protein expression. Of special interest was CsrA, the carbon
storage regulator (also known as Rsm “repressor of stationary phase
metabolites”), that was found up-regulated by both DIP and serum. CsrA is an
extensively studied RNA binding protein that is responsible for posttranscriptional
regulation of gene expression. The regulator has been linked to a large variety of
functions, including carbon metabolism, stress response and virulence (78). In
enteropathogenic E. coli, CsrA is involved in regulating the expression of several
key virulence and metabolic genes (79), which aligns with the observations made
for VA exposed to DIP and serum. This may indicate that CsrA is involved in
adaptation of VA to host environment. A second notable up-regulated transcription
factor is VAA_001403/MarR (multiple antibiotic resistance regulator), a non-
annotated VA protein that was observed enriched in response to serum. Other
members of the MarR family of transcriptional regulators in pathogens such as
Salmonella typhimurium (SlyA), Yersinia enterocolitica (RovA) and in V. cholerae
(AphA), have been shown to play key roles in virulence properties (76). It is likely
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that MarR plays a role in transcription of virulence factor genes required for
adaptation to bloodstream infection.

A common mechanism for host killing of invading pathogens is the infliction
of oxidative stress, especially during phagocytosis (23). Thus, many pathogens
have developed mechanisms for resisting such stress by producing ROS
detoxification enzymes. Of the proteins up-regulated upon oxidative stress, a
highly relevant candidate that may participate in H202 detoxification is VAA_01966
(also called neutrophil-activating protein, NapA). This protein is a member of the
DNA-binding protein from starved cells (Dps) family, contains a ferritin-domain,
and was found significantly up-regulated in all three H202 conditions. In Salmonella
enterica, Dps is involved in resisting iron-dependent killing by H202, and promotes
virulence and survival in macrophages (80). The neutrophil-activating protein
(NapA) of H. pylori is a major virulence factor, and it has been shown to protect H.
pylori from oxidative stress (54). Importantly, deletion of Dps in V. cholerae
impaired the bacterium resistance to hydroperoxides and multiple environmental
stressors and colonization of mice intestine in vivo (81). The VA NapA amino acid
sequence shares, 78.0 % identity to V. cholerae Dps and 31.7 % with H. pylori
NapA, suggesting similar functions, thus possibly a role in H202 detoxification.
Several bacteria can mitigate oxidative stress by modulating their metabolism, e.g.
resulting in pooling of ketoacids that can act as antioxidants (59). It is not unlikely
that the metabolic modulation observed for VA can partly function according to the
latter mechanism. Interestingly, several proteins in sulphur metabolism were down-
regulated upon exposure to H202. The sulphur containing amino acids cysteine
and methionine are very sensitive to oxidation and it is possible that the bacterium
adapts a lifestyle less reliant on sulphur containing proteins during oxidative stress.
Indeed, sulphur containing proteins were reported highly oxidized in a proteomic
study of phagocytized E. coli (82). The latter study also reported almost complete
oxidation of many outer membrane proteins. The highest H202 concentration used
in the present study showed up-regulation of multiple outer membrane proteins
and permeases, which may be a compensatory mechanism to restore membrane
function.

In conclusion, our data show that VA adjusts its proteome response
uniquely to the to the type of environmental stresses, which highlights the multi-
faceted arsenal of proteins employed by VA to interfere with host immune
responses, including hemolysis, invasion, degrading of extracellular matrix and
resistance to immunologic clearance. The modulation of metabolic pathways that
was observed upon exposure to all examined conditions reflects the struggle of
the pathogen to obtain physiological adaptation to the stress associated with the
host environment.
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Figure 1. The effect of growth phase and nutritional stress on the VA
proteome. (A) Bar charts showing the total number of quantified proteins in VA
upon growing in LBs (ODeoonm = 0.3, 0.6 and >1.0). The number of shared proteins
across examined conditions are indicated. (B) Principal component analysis (PCA)
performed on VA proteome upon growing in LBs (ODeoo nm = 0.3, 0.6 and >1.0).
The quantified proteins were plotted in two-dimensional principal component
space by PC1 (38.8 %) and PC2 (16.0 %) for the individual replicates. (C) The
transcriptional (left panel, [pomOva) and translational (right panel, LPMOva)
response of lytic polysaccharide mono-oxygenase upon growing of VA in LBs at
early exponential (ODsoonm = 0.3) and stationary growth phase (>1.0) using ddPCR
(left panel) and label free quantitative proteomic analysis (right panel). (D) Volcano
plots of identified proteins upon growing of VA at different phases of growth in LBs.
Red dotted line(s) through y-axis and x-axis, indicate cut off values for significance
that were set to fold change (FC) > 1.5 (log2=0.58) and p < 0.05 (-log10=1.3). (E)
Venn diagrams illustrating significantly regulated proteins upon growing of VA at
different phases of growth in LBs. (F) STRING analysis of significantly up-regulated
proteins of VA in LBs at stationary (ODeoo nm >1) versus early exponential (ODsoo nm
=0.3) growth phases. Singletons and nodes that were disconnected from the main
network were omitted from visualization. Proteins that are marked in bold or red
are associated with the metabolic pathways or virulence, respectively. Red and
blue nodes indicate proteins associated with the biosynthesis of secondary
metabolites and antibiotics, respectively. (G) Heatmap of selected regulated
virulence factors of VA (e.g., motility, chemotaxis, iron acquisition) upon growth of
the bacterium in LBs at stationary- (ODeoo nm >1) versus early exponential -(ODsoo
nm =0.3) growth phases. Blue and red color represents down- or up-regulated
proteins, respectively. (H) Volcano plot of the VA proteome upon growing the
bacterium (ODeoo nm = 0.6) in LBs compared to M9va. Red dotted line(s) through y-
axis and x-axis, indicate cut off values for significance that were set to fold change
(FC) > 1.5 (log2=0.58) and p < 0.05 (-log10=1.3). (I) KEGG pathway enrichment
analysis performed using the list of significantly up (red)- or down (blue)-regulated
proteins in LBs compared to M9va. The y- and x-axis indicate the number of
matching proteins and the enriched pathway, respectively. (J) Heatmap of
significantly up (red) and down (blue)-regulated CAZymes identified upon growing
VA in LBs compared to M9va.
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Figure 2. The effect of H,O- as an oxidative stressor on the VA proteome. (A)
Volcano plots of identified proteins upon growing VA at increasing concentrations
of H202 (0, 1 yM, 1 mM, 10 mM). Red dotted line(s) through y-axis and x-axis,
indicate cut off values for significance that were set to fold change (FC) > 1.5
(log2=0.58) and p < 0.05 (-log10=1.3). (B) Heatmap of significantly up (red)- and
down (blue)-regulated proteins that were shared in at least two out of the three
examined concentrations of H202. (C) Heatmaps of significantly up (red)- and
down (blue)-regulated proteins that were unique to each examined H20:2
concentration. (D) KEGG pathway enrichment analysis performed using the list of
significantly up (red)- or down (blue)-regulated proteins upon exposure of VA to
increasing concentrations of H2O2 versus absence. The x- and y-axis represent the
number of matching proteins and the enriched pathway, respectively.

22



A
9 I
P
24 T
o ' "
g . P
7] RHE IR
3 "_ hd .
ek b
P S SO
1 .
8 6 -4 -2 0 2 4 6
Log, Fold Change
(S-M9)
B
VAA_01637 - VAA_02069
RpmF VAA_02345
VAA_01403 VAA_D0978
VAA_03920 MnmE
GltB-2 HsdS
AngM VAA_02219
AngB ModA
CorC ArcC-2
AngH PyrB
Flis GlpB
FatB VAA_02305
VAA_02352 ThiG
QBEW4S5 VAA_00594
TrA VAA_01350
VAA_02532 VAA_D1582
VAA_00768 Pyrl
DeoD ArcA
HslV VAA_01020
VAA_01515 TrpB
PurA PurE
VanT VAA_00792
PntB VAA_01567
PtsN GapA
GmhB VAA_01480
VAA_02263 QueA
Fur ThrB
Lon GuaA
Ybey GlpX
VAA_00599 CheV-2
SrmB
CheV-2
livl
AstA
PyrB
RmIA
VAA_02070
GyrB
PcnB
VAA_02448
VAA_018486
NqrA
Thil
RImN
VAA_01790
RpoH
PrkA
OompV
LpdA
QadA
Der
DusA
PheS
PheT
YbiT
PyrH
HIdD
BT
6 4 2 0 2 4

Log, Fold Change
(S-M9)

VAA_00599,
VAA_01466
RpmF

Stress response and Clp ATPase
I Chaperone and Serine protease MshN
W Mostly uncharacterized

Mixed, incl DUF1887 and YgfB-like superfamily
M Mixed, incl Endonuclease YbeY and Methyltiotransferase

Mixed, incl OmpA-like transmembrane domain and sporulation-like domain

Biosynthesis of siderophore group nonribosomal peptides and entercbactin synthetase-like
W Mixed, incl. ABC transporters and biosynthesis of siderophore group nonribosomal peptides

D

Alanine, aspartate and glutamate metabolism
Glycolysis / Gluceneogenesis

Biosynthesis of antibiotics

Biosynthesis of secondary metabolites

Metabolic pathways

10 20
Number of matching proteins

0

23



Figure 3. Proteome profile of VA upon exposure to Atlantic salmon serum.
(A) Volcano plots of identified proteins upon incubation of VA with normal Atlantic
salmon serum (S) versus absence (M9va marked as M9 in the figure). Red dotted
line(s) through y-axis and x-axis, indicate cut off values for significance that were
set to fold change (FC) > 1.5 (log2=0.58) and p < 0.05 (-log10=1.3). (B) Heatmap
of significantly up (red)- and down (blue)-regulated proteins that were unique to
supplementation of salmon serum (S. (C) STRING analysis of significantly up-
regulated proteins in VA that were associated with supplementation of salmon
serum versus absence. Singletons and nodes that were disconnected from the
main network were omitted from visualization. Proteins that are marked in bold are
associated virulence/VA pathogenesis. Red/light green, blue and purple nodes
represent proteins associated with iron acquisition, chaperones/protease activity
and uncharacterized function, respectively. A detail description is indicated in the
figure. (D) KEGG pathway enrichment analysis of significantly down-regulated
proteins upon supplementation of serum to M9va versus M9va. The x- and y-axis
represent the number of matching proteins and the enriched pathway, respectively.
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Figure 4. Proteomic response of VA to iron deprivation. (A) Bar graph
comparing significantly regulated proteins shared upon treatment with DIP and 10
mM H20:2. The y-axis indicates the value of Logz Fold change. (B) Volcano plots of
identified proteins upon exposure of VA to DIP versus absence. Red dotted line(s)
through y-axis and x-axis, indicate cut off values for significance that were set to
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fold change (FC) > 1.5 (log2=0.58) and p < 0.05 (-log10=1.3). (C) Heatmap of

significantly up (red)- and down (blue)-regulated proteins that were unique to DIP.
(D) KEGG pathway enrichment analysis on significantly down-regulated proteins
upon DIP to M9va versus M9va. The y- and x-axis indicate the number of matching

proteins and the enriched pathway, respectively.
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Figure 5. Regulated proteins common to all vibriosis-mimicking stress
conditions. (A) Venn diagram comparing all examined conditions including iron
deprivation (DIP versus M9va), exposure to serum (S versus M9va) and oxidative
stresses (H202, all tested concentrations, versus M9va). (B) Heatmap of
significantly up (red)- and down (blue)-regulated proteins that were shared under
all examined conditions (described in A). Rectangles with diagonal lines represent
proteins that were not significantly regulated under a particular condition.
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Figure 6. Iron acquisition systems in V. anguillarum. Schematic illustration of
the various iron acquisition systems used by VA (reviewed by (8). To reduce
complexity, some proteins that are not relevant to the findings in the current study
are not shown. It should be noted that the ferrichrome system has not been
experimentally confirmed. Thick, upward pointing arrows with either S (serum) or
DIP (iron deprivation) indicate proteins that were up-regulated in our experimental
conditions. Dashed lines indicated pathways that are not complete.
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Figure S1. The effect of growth phase and nutritional stress on the VA
proteome. (A) Venn diagram comparing the proteome response of VA upon
growing in LBs ODsoonm= 0.3, LBs ODsoo nm= 0.6 and LBs ODsoonm=>1. (B) STRING
analysis of significantly down-regulated proteins in the VA proteome upon growing
in LBs at stationary (ODsoo nm >1) versus early exponential growth phase (ODeoo nm
= 0.3). Singletons and nodes disconnected from the network have been removed.
(C) KEGG pathways significantly enriched among the up-regulated and down-
regulated proteins in LBs ODeoo nm >1 compared to LBs ODeoo nm = 0.3. The x-axis
represents the number of matching proteins in each of the KEGG pathways
indicated on the y-axis. Red color represents positive regulation, while blue
represent negative regulation.
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Figure S2. Proteomic response of VA to vibriosis-mimicking stressors. (A)
Principal component analysis (PCA) performed on identified proteins by growing
of VA in M9va (ODeoonm = 0.6) with and without supplementation of S, DIP or H20:.
The proteome response of VA upon growing in bacteriologic media (LBs, ODs0o nm
= 0.6) was also included in the analysis. The quantified proteins were plotted in
two-dimensional principal component space by PC1 (19.3 %) and PC2 (13.0 %)
for the individual replicates. (B) Venn diagram illustrating the proteome response
of VA upon growing in M9va with or supplementation of S, DIP or H202 (left panel).
A Venn diagram comparing the significantly regulated proteins was also generated
under the same examined condition as described above (right panel)
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