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Abstract
Flavobacterium columnare is the pathogenic agent of columnaris disease in aquaculture.
Using a recently developed gene deletion strategy, two genes that encode the Glyco_hydro_19 domain
(GH19 domain) containing proteins, ghd-1 and ghd-2, were deleted separately and together from the F.
columnare G4 wild type strain. Surprisingly, the single-, Δghd-1 and Δghd-2, and double-gene mutants,
Δghd-1 Δghd-2, all had rhizoid and non-rhizoid colony morphotypes, which we named Δghd-1, Δghd-2,
Δghd-1 Δghd-2, and NΔghd-1, NΔghd-2, and NΔghd-1 Δghd-2. However, chitin utilization was not detected
in either these mutants or in the wild type. Instead, skimmed milk degradation was observed for the mutants
and the wild type; the non-rhizoid strain NΔghd-2 exhibited higher degradation activity as revealed by the
larger transparent circle on the skimmed milk plate. Using zebraﬁsh as the model organism, we found that
non-rhizoid mutants had higher LD50 values and were less virulent because zebraﬁsh infected with these
survived longer. Transcriptome analysis between the non-rhizoid and rhizoid colony morphotypes of each
mutant, i.e., NΔghd-1 versus (vs) Δghd-1, NΔghd-2 vs Δghd-2, and NΔghd-1 Δghd-2 vs Δghd-1 Δghd-2,
revealed a large number of diﬀerentially expressed genes, among which 39 genes were common in three of
the pairs compared. Although most of these genes encode hypothetical proteins, a few molecules such as
phage tail protein, rhs element Vgr protein, thiol-activated cytolysin, and TonB-dependent outer membrane
receptor precursor, expression of which was down-regulated in non-rhizoid mutants but up-regulated in
rhizoid mutants, may play a role F. columnare virulence.
Keyword: Flavobacterium columnare; GH19 domain; gene deletion; rhizoid colony; non-rhizoid colony

1 INTRODUCTION
Flavobacterium columnare, the causative agent of
columnaris disease, infects a wide range of freshwater
ﬁsh in aquaculture and natural habitats, ornamental
freshwater ﬁsh in aquaria can also be infected with
the bacterium (Declercq et al., 2013). The bacterial
infection normally causes skin and ﬁn lesions, and
gill necrosis, resulting in high mortality and severe
economic losses in the aquaculture industry. Bacterial
adhesion to the skin and gills is considered an
important, initial step in F. columnare infection in
ﬁsh (Decostere et al., 1999); Chondroitin lyases and

several other extracellular proteases are considered
virulence factors of the bacterium (Stringer-Roth et
al., 2002; Xie et al., 2004, 2005; Suomalainen et al.,
2006; Beck et al., 2015). However, it was not until
very recently that the pathogenesis of two chondroitin
lyase-encoding genes, cslA and cslB, was investigated
through mutation in F. columnare with the
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development of an in-frame gene deletion system (Li
et al., 2015).
In a recent report by Kharade and McBride (2014),
a chitinase gene, chiA, was found in F. johnsoniae
also in the genus Flavobacterium, whose encoded
protein is secreted through a type IX secretion system
and can digest chitin in culture conditions. Chitinases
are glycosyl hydrolases mainly in glycoside hydrolase
families 18 and 19, with either a conserved Glyco_
hydro_18 domain (GH18 domain) or Glyco_
hydro_19 domain (GH19 domain), respectively.
Chitinase activity is also observed in the protein
families GH20 and GH48 (Kubota et al., 2004; Fujita
et al., 2006). Chitinases can degrade glyosidic bonds
in chitin, a polymer of β-1, 4-linked N-acetyl
glucosamine (Rinaudo, 2006; Hoell et al., 2010;
Beier and Bertilsson, 2013). Chitin is abundant in
nature and is a common element in the external
structures of organisms, e.g., insect cuticles,
crustacean shells, ﬁsh scales, and fungi cell walls
(Hackman, 1962; Rinaudo, 2006; Kumari and Rath,
2014). Chitinases are present in a wide range of
organisms, such as bacteria (Gooday, 1990), some
algae (e.g. Vrba et al., 1996), and rotifers (Štrojsová
and Vrba, 2005), and may be involved in the
pathogenesis of bacterial and fungal pathogens
(Chaudhuri et al., 2013; Staats et al., 2013).
In an eﬀort to understand the pathogenesis of
columnaris disease, the whole F. columnare strain G4
(unpublished data) genome was searched for possible
chitinase genes. Bioinformatic analysis revealed two
proteins, which contain a GH19 domain, these were
named GH19 domain containing protein-1 and -2
(Ghd-1 (GenBank accession number KT288110) and
Ghd-2 (KT288111)). Ghd-1 also has a predicted
N-terminal signal peptide and a predicted C-terminal
sorting domain, which is a C-terminal signal essential
for translocation of the protein across the outer
membrane via the T9SS (McBride and Zhu, 2013).
Ghd-1 and ghd-2 may encode chitinases and be
F. columnare virulence genes. To understand the
function of ghd-1 and ghd-2, single- and double-gene
deletion mutants were constructed using the gene
deletion system as reported in a previous study by Li
et al. (2015). However, F. columnare G4 could not
degrade the colloidal chitin (unpublished data), which
was unexpected. This ﬁnding was in contrast to that in
another species in the same genus, F. johnsoniae
(Kharade and McBride, 2014). Thus, the ghd-1 and
ghd-2 genes have no chitin degrading capacity. But
the mutants exhibited some speciﬁc growth, colony
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morphotype, and virulence characteristics. The
diﬀerences in growth and colony morphotypes,
skimmed milk degradation, and virulence against
zebraﬁsh between these mutants are reported here.

2 MATERIAL AND METHOD
2.1 Bioinformatic analysis
The whole F. columnare virulent strain G4 genome
(unpublished data) was analyzed for possible chitinase
genes; two genes (GenBank accession numbers
KT288110 and KT288111) containing Glyco_
hydro_19 domain (GH19), which is conserved in
chitinases, were identiﬁed. The nucleotide sequences
of these two genes were translated to amino acids (aa)
using ExPASy translate tools (http://web.expasy.org/
translate/). The conserved domains were searched
using the NCBI conserved domains searching tools
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi),
and the presence and location of a signal peptide of
the deduced aa were predicted with SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP/). Multiple
alignments of aa sequences were performed with the
ClustalW2 program (http://www.ebi.ac.uk/Tools/
clustalw2/). The similarity of the nucleotide sequences
and deduced aa sequences were determined in BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
2.2 Determination of F. columnare G4 chitin
degradation
Colloidal chitin was prepared according to Murthy
and Bleakley (2012). In brief, 2 L concentrated HCl
was added to 100 g crude chitin (Sigma-Aldrich,
USA) and agitated for 24 h at 4°C, before being
ﬁltered through glass wool. The colloidal chitin was
precipitated by adding 18 L distilled water at room
temperature. After centrifugation, the precipitate was
resuspended with 2 L distilled water. The pH value
was then adjusted to 7 with 5 N NaOH. The autoclaved
colloidal chitin was stored at 4°C until use. Next, 1%
(v/v) colloidal chitin was added to either modiﬁed
Shieh agar (0.25 g peptone and 0.025 g yeast extract
per 100 mL Shieh medium), Shieh agar without
peptone and yeast extract in the chitin degradation
experiment, or MYA agar (MgSO4 0.5 mmol/L, FeSO4
0.05 mmol/L, EDTA 0.04 mmol/L, potassium
phosphate (pH 7.3) 20 mmol/L, yeast extract 0.1 g,
agar 15 g, ddH2O 1 L) (Kharade and McBride, 2014).
Wild type strains were cultured and adjusted to an
OD600 value of 0.4 (4×108 colony forming units
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(CFU)/mL) and 10 μL (4×106 CFU/mL) bacterium
was spotted on colloidal chitin plates and cultured at
28°C for 60 h, before being observed for the formation
of possible clear zones around the colony.
2.3 Construction of mutants and complementation
strains
The F. columnare G4 strain, which was isolated
from the grass carp Ctenopharyngodon idella during
an outbreak of gill-rot disease (Lu et al., 1975), was
used as the wild type and to create mutants in the
present study. F. columnare strains were grown at
28°C in either Shieh medium or agar as previously
described (Shieh, 1980). Two GH19 domain
containing genes, ghd-1 and ghd-2, were found in the
F. columnare G4 genome sequence data (unpublished
data). To obtain deletion mutants of both genes, the
shuttle plasmid pCP23 derived from F. psychrophilum
D12 plasmid pCP1 (Alvarez et al., 2004) and the
suicide plasmid vector pMS75 created in a previous
study (Li et al., 2015) were employed. The ghd-1 and
ghd-2 in-frame deletion mutants were generated
through sacB-based exchange (Edwards et al., 1998).
The insertion plasmid pMS75-ghd1 was generated
and transferred into S17-1 λpir to conjugate with wild
type strain G4, and the ghd-1 deletion mutant, Δghd-1,
was then obtained.
The ghd-2 gene deletion mutant, Δghd-2, was
obtained by the same method. The double mutant
strain Δghd-1 Δghd-2 was obtained by transferring
pMS75-ghd1 into the mutant strain Δghd-2. The
deleted sequence base number must be trinary in all
mutant strains to prevent frame shifting in the
following sequences. The SacB gene was used as a
counterselectable marker (Gay et al., 1983) to screen
negative clones that did not grow on Shieh agar with
10% sucrose (Sigma-Aldrich).
The complementation strains of each mutant strain
were constructed based on the plasmid pCP23 as
indicated above. For the complementation of ghd-1, a
1.7 kb fragment containing the ribosome-binding site
was ampliﬁed using the primers ghd1-comp-For (with
KpnI site) and ghd1-comp-Rev (with BamHI site).
This fragment was introduced into complementation
vector pCP23, which was digested beforehand with
KpnI and BamHI. The constructed plasmid pCP23ghd1-comp was veriﬁed by sequencing before being
transferred into E. coli S17-1 λpir to conjugate with
the mutant strain Δghd-1. The Δghd-1, Δghd-1-comp
complementation was then obtained. The positive
clones were veriﬁed by PCR using the primers
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PompAKpnF and oriTR. The Δghd-2 and Δghd-1
Δghd-2 complementation was also performed using
this method. The bacteria and plasmids used in this
study are listed in Table 1, and the primers used in the
construction of mutant and complementation strains
are listed in Table 2.
2.4 Extracellular protein preparation and western
blot analysis
To obtain extracellular protein, the wild type,
mutant, and complementation strains were grown to
mid-log phase (OD600=0.4) in Shieh broth at 28°C
with shaking. A 20-mL bacterial suspension
(8×109 CFU/mL) was pelleted by centrifugation at
4 000×g for 10 min, and the supernatant was ﬁltered
through 0.22 μmol/L polyvinylidene diﬂuoride ﬁlters
(Merck Millipore, Germany) to remove residual cells.
The ﬁltered supernatant was concentrated with an
Amicon Ultra-15 centrifugal ﬁltration device with a
30-kDa-molecular-mass-cutoﬀ ﬁlter (Millipore) to a
ﬁnal volume of 100 μL, 20 μL of which was then
separated by SDS-PAGE and transferred onto a PVDF
membrane before being probed with aﬃnity-puriﬁed
antibodies (developed with the antigen peptide
ASTEYPANPTKGYY
for
Ghd-1
and
QADNSTGKQYSKKE for Ghd-2 by GenScript,
Nanjing, China; all diluted at 1:1 000), and goat antirabbit IgG antibody was then conjugated with
peroxidase (Sigma) (diluted at 1:5 000). Afterwards,
the membrane was stained with ImmobilonTM Western
Chemiluminescent HRP Substrate (Millipore) and
examined under the ECL Western blot system (BioRad, USA).
2.5 Determination of growth rate and saccharide
and protein substrate degradation analysis
A single colony of each mutant strain was grown
overnight in Shieh broth at 28°C with shaking. The
culture was then diluted 1:100 into fresh Shieh broth
for culture at 28°C and rotated at 180 r/min. Growth
rate was determined every hour by measuring OD600
for a period of 10 h with a spectrophotometer
(Eppendorf Biophotometer, Germany).
Three kinds of saccharides, including glucose,
sucrose, and starch (Sinopharm, Shanghai, China),
were added to Shieh agar at a concentration of 1%,
1%, and 0.2% (m/v) in Shieh agar, respectively, to
observe saccharide degradation for the wild type and
mutants. We also used 2% (m/v) skimmed milk
(Sinopharm) as a substrate in the analysis.
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Table 1 Bacterial strains and plasmids used in this study
Strain or plasmid

Genotype and/or description

Source or reference

Top10

F-mcrA Δ(mrr-hsdRMA-mcrBC) φ80lac ΔM15 ΔlacX74 recA1
araD139 Δ(ara-leu)7697 galU galK rpsL (Strr) endA1 nupG

TaKaRa

S17-1 λpir

λpir hsdR pro thi; chromosomal integrated RP4-2 Tc::Mu Km::Tn7

TaKaRa

DE3

F-ompT, hsdS (rBB-mB-), gal, dcm (DE3)

TaKaRa

G4

Wild type

Lu et al., 1975

Δghd-1

ghd-1 deletion mutant with rhizoid colony

This study

Bacterial strain
E. coli

F. columnare

Δghd-2

ghd-2 deletion mutant with rhizoid colony

This study

Δghd-1 Δghd-2

ghd-1 and ghd-2 deletion mutant with rhizoid colony

This study

NΔghd-1

ghd-1deletion mutant with non-rhizoid colony

This study

NΔghd-2

ghd-2 deletion mutant with non-rhizoid colony

This study

NΔghd-1 Δghd-2

ghd-1 and ghd-2 deletion mutant with non-rhizoid colony

This study

Δghd-1-comp

Complementation of ghd-1in Δghd-1

This study

Δghd-2-comp

Complementation of ghd-2 in Δghd-2

This study

Δghd-1 Δghd-2-comp

Complementation of ghd-1and ghd-2 in Δghd-1 Δghd-2

This study

Plasmid
pCP1

F. psychrophilum D12 cryptic plasmid

McBride and Kempf, 1996

pCP23

ColE1 ori (pCP1 ori); Apr (Tcr); E.coli-F. johnsoniae shuttle plasmid

Alvarez et al., 2004

pRE112

pRE112 fasA::blaM

Edwards et al., 1998

pMS75

pCP23 carrying sacB and PompA

Li et al., 2015

pMS75-ghd

pMS75 carrying ghd upstream and downstream fragment

This study

pET28a

Protein expression vector

TaKaRa

2.6 Determination of median lethal dose (LD50)
and zebraﬁsh survivorship
Zebraﬁsh (Danio rerio) from a quarantined source
in the China Zebraﬁsh Resource Center at the same
institute were employed for the LD50 determination to
ensure that they were uninfected. The wild type G4
and mutant strains including rhizoid colony strains,
Δghd-1, Δghd-2, and Δghd-1 Δghd-2, and non-rhizoid
colony strains, NΔghd-1, NΔghd-2, and NΔghd-1
Δghd-2 were cultured separately in Shieh broth at
28°C overnight. The cultures were diluted 1:100 and
grown to the mid-log phase (OD600=0.4). Immersion
infection of zebraﬁsh with each strain was performed
by immersing the ﬁsh in 1 000-, 10 000-, and 100 000fold dilution of the original culture with 30 individuals
in each group for 30 min. The ﬁsh were then
transferred into clean water and mortality and disease
symptoms were recorded every 6 h for 7 days. To
enumerate the viable cells in each original culture, a
tenfold serial dilution for each strain was made and

100 L of the ﬁnal three dilutions (10-4, 10-5, and 10-6)
was transferred to duplicate Shieh agar plates and
spread evenly over the entire surface of the plate. All
of the plates were incubated at 28°C and the colonies
that had grown on each plate were counted after 48 h.
The LD50 value of each strain was calculated using the
statistical approach of Reed and Muench (1938). The
formula used in the LD50 calculation was:
logLD50=Xkd(∑Pi0.5),
where, Xk is the logarithm of maximum concentration,
d is the logarithm diﬀerentials between adjacent
concentrations, and ∑Pi is sum of mortalities of
diﬀerent concentration groups.
To compare the survivorship of ﬁsh in each group,
the survival curve of each strain was determined
within seven days after infection. Two-hundred and
ten zebraﬁsh were divided into seven groups, and
each group with 30 ﬁsh was reared in a 10-L plastic
tank with aeration and maintained at 25±1°C for one
week before infection. The ﬁsh were fed once a day
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Table 2 Primer sequences used in this study
Primer

Sequence (5′ to 3′, restriction enzyme cutting site was underlined)

PompAKpnF

CGGGGTACCGGCAGCGCATACCAAAGAACA

oriTR

TCTTGCCTTGCTCGTCGG

ghd1-up-For

CGGGGTACCGCGGGTCGTTTGATGAGTA

ghd1-up-Rev

CGCGGATCCACGATAGATCAAATAAATGTC

ghd1-down-For

CGCGGATCC CGATTCCCATTGGACGTTTG

ghd1-down-Rev

AAAACTGCAGGATCTCAGCAGAGTGGCAGTA

ghd1NeF

TGCGGCATCATCCAAAAC

ghd1NeR

TCAGCAGGAGCATACAGTCAA

ghd1WaF

ATCCTATTGACCAGCGAGAAC

ghd1WaR

AAAACGCTCCTTGTTGTGAA
CGGGGTACCTACAGTAGCAGCACCCAGAAC
CGCGGATCCTTCCCGTATGGTCGATGTG

ghd2-up-For

CGGGGTACCTCTACAGCATCAGGTGCCTATCA

ghd2-up-Rev

CGCGGATCCAAGTTTCATTTAGTTTCGTGATG

ghd2-down-For

CGCGGATCCAATTAGGACCTTCTACTGTCTCAC

ghd2-down-Rev

AAAACTGCAGTTGAGTTCTGGACAATATGGAGG

ghd2NeF

AGCAAGGTAAGCAATTATCACCAGGAA

ghd2NeR

AAGTGTAATTTCTCAACGTACCCGAAG

ghd2WaF

TCTTGAAAGCTCGTACATTGATAG

ghd2WaR

GATTCCATAACTAAACAAAACAG

ghd2-comp-For

CGCGGATCCGGCTACAAGCAGAATGCCAAGGTGAG

ghd2-comp-Rev

AAAACTGCAGAGAACGAGGTTAAACGACACGATTGC

ghd1-For

CGCGGATCCATGAATTTTAAATTACTCAAATTC

ghd2-Rev

CCCAAGCTTGTTTTTTATAATCCTAAAAATTGC

ghd2-For

CGCGGATCCTTGAAAAAAAATGGGGAG

ghd2-Rev

CCCAAGCTTTTGATTTATTTGAATATG
CAGTGGTGAAATCTGGT
GCTCCTACTTGCGTAGT

qPr1

TAGCTTACTTCCTCCTATACCTG

qPr2

TACGCCTTATTTGATTCCTT

qPr3

CGCCTGGTGTTACGATTT

qPr4

TGACGGACGATGGGTTT

qPr5

CTTCCGTTCACGATTAGTTTA

qPr6

AAGTTGGGAGTGGGATTTT

qPr7

AACTGCTGAGCGTCTTTGT

qPr8

GATGGAATGGCGGGATA

with artiﬁcial feed during the acclimatization and
approximately 3 L water was changed daily following
feeding. F. columnare G4 wild type and mutant strains
were cultured separately overnight in Shieh broth at
28°C. The cultures were diluted 1:100 and grown to
the mid-log phase (OD600=0.4). Zebraﬁsh were
immersed in a 10, 000-fold dilution for 30 min with

Amplifying 1 881 bp ghd-1 upstream fragment

Amplifying 2 107 bp ghd-1 downstream fragment

Amplifying ghd-1 external fragment

ghd1-comp-For

Fc16S-For

Detecting recombination plasmid pMS-ghd

Amplifying 221 bp ghd-1 internal fragment

ghd1-comp-Rev

Fc16S-Rev

Usage

Amplifying 1 771 bp ghd-1 complementary fragment

Amplifying 2 073 bp ghd-2 upstream fragment

Amplifying 1 662 bp gh2 upstream fragment

Amplifying 376 bp gh2 internal fragment

Amplifying ghd-2 external fragment

Amplifying 2 294 bp ghd-2 complementary fragment

Amplifying 2 393 bp ghd-1

Amplifying 1 637 bp ghd-2

Amplifying 16S rDNA in qRT-PCR

Examining FCOL_RS03305 in qRT-PCR

Examining FCOL_RS10945 in qRT-PCR

Examining FCOL_RS10050 in qRT-PCR

Examining FCOL_RS07345 in qRT-PCR

each bacterial strain and zebraﬁsh survival rate was
recorded daily over a 7-day period. The concentration
of viable cells in each original culture was determined
by making a serial dilution and spreading 100 L of
each dilution on the Shieh agar plates. All of the
remaining ﬁsh were euthanized.
All animal experiments were conducted according
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to the principles and procedures of the laboratory
animal cares approved by the institute.
2.7 Transcriptome analysis of mutants with rhizoid
and non-rhizoid colonies
The wild type and mutant strains were inoculated
into Shieh broth and shaken at 28°C until the OD600
value had reached 0.4. The bacterial cells were
collected by centrifugation at 4 000×g for 10 min.
Total RNA was extracted separately from the wild
type and mutant strains using TRIzol® Reagent
(Invitrogen, USA) according to the manufacturer’s
protocol. The rRNA was removed with a Ribo-Zero
Magnetic Kit (G-Negative Bacteria, EpiCentre, USA)
after total RNA collection. The quality of total RNA
samples was checked using a NanoDrop2000 (Thermo
Fisher, USA) and agarose gel electrophoresis.
Approximately 5 μg total RNA from each strain for
reciprocal crosses were sent to Majorbio-Shanghai
for transcriptome library preparation, and the libraries
were sequenced on separate plates, one library per
plate, using an Illumina HiSeq 2500 system. The
unigene expression was calculated in FPKM (reads
per kilobase (kb) of exon model per million mapped
reads) (Mortazavi et al., 2008), which can eliminate
the inﬂuence of diﬀerent gene length and sequencing
discrepancies in the gene expression calculation.
Therefore, the diﬀerences in gene expression among
samples can be compared. The diﬀerentially expressed
genes (DEGs) were screened out using the software
EdgeR (http://www.bioconductor.org/packages/2.12/
bioc/html/edgeR.html) on the basis of FDR<0.05,
|logFC|>=1. The gene ontology (GO) function
annotation and KEGG (Kyoto encyclopedia of genes
and genomes) pathway analysis were carried out
using Blastall software against the GO (http://www.
geneontology.org/) and KEGG (http://www.genome.
jp/kegg/) databases.
2.8 RNA extraction, cDNA synthesis, and
quantitative real-time PCR (qRT-PCR) validation
Three-mL bacterial suspensions (1.2×109 CFU/
mL) of wild type and each rhizoid and non-rhizoid
mutant strains were used separately for RNA
extraction. Total RNA was obtained using an RNeasy
Mini Kit (Qiagen, Germany) according to the
manufacturer’s protocol. Each RNA sample was
treated with RNase-free DNase (TaKaRa, Dalian,
China) following the manufacturer’s instructions to
remove residual genomic DNA (gDNA). DNase-
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treated RNA (1 mg) was subjected to reverse
transcriptase reactions using oligo-dT primer and
PrimeScript Reverse Transcriptase (TaKaRa)
according to the manufacturer’s protocol.
F. columnare 16S rDNA was used as an internal
gene. The qRT-PCR was performed using iQTM SYBR
Green Supermix (Bio-Rad, Singapore) on a Bio-Rad
CFX96 Real-Time System. The relative expression of
target genes was normalized to the expression of the
16S rDNA gene. Each non-rhizoid strain sample was
compared to a rhizoid strain sample to calculate the
fold changes, using the comparative Ct method
(2-∆∆Ct). The primer sequences are listed in Table 2.

3 RESULT
3.1 The F. columnare G4 GH19 domain containing
proteins cannot degrade chitin
In the F. columnare G4 strain, two genes (GenBank
accession numbers: KT288110 and KT288111)
containing GH19 domains were identiﬁed. One of
them, ghd-1 (KT288110) was 100% identical to the
gene FCOL_10530, which has been annotated as
chitinase in the F. columnare strain ATCC49512; its
open reading frame (ORF) was 1 356 bp coding for
451 aa with a signal peptide located at the ﬁrst 23 aa
at the N-terminal and a Por_Secre_tail domain located
at the last 68 aa at the C-terminal, which indicates that
the protein may be secreted through the type IX
secretion system (T9SS), a novel protein secretion
system found in members of the phylum Bacteroidetes
(McBride and Zhu, 2013) (Figs.1a, S1, and Table S1).
However, the other gene, ghd-2 (KT288111), encodes
a putative protein with only a GH19 domain and
neither a signal peptide at the N-terminal nor a Por_
Secre_tail domain at the C-terminal, indicating a
possible cytoplasmic protein feature in the G4 strain
(Fig.1a). Additionally, ghd-2 was not homologous to
any sequences in the F. columnare ATCC49512
genome (Fig.S1).
Based on the bioinformatics analysis, an attempt
was made to examine F. columnare G4 chitin
degradation capability on solid medium with colloidal
chitin as either the only or primary carbon source.
Surprisingly, the G4 strain was not use chitin
eﬀectively because no clear circle formed around the
G4 strain colony; however, an obvious clear zone was
observed around F. johnsoniae UW101 on the same
plate (Fig.1b). Reverse transcription PCR (Fig.1c)
and western blot analysis (Fig.2a and b) were carried
out to examine whether or not the two GH19 domain
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protein containing genes were transcribed. The ghd-1
and ghd-2 genes were indeed transcribed normally,
and the former, which encodes a protein with a Por_
Secre_tail domain, could even be detected in the
extracellular milieu, indicating its secretory feature
(Fig.2c). The normal expression of these two genes in
F. columnare G4 may indicate that their encoded
products have no function in chitin degradation.
To investigate the functions of ghd-1 and ghd-2,
the single- and double-deletion mutants were
constructed using the suicide plasmid pMS75 and
were veriﬁed by PCR (Fig.2a), the corresponding
deletion mutants were named Δghd-1, Δghd-2, and
Δghd-1 Δghd-2. A 1 056-bp deletion was detected in
mutant Δghd-1 and an 870 bp in mutant Δghd-2
compared to the wild type G4 (Fig.2a); a similar result
was observed in the double mutant Δghd-1 Δghd-2
(Fig.2a). Meanwhile, the G4 extracellular proteins,
Δghd-1, Δghd-1-comp, Δghd-1 Δghd-2, and Δghd-1
Δghd-2-comp, were concentrated and analyzed by
western blot. No speciﬁc Ghd-1 bands were detected
in the mutants Δghd-1 and Δghd-1 Δghd-2 (Fig.2b),
revealing the successful deletion of ghd-1 from the
wild type F. columnare G4. The presence of a signal
peptide in Ghd-1 and the presence of Ghd-1 in
extracellular proteins may indicate that Ghd-1 is a
secretory protein. However, Ghd-2 was not detected

∆g
hd
-2

a. comparison of Glyco_hydro_19 and Glyco_hydro_18 (GH18) domain containing proteins between Ghd-1 and Ghd-2 in F. columnare G4, and
predicted chitinase encoded by FCOL_10530 in F. columnare ATCC 49512, chitinase ChiA in F. johnsoniae, and chitinase C-1 in Streptomyces
griseus. SP: signal peptide; GH19 domain: Glyco_hydro_19 domain; GH18 domain: Glyco_hydro_19 domain; CTD: C-terminal domain involved in
secretion by the type IX secretion system; CBD: chitin-binding domain. An uppercase letter followed by a number indicates the ﬁrst and last amino
acids of each signal peptide and predicted domain; b. F. johnsoniae UW101 degraded chitin but F. columnare G4 did not. Approximately 103 F.
columnare G4 and F. johnsoniae UW101 cells were spotted on the MYA-chitin solid medium for 60 h incubation at 28°C. No clear circle was observed
surrounding the G4 strain colony; a clear zone surrounded the F. johnsoniae UW101 colony (red circle); c. both ghd-1 and ghd-2 were transcribed in
F. columnare G4. Reverse transcription-PCR was performed using RNA extracted from F. columnare G4 as a template. The target bands of 2 393 bp
for ghd-1 and 1 637 bp for ghd-2 were visualized under UV light. M represents a nucleic acid marker with the size indicated on the left.

49 kDa

Fig.2 Two single-gene deletion mutants, Δghd-1, Δghd-2,
and the double-gene deletion mutant, Δghd-1 Δghd-2
were veriﬁed by PCR (a) and western blot analysis (b)
M lane represents a nucleic acid marker with the size indicated on
the left; G4: F. columnare G4 wild type strain; a 1 056-bp deletion
was detected in Δghd-1 and Δghd-1 Δghd-2, and an 870 bp deletion
in Δghd-2 and Δghd-1 Δghd-2. Extracellular products (ECP) of
wild type G4, single-gene mutant Δghd-1 and its complementary
strains Δghd-1-comp, double-gene mutant Δghd-1 Δghd-2 and
its complementary strain Δghd-1 Δghd-2-comp. The anti-GH19
domain containing protein Ghd-1 antibody (anti-Ghd-1) was used
for the western blot analysis. The arrow indicates a 49 kDa band.

in the extracellular proteins (data not shown), which,
in light of the absence of a signal peptide, may indicate
that Ghd-2 is not secretory, but can be expressed at
the transcription level (Fig.1c).

1518

a

CHIN. J. OCEANOL. LIMNOL., 35(6), 2017

Vol. 35

1.2

b

G4
∆ghd-1

1.0

N∆ghd-1
∆ghd-2

0.8

c

OD600

N∆ghd-2

d

∆ghd-1 ∆ghd-2

0.6

N∆ghd-1 ∆ghd-2
0.4
0.2
0.0

e

0

f

1

2

3

4

5
6
7
Time (h)

8

9

10

11

Fig.4 Growth curves of single- and double-gene deletion
mutants of ghd-1 and ghd-2 in Flavobacterium
columnare
1 mm
g

a. ∆ghd-1, rhizoid colony
b. ∆ghd-1, non-rhizoid colony
c. ∆ghd-2, rhizoid colony
d. ∆ghd-2, non-rhizoid colony
e. ∆ghd-1 ∆ghd-2, rhizoid colony
f. ∆ghd-1 ∆ghd-2, non-rhizoid colony
g. wild type G4 strain

Fig.3 Rhizoid and non-rhizoid colony morphotypes of
single- and double-gene deletion mutants of ghd-1
and ghd-2 in Flavobacterium columnare
A bacterial dilution was incubated on a Shieh plate for 24 h
until a single colony was seen and then photographed under
a stereomicroscope. a, b. rhizoid and non-rhizoid ghd-1 gene
mutants, Δghd-1 and NΔghd-1; c, d. Δghd-2 and NΔghd-2; e, f.
Δghd-1 Δghd-2 and NΔghd-1 Δghd-2; g. F. columnare wild type G4
strain. Scale bar=1 mm.

3.2 Rhizoid and non-rhizoid colonies in Δghd-1,
Δghd-2, and Δghd-1 Δghd-2
The wild type and mutant bacterial cells were
diluted at the log phase and inoculated on Shieh agar
plates. After incubation for 48 h at 28°C, the wild type
and mutant colony shapes were observed under a
stereomicroscope. As shown in Fig.3, F. columnare
wild type G4 is a typical rhizoid, spreading colony.
Surprisingly, both rhizoid and non-rhizoid colonies
were observed for the single-gene mutants, Δghd-1
(Fig.3a and b) and Δghd-2 (Fig.3c and d), and the
double-gene mutant, Δghd-1 Δghd-2 (Fig.3e and f).
The non-rhizoid colonies were obviously smaller and
thicker than the rhizoid, spreading colonies, and were
named NΔghd-1, NΔghd-2, and NΔghd-1 Δghd-2.
3.3 In vitro growth rate and substrate degradation
The wild type G4 strain and mutant growth rates,
including the rhizoid and non-rhizoid colonies, were

Bacteria were grown in Shieh medium at 28°C for 10 h, and the
growth rate was determined for each strain every hour by measuring
OD600. G4 represents the wild type. Δghd-1, Δghd-2, NΔghd-1,
and NΔghd-2, represent rhizoid and non-rhizoid ghd-1 and ghd2 mutants, respectively. Δghd-1 Δghd-2, and NΔghd-1 Δghd-2
represent the rhizoid and non-rhizoid double-gene mutants.

examined in Shieh medium (Fig.4). The shapes of the
growth curves were very similar (Fig.4), implying
that the wild type and all of the mutants exhibited a
similar pattern of growth in the medium. However,
after statistical analysis (one-way ANOVA, P<0.05),
two strains diﬀered signiﬁcantly from the others in
terms of growth rate: NΔghd-1 Δghd-2 grew
signiﬁcantly slower than the wild type and the other
mutants, except after a seven hour culture, and
NΔghd-2 had a signiﬁcantly lower growth rate 5–10
hours into the culture (Fig.4). However, NΔghd-1
grew signiﬁcantly faster in the later culture stages
(Fig.4).
As no chitinase degradation activity was detected
in the wild type, other saccharides including glucose,
sucrose, starch, and skimmed milk were tested in the
substrate degradation analysis. No diﬀerence was
observed in the degradation of glucose, sucrose, and
starch (data not shown). However, a larger and wider
transparent circle was observed in the skimmed milk
degradation for the non-rhizoid colony strain,
NΔghd-2, when compared with the wild type G4
strain, rhizoid, and other non-rhizoid strains (Fig.5).
3.4 LD50 and zebraﬁsh survivorship
Mutant virulence was measured in zebraﬁsh, and
the LD50 values of the wild type G4 and the mutants
Δghd-1, Δghd-2, Δghd-1 Δghd-2, NΔghd-1, NΔghd-2,
and NΔghd-1 Δghd-2 were 104.917, 105.162, 105.138,
105.013, 105.283, 105.517, and 105.492, respectively. The
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Fig.5 Skimmed milk degradation in rhizoid and non-rhizoid
colony morphotype strains of two single- and doublegene ghd-1 and ghd-2 mutants in Flavobacterium
columnare G4
Mutants with rhizoid and non-rhizoid colony morphotypes are
indicated as in Fig.4.
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Fig.6 Survivorship of zebraﬁsh infected with F. columnare
wild type G4 and its ghd-1 and ghd-2 deletion mutants
Thirty zebraﬁsh were immersed in diluted bacterial culture
(4×105 CFU/mL) for 30 min and then transferred into clean water.
Mortality was recorded every 24 hours for 7 days and zebraﬁsh
survival rate was calculated daily. Mutants with rhizoid and nonrhizoid colony morphotypes are indicated as in Fig.4.

non-rhizoid mutants NΔghd-1, NΔghd-2, and
NΔghd-1 Δghd-2 had higher LD50 values when
compared with the wild type G4 and other rhizoid
mutants.

Fig.7 Venn map comparison of diﬀerentially expressed
genes between non-rhizoid and rhizoid colony
morphotype strains in Δghd-1, Δghd-2, and Δghd-1
Δghd-2 from Flavobacterium columnare G4
Numbers in red and black indicate up-regulated and down-regulated
genes in non-rhizoid strains, respectively. Mutants with rhizoid and
non-rhizoid colony morphotypes are indicated as in Fig.4.

Furthermore,
zebraﬁsh
survivorship
was
determined by infection with the wild type G4 and
mutant strains at a concentration of 4×105 CFU/mL
(Fig.6). The wild type G4 strain caused rapid death,
with all ﬁsh dying within 3 days post-infection (dpi).
Following infection with the mutant rhizoid colony
strains, Δghd-1, Δghd-2, and Δghd-1 Δghd-2,
zebraﬁsh survival rate decreased and all of the ﬁsh
died at 4 dpi. However, ﬁsh infected with NΔghd-1,
NΔghd-2, and NΔghd-1 Δghd-2 exhibited higher
survival rates, and at 7 dpi the survival rate was
approximately 10% for NΔghd-1 and NΔghd-1 Δghd2 infected ﬁsh. The survival rate was even higher in
ﬁsh infected with the non-rhizoid mutant NΔghd-2,
with a 50% survival rate at the end of the experiment
(Fig.6).
3.5 Comparative analysis of transcriptomes in
rhizoid and non-rhizoid colony mutants
In the non-rhizoid mutants, NΔghd-1, NΔghd-2,
and NΔghd-1 Δghd-2, a total of 26 (13+9+1+4), 60
(40+0+16+4), and 71 (42+9+16+4) up-regulated and
56 (2+18+1+35), 96 (54+1+6+35), and 83
(24+18+6+35) down-regulated genes were detected
when compared with the rhizoid mutants, Δghd-1,
Δghd-2, and Δghd-1 Δghd-2, respectively (Fig.7;
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Table S2). Two up- and two down-regulated genes
were further veriﬁed through qRT-PCR (Fig.S2). It is
obvious that more down-regulated genes were
observed in non-rhizoid mutants, and NΔghd-2 had
the most down-regulated genes (Fig.7). Overall, 35
down-regulated and four up-regulated genes were
common in all three non-rhizoid mutants.
However, most of the diﬀerentially expressed
genes detected were hypothetical proteins (Table S2),
which reﬂects the current lack of data on F. columnare,
despite its importance in aquaculture. Among the 35
down-regulated expression genes, 24 encode
hypothetical proteins, the others encode phage tail
proteins, rearrangement hotspot (rhs) element Vgr
protein, TonB-dependent outer membrane receptor
precursor, glycosyl transferase family 2, glycosyl
hydrolase, metalloprotease, ATPase AAA, and thiolactivated cytolysin. In all of the annotated genes
among the three comparisons, metabolic processes,
cellular processes, and single-organism processes
were commonly identiﬁed (data not shown); metabolic
pathways for the enrichment of nitrogen metabolism,
and genetic information processing were the most
common functional representatives (data not shown).

4 DISCUSSION
Using a newly developed gene deletion strategy,
two F. columnare chondroitin lyase-encoding genes
were examined for chondroitin sulfate A digestion
and virulence, providing the ﬁrst report on the
pathogenesis of possible virulence factors in the
bacterium (Li et al., 2015). In the present study,
F. columnare G4 ghd-1 and ghd-2 were deleted
separately and in combination from the bacterium.
Both genes contained a GH19 domain, a functional
domain present in chitinases, but had no role in chitin
degradation. Surprisingly, the deletion mutants
exhibited two colony morphotypes, one like the wild
type was rhizoid and the other was non-rhizoid and
relatively less virulent, as revealed by their higher
LD50 values and higher zebraﬁsh survival rates.
In a recent study on chitinase in F. johnsoniae,
Kharade and McBride (2014) detected its chitin
degradation role and secretion through the IX
secretion system. This chitinase contains two GH18
domains (Kharade and McBride, 2014); while the two
annotated genes ghd-1 and ghd-2 in the F. columnare
G4 genome encode putative proteins with a GH19
rather than a GH18 domain. The F. columnare strain
ATCC 49512, which was the ﬁrst strain of the species
sequenced (Tekedar et al., 2012), contains a chitinase

Vol. 35

(FCOL_10530) exactly identical to Ghd-1 in
F. columnare G4. Therefore, we presume that the
chitinase in F. columnare ATCC 49512 cannot use
chitin either, and suggest that the gene be renamed as
in the present study.
In plant genomes, there are many sequences that
encode inactive chitinase to protect plants from
chitin-containing pathogens, these are known as
chitinase-like proteins (CLPs) (Kesari et al., 2015).
Although these proteins share high sequence and
structural homology with GH18 and GH19 family
chitinases, they may lack either binding or catalytic
activity as a result of either a mutation in the chitinase
consensus sequence or functional diversiﬁcation
(Kesari et al., 2015). In F. columnare G4, ghd-1 and
ghd-2 may have functions other than chitin
degradation, but their exact role needs further
investigation. However, the wide geographical
distribution of F. columnare G4 and ATCC 49512,
which were isolated from diﬀerent continents (Lu et
al., 1975; Bernardet, 1989), implies that this bacterium
does not utilize chitin; other genomovars of the
bacterium were not examined and chitinase is
functional in chitin utilization in other ﬂavobacteria
such as F. johnsoniae (Kharade and McBride, 2014)
and may even serve as a virulence factor in other
pathogenic bacteria such as Listeria monocytogenes
(Chaudhuri et al., 2013). Indeed, the search for a
chitinase gene in the F. psychrophilum genome,
another ﬁsh pathogen causing bacterial cold water
disease (CWD) in salmonid ﬁsh (Duchaud et al.,
2007), revealed the absence of any chitinase gene.
The ability to degrade chitin might have been lost in
this group of ﬁsh bacterial pathogens.
It is, however, rather surprising that the two single
ghd genes and the double gene mutant constructed in
the present study all exhibited rhizoid and non-rhizoid
colony morphotypes. Rhizoid and non-rhizoid
colonies have been frequently reported in
F. columnare (Kunttu et al., 2009, 2011; Laanto et al.,
2014), and the rhizoid colony morphotype positively
correlates with virulence (Kunttu et al., 2011; Laanto
et al., 2014). The F. columnare rhizoid colony
morphotype can be more adhesive, which may
facilitate bacterial infection (Kunttu et al., 2011).
Additionally, the organized structure observed in the
rhizoid colony morphotype, with bacterial cells
connected to each other through numerous thin
ﬁmbriae-like strings, may protect the bacteria from
stressors (Laanto et al., 2014). However, these rhizoid
and non-rhizoid colony morphotypes, when derived
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from the same strain, were genetically identical as has
been revealed by ampliﬁed fragment length
polymorphism (AFLP) and automated ribosomal
intergenic spacer analysis (ARISA; Kunttu et al.,
2011). Laanto et al. (2014) characterized six proteins
in the membrane vesicle contents and extracellular
proteins in a rhizoid colony morphotype using the
same F. columnare strain, among which OmpA and
SprF are the only known proteins. In contrast to the
strains used by Kunttu et al. (2011) and Laanto et al.
(2014), non-rhizoid colony morphotypes have never
been observed in the F. columnare G4 strain in the
laboratory (unpublished data). The observed rhizoid
and non-rhizoid mutants following the single and
double-gene deletions from F. columnare G4 implies
that these two morphotypes can exist for a genetically
identical strain as observed by Kunttu et al. (2011)
and Laanto et al. (2014), and that when deleted, ghd
genes may cause these changes in bacterial colony
morphotypes. The observed diﬀerence in LD50 and
survivorship between rhizoid and non-rhizoid mutants
in the present study also indicates that F. columnare
rhizoid mutants are more virulent than the non-rhizoid
morphotype.
The OmpA identiﬁed by Laanto et al. (2014) has
been reported in relation to virulence in many other
bacterial pathogens (Dabo et al., 2003; Smith et al.,
2007) and OmpA has been recognized as a candidate
immunogen against CWD in F. psychrophilum
(Dumetz et al., 2008). SprB, which exhibits gliding
motility, is required along with SprC, SprD, and SprF,
in the formation of rhizoid, spreading colonies in
F. johnsoniae (Rhodes et al., 2011). However, genes
encoding these two proteins were not detected in the
three sets of transcriptome comparisons between the
non-rhizoid and rhizoid mutants in the present study.
The gld genes that are involved in F. johnsoniae
gliding motility (McBride, 2001; McBride and
Nakane, 2015) were not found in the list of
diﬀerentially expressed genes in the present study
either.
However, in a recent study, Dong et al. (2015)
found that the F. columnare rhizoid and non-rhizoid
isolates did not diﬀer in their ability to adhere to ﬁsh,
but the lack of virulence in the non-rhizoid isolate
may have been the result of an inability to invade and
persist in ﬁsh following adhesion. Rhizoid isolates
may spread quickly and, thus, may be more infectious,
but the mechanism involved in F. columnare infection
is unknown and requires further investigation.
A large number of other genes were detected
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diﬀerentially in rhizoid and non-rhizoid mutants in
the present study, with more genes being detected in
Δghd-2 mutants. Despite that, the majority of
diﬀerentially expressed genes common in the three
mutants only encode hypothetical proteins, a few
genes annotated as phage tail proteins and Rhs
element proteins were up-regulated in the rhizoid
mutants, Δghd-1, Δghd-2, and Δghd-1 Δghd-2, and
may be related to either bacterial virulence or colony
morphotype. Phage tail proteins are members of a cell
membrane penetrating mechanism for bacterial
secretion (Pukatzki et al., 2007). The Rhs elements
are widely distributed in bacteria and have functions
in mediating intercellular competition and sensing
population density (Youderian and Hartzell, 2007;
Koskiniemi et al., 2013). Additioanlly, a thiolactivated cytolysin and TonB-dependent outer
membrane receptor precursor are related to bacterial
virulence (Michel et al., 1990; Pauer et al., 2013). The
genes that were up-regulated in the non-rhizoid
mutants also included TonB-dependent receptors and
nitrous-oxide reductase. However, the function of
these genes in F. columnare are unknown.
Skimmed milk degradation by NΔghd-2 was
unexpected, and a few genes annotated as either
protein or peptide enzyme genes were up-regulated in
this mutant. However, the mechanism involved in
skimmed milk degradation is at present unknown and
certainly requires further investigation.

5 CONCLUSION
Two genes, ghd-1 and ghd-2, encoding proteins
with a GH19 domain, a conserved domain in glycoside
hydrolase family 19 proteins, were identiﬁed in the
F. columnare G4 genome. However, the wild type G4
strain did not degrade chitin, and, thus, these two
genes are not involved in chitin degradation. However,
the single- and double-gene mutants exhibited
variations in colony morphotype, growth, virulence,
and transcriptomes, and the non-rhizoid colony
mutants exhibited reduced virulence.
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