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Abstract Nocardiosis is a chronic infectious disease that afflicts multiple fish species and
poses a growing threat to the aquaculture. In this study, Nocardia sp. infection was identified in
jade perch, Scortum barcoo, from a pond culture in Guangzhou, China. The infected fish were
characterized by dark body color, occasional skin ulcerations, and nodular lesions in the
kidney, liver, heart, and other organs with typical granuloma structure under light microscopy.
Ziehl–Neelsen staining revealed a large quantity of bacterial aggregates within lesions.
Histological examination of the kidney, liver, and spleen demonstrated typical granuloma
accompanied by histopathological changes. A bacterial strain with consistent morphology was
isolated from multiple tissues. Symptoms of nocardiosis were also observed in healthy fish
after artificial infection with the isolated strain. Physiological and biochemical experiments
suggested that the isolated strain shared the basic characteristics of Nocardia, and the causative
pathogen was subsequently confirmed as Nocardia seriolae by sequencing of 16S ribosomal
RNA and the gyrB gene. To our knowledge, this is the first report of nocardiosis in jade perch;
it may pose a serious risk to the aquaculture of jade perch due to prolonged incubation prior to
symptom emergence and the low efficacy of current treatments in china.
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Introduction

Nocardiosis is a chronic wasting disease caused by Nocardia spp. infection. As important
pathogen in aquaculture, Nocardia are aerobic gram-positive branching filamentous Actinomy-
cetes and belong specifically to the family Nocardiae (Eshraghi 2015). The early stages of
nocardiosis in fish are largely asymptomatic. Granuloma is the primary histological sign, which
progressively invades into multiple organs and tissues, such as the kidney, liver, spleen, intestine,
and muscle, and generates evident lesions. Due to this gradual emergence of symptoms,
nocardiosis is usually not identified until moderate to advanced stages. Furthermore, treatment
is labor-intensive and expensive with low efficacy and high recurrence. Thus, nocardiosis is
widely prevalent in South America, North America, South Asia, and Australia, and has resulted in
substantial economic losses to the local aquaculture industries (Kudo et al. 1988; Cornwell et al.
2011; Elkesh et al. 2013; Vu-Khac et al. 2016). Indeed, N. seriolae is considered the main
pathogenic bacteria in Japanese aquaculture and is now posing an ever-increasing danger to the
aquaculture industry in China (Chen et al. 2000; Wang et al. 2005, 2007; Wang et al. 2009),
particularly for species cultured at high density, such as Micropterus salmoides, Channa argus,
Larimichthys crocea, Lateolabrax japonicus, Terapon jarbua, and Trachinotus ovatus.

Jade perch, Scortum barcoo, originally native to Australia, has become a pivotal commercial
freshwater fish species due to its fresh taste, no intermuscular bone, strong adaptability to a variety
of environments, and high resistance to diseases. Jade perch is also rich in ω-3 fatty acids
beneficial to human health. This fish can be cultured at high density and so is a particularly
suitable species for aquaculture. Since the successful introduction and cultivation of jade perch
fromAustralia in 2001, it has proven successful among Chinese consumers, resulting in a parallel
increase in Chinese aquaculture production. In fact, jade perch has become one of the major
cultured fish species in China owing to breakthroughs in artificial propagation. To meet this new
demand, there has been a gradual expansion of cultivation areas to include fish ponds, net cages,
and factorized cultivationmodes. Only inGuangdong province of China, the annual production of
jade perch has reached 8000 tons in recent years (Chen et al. 2007; Zhao et al. 2011). Currently,
the disease burden on cultured jade perch is not that severe, and is mainly due to infection by
Trichodina and other parasites during fry culture. Since 2013, we have studied a large-scale
infection in a jade perch aquaculture population manifested by surface and organ signs of
nocardiasis. We isolated N. seriolae from the diseased fish and observed identical symptoms
after inoculation in healthy fish, confirming the causative species.

Materials and methods

Origin and symptoms of diseased fish

Ten diseased fish, weighing approximately 300 g, were obtained from an aquaculture farm in
Nansha District, Guangzhou, China. Signs and symptoms of disease were observed and the
internal signs analyzed after dissection. The tissues surrounding nodules were spread on glass
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microscope slides, and pressed under cover slips for observation of the granuloma. The slides
were stained with Ziehl–Neelsen (ZN) and bacterial filament morphology was observed under
light microscopy.

Bacterial isolation

Diseased fish with typical signs and symptoms were washed in tap water, and 75% ethanol to
sterilize the surface. Swabs taken from the liver, kidney, spleen, and subcutaneous tissues were
streaked onto solid agar of various compositions, such as sheep blood agar or brain heart infusion
(BHI) agar, and cultured at 28 °C for 3–7 days. The growth and morphology of the bacterial
colonies were observed daily.

Experimental infection

Colonies ofNocardia sp. showingwaxy and dry, in appearancewith a rough surface on agar plate.
Due to the bacteria within the colonies closely adhere together, so single bacterium could not be
isolated after directly dissolving in water. Initially, colonies with characteristics consistent with
Nocardia sp. were collected using an inoculating loop, crushed in a sterilized mortar bowl to
isolate the bacteria, dissolved in physiological saline, centrifuged, washed 2–3 times, and diluted
to 1.0 × 108 and 1.0 × 109 colony-forming units (CFU)/ml. Healthy jade perch, weighing
approximately 100 g, were provided by the Lab of Fish Genetics and Fish Breeding of our
Institute, andwere kept for temporary culture in the aquarium for 2 weeks. Experimental fish were
intraperitoneally injected with either concentration of bacterial suspension (10 fish/dose group) at
0.2 ml/fish. Control fish (n = 10) were injected with an equivalent volume of physiological saline.
Injected fish were then cultured at 27 ± 2 °C with aeration throughout the day, and daily
wastewater exchange. Animal conditions were observed and recorded. The organs of dying fish
were sampled and prepared for bacterial isolation on sheep blood agar plates.

Identification of pathogenic bacteria

Isolated strains were identified according to Bergey’s Manual of Systematic Bacteriology and
the methods proposed for Rapid Identification and Systematics of Actinobacteria by Ruan and
Huang (2011). The identification procedures included enzyme production, hydrolysis activity,
carbon source utilization, and growth/survival dependence on temperature, salinity, and pH
that according to Chen et al. (2000) and Wang et al. (2005).

Pathological examination

The spleen, kidney, and other tissues were sampled from fish with evident signs of infection, fixed
in Bouin’s solution for 24 h, dehydrated in an ethanol gradient, made transparent with xylene,
embedded in paraffin, and sectioned at 3 μm. Section were subjected to conventional H&E
(Hematoxylin And Eosin) staining, and observed under a light microscope.

Molecular identification and analysis of pathogenic bacteria

DNAwas extracted from isolated strain of jade perch using a bacterial genomic DNA extract
kit (Tiangen) strictly according to the manufacturers’ instructions and stored at − 20 °C. The
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bacterial 16S ribosomal RNA (rRNA) was amplified by PCR using the primers forward
AGAGTTTGATCCTGGTCAGAACGAACGCT and reverse TACGGCTACCTTGT
TACGACTTCACCCC in a 50 μl reaction volume. The reaction conditions were denaturation
at 94 °C for 4 min, followed by 30 cycles of 94 °C for 30 s, annealing at 55 °C for 1 min,
extension at 72 °C for 2 min, and a final extension at 72 °C for 8 min. The PCR product was
detected by 1% agarose gel electrophoresis, isolated from the gel, purified by gel extraction kit,
inserted into the pMD18-T vector, and then sequenced by Guangzhou IGE Biotechnology
Ltd., China. Similar sequences were identified using BLAST. ClustalW 1.8 software was
adopted to compare multiple sequences of Nocardia spp. 16S rRNA fromNCBI Genbank with
the query sequence. A phylogenetic tree was constructed using the MEGA4.0 software
package.

The gyrB gene of isolated strain was subject to cloning, sequencing, comparison, and
analysis as described for 16S rRNA using the primer set forward GTCGGTCGTACCAG
TAGGAT and reverse AAGGCGGAAGCGAAGTCTCA.

Results

Symptoms of diseased fish

The diseased fish had dark bodies, floated on the surface, and exhibited relatively slow
responses to environmental disturbances. Skin ulceration was observed at multiple sites
but especially at the fin base. Skin blisters were occasionally observed with rupture and
erythema surrounding the margins, and faint yellow pus was observed after cutting off
the blister (Fig. 1). Nodular masses, approximately 1–5 mm in diameter, were observed
on the surface of the liver, kidney, heart, spleen, and other organs (Fig. 2a, b). Multiple
organs exhibited varying degrees of enlargement, especially the kidney and head-kidney.

Nodular masses of varying sizes enveloped by membrane-like structures were observed in
wet-mount preparations of spleen, kidney, and subcutaneous tissues (Fig. 2c). After ZN
staining, bacteria on the slides stained purple red, showed filamentous, branching, and beaded
structure (Fig. 2d).

Bacterial isolation

Bacteria with uniform shape were isolated from the liver, kidney, spleen, and subcutaneous
tissues. These bacteria grew slowly in vitro. Colonies could be observed after 3–5 days of
culture on sheep blood agar at 28 °C, while 5–7 days of culture was required on BHI agar.
Bacterial colonies gradually enlarged, thickened, and formed irregular margins with prominent
elevation which appeared wrinkled, waxy, and granular surface. Colonies were opaque, chalky
white, or yellow-gray in color.

Experimental infection

Jade perch presented with typical manifestations of early-stage infection following inoculation,
including slowed responses and skin darkening, which gradually progressed to erythema of the
fin base and death. Dissection of the dying fish revealed numerous nodular lesions within the
abdominal cavity. In addition to liver, spleen, kidney, and other vital tissues, white nodes were
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observed on the mesentery. Thus, inoculation with cultured bacteria from the original aqua-
culture colony reproduced the typical lesions and symptoms of nocardiosis. Bacterial colonies
consisting of uniformly shaped lesions were isolated from different diseased tissues and
confirmed as N. seriolae by molecular identification. At 17 days after infection, all fish in
both dose groups died, suggesting that the isolated stain was the original pathogenic bacteria.

Physiological and biochemical identification of the pathogenic bacteria

The biochemical characteristics, temperature dependence of growth, salt tolerance, hydrolysis
activity, and carbon source utilization of the isolated strain are illustrated in Table 1. Based
upon the methods in Rapid Identification and Systematic of Actinobacteria, and the findings
by Kudo et al. (1988), Chen et al. (2000) and Wang et al. (2005), the physiological and
biochemical characteristics of the isolated strain were consistent with Nocardia sp.

Fig. 1 Surface ulceration on
infected jade perch

Fig. 2 Histopathological manifestations of Nocardia sp. infection. Nodular lesions were identified in the liver,
kidney, heart, and other organs (a, b). Evident nodular structure was seen in wet-mount preparations of kidney
(arrow, c). Ziehl–Neelsen staining revealed bacterial filament masses stained purple red (d). Scale bars,
c = 100 μm; d = 10 μm
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Histopathological changes

Histological examination demonstrated granulomas in the kidney, liver, spleen, and other
organs, accompanied by various histopathological changes (Fig. 3). Most granulomas
were round/ovoid in shape. Necrotic lesions surrounded by layers of macrophages were
observed at the center and an epithelial cell-derived membrane was observed surrounding
these structures, consistent with the nodular structures observed in wet-mount preparations
from the infected jade perch. In the liver, nodes of varying sizes were noted, and cell
swelling, necrosis, and even vacuolization lesions were observed in the surrounding
tissues (Fig. 3a). A large quantity of nodes could be seen within the kidney, accompanied
by glomerulus telangiectasis, renal tubular epithelial cell edema, degeneration, and even
necrosis (Fig. 3b). The number of lymphocytes was increased substantially in the head-
kidney and spleen of infected fish (Fig. 3c, d), and granulomas enveloped by fibrocytes
were loosely distributed throughout the tissues, which mainly consisted of fibrous con-
nective tissues and large-body cells. In the capsular membrane structures of the spleen and
kidney, numerous necrotic lesions formed by dead cellular masses were identified, dis-
tributed outside the capsule and occasionally surrounded by epithelial cells. Bacterial
filaments could be identified within necrotic lesions as well as within small punctate
nodes on the organ surface of artificially infected fish and the original population (Fig. 3e).

Table 1 Physiological and biological characteristics of isolate BSN03 from jade perch and reference strains of
Nocardia

N. asteroides
ATCC3308

N. farcinica
ATCC3318

N. salmoncide
ATCC27463

N. seriolae
ATCC43993

Fish isolate
BSN03

Catalase + + + + +
Oxidase − − − − −
Nitrate − − − − −
Hydrolysis of
Aesculin + + + + +
Casein − − − − −
Gelatin − − − − −
Starch − − − − −
Urea + + + − −
Xanthine − − − − −
Hypoxanthine − − − − −
Tyrosine − − − − −

Growth at
25 °C + + + + +
37 °C + + + + +
41 °C + + − − −

Survival at 50 °C
for 8 h

− − − − −

Growth with
4%Nacl

+ + + − −

Growth on solecarbon sources
Arabinose − − − − −
Citrate + − + + +
Maltose − − − − −
Mannitol − − + − −
Rhamnose − − − − −
Sorbitol − − + − −
Trehalose − − − − −
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Molecular identification and systematic evolution analysis of pathogenic bacteria

DNA fragments of the expected size were obtained by PCR amplification using primers
targeting 16S rRNA and the gyrB gene. The obtained 16S rRNA sequence was 1492 bp in
size. The sequence has been submitted to GenBank with accession number KY 029036, and
completely identical to the 16S rRNA gene of N. seriolae isolated from Seriola dumerili
(NCBI: AB255698). The obtained gyrB gene was 2296 bp in size, and the sequence has been
submitted to GenBank with accession number KY 368575. BLAST analysis demonstrated that
six bases differed from the N. seriolae sequence isolated from Anguila japonica (NCBI:
CP017839.1), with 99.74% homology and no insertions or deletions. Based on pathophysio-
logical responses, growth characteristics, and sequencing, N. seriolae was confirmed as the
pathogenic bacteria in this infected population of jade perch.

The 16S rRNA and gyrB sequences of different Nocardia species were downloaded from
Genbank, and the MEGA 4.0 software package used to construct phylogenetic trees of
Nocardia spp. (Figs. 4 and 5). According to these phylogenetic trees, many Nocardia species
could be discriminated based on either 16S rRNA or gyrB gene sequences. These genes could
thus serve as useful markers to identify Nocardia species and their phylogenetic relationships.

Discussion and conclusion

Jade perch retrieved from an aquaculture farm in Nansha District, Guangzhou, China, exhib-
ited surface ulcerations and nodular masses in vital organs suggestive of nocardiosis. Wet-

Fig. 3 Histopathological changes in jade perch infected with Nocardia sp. Round/ovoid granuloma lesions of
varying sizes were observed in the liver (a), kidney (b), spleen (c), and head-kidney (d). Necrotic tissues (N) were
identified within the lesions and epithelial cells were noted at the periphery. Necrotic lesions consisting of a large
quantity of dead cellular masses were identified within the capsular membrane structures of spleen and kidney
(e). Scale bars, a, b, c = 50 μm; d, e = 20 μm
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mount preparations revealed granuloma lesions containing ZN-stained filamentous, branching
bacteria, consistent with nocardial infection. Moreover, the bacteria isolated from the diseased
fish reproduced these signs and symptom in healthy jade perch. Finally, we identified the
pathogenic species as N. seriolae, confirming nocardiosis. N. seriolae can cause long-term
occult infection within the fish body, but it seldom causes mass death (Wang et al. 2007;
Cornwell et al. 2011; Elkesh et al. 2013). Thus, fish at different stages of infection co-existed
within the fish pond, again typical of nocardial infection.

Like many Actinomyces, Nocardia sp. is widely distributed in both terrestrial and aquatic
environments, including water, soil, bottom mud, and rotting animals and plants (Beaman and

Fig. 4 The 16S rRNA sequence-based phylogenetic tree of isolate strain BSN03 (KY029036) and isolates from
Genbank

Fig. 5 The gyrB gene sequence-based phylogenetic tree of isolate strain BSN03 (KY368575)and isolates from
Genbank
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Beaman 1994; Saubolle and Sussland 2003). Nocardia sp. is a typical opportunistic pathogen
and infection may be facilitated by the aquaculture environment. Although the bacterial
concentration in the water is not that high, intensified culture and high animal density are
likely to compromise fish immunity and increase the risk of bacterial infection (Wang et al.
2005). Jade perch are particularly amenable to aquaculture due to their mild disposition and
low oxygen demand. Consequently, the culture density of jade perch is high, especially during
the winter, which significantly deteriorates the water quality and decreases immune function,
thereby increasing the incidence of disease.

These results indicate that N. seriolae is able to form granulomas within jade perch
resembling those caused by Mycobacterium marinum infection (Swaim et al. 2006). Granu-
loma formation is a pivotal host strategy to control parasitic bacteria. However, granuloma
formation does not eliminate the bacteria and paradoxically can actually sustain infection by
acting as a habitat for the bacteria, thereby contributing to the refractory nature of this disease
(Davis and Ramakrishnan 2009; Gauthier and Rhodes 2009; Yang et al. 2012). In nocardiasis
fish, the granuloma consists mainly of macrophages and Nocardia sp., possibly due to the
long-term interaction between pathogen and host. The host accumulates a large quantity of
immune cells to resist pathogen invasion and utilizes epithelial cells to surround the lesions
and prevent systemic spread of bacteria, eventually leading to the formation of granuloma
tissues. The formation of granulomas is probably the primary cause of the enduring disease
course (Itano et al. 2006; Wang et al. 2014). Simultaneously, the tangible barrier provided by
granuloma may impede antibiotic penetration, to some extent causes the pathogen within the
granuloma to escape the effect of the drug, which affects the antibiotic treatment with low
efficacy (Dartois 2014). At present, research on N. seriolae infection of fish mainly stresses
etiology, while bacterial proliferation, diffusion, and reaction in the host are poorly understood,
hampering effective disease prevention and control. Systematic investigations of infection,
progression, and tissue pathogenesis will provide clues to effective prevention and treatment
strategies against nocardiosis .

The 16S rRNA gene is a vital molecular biomarker for phylogenetic systematics and so is
frequently utilized for phylogenetic analyses and determination of classification level. The 16S
rRNA sequence of Nocardia is highly conserved, and so can be used to discriminate species
within the genus. A growing number of genes are now applied to analyze prokaryotic
phylogenetic relationships. Indeed, Takeda et al. (2010) distinguished 56 strains of Nocardia
by comparative analysis of the gyrB gene. In contrast, Yang et al. (2007) reported that the gyrB
gene is superior to the 16S rRNA gene for phylogenetic classification of the Nocardiopsis
genus. In this research, the gyrB gene sequence of N. seriolae exhibits a slightly higher degree
of variation than 16S rRNA, which contains more genetic evolutionary information and so is a
more suitable molecular marker for analytical study of the phylogenetic relationships within
this bacterial species.

Gene sequences contain abundant evolutionary clock information from which biological
relationships among species can be ascertained (Christen 2008). As the impact of genomic and
molecular data grows in epidemiology, studies about bacterial systematic evolution and genetic
epidemiology have increased. Renibacterium salmoninarum is the pathogen of bacterial
kidney disease and forms granulomas that show symptoms consistent with the nocardial
infection. Bacterial kidney disease usually exhibits hidden infection in fish which transmits
the pathogen conveniently, present a similar epidemiology to nocardiosis (Murray et al. 2011;
Hall et al. 2015). R. salmoninarum is more suitable for low temperatures below 18 °C, mainly
infected the coldwater fish, salmonids, in both cultured and wild worldwide (Brynildsrud et al.
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2014; Purcell et al. 2016); Nocardiosis has a wider temperature range, occurs not only in
coldwater fish but also tropical fish. Nocardial infection had been identified in so many fish
species including salmonids, showing a broader host range (Chen et al. 2000; Wang et al.
2007; Cornwell et al. 2011; Elkesh et al. 2013; Vu-Khac et al. 2016). Herefore, the genetic
relationship of Nocardia from different sources can be more complicated. Brynildsrud et al.
(2014) exploited 68 diverse isolates of R. salmoninarum representing broad geographical and
different host using genome sequencing technology, and the phylogenetic results indicated all
isolates can delineated into two lineages that might help us to understand the process of
bacterial evolution and epidemiology in salmonids. As intracellular pathogens, N. seriolae,
like R. salmoninarum, have complex pathogen-host interactions to phagocytes in fish, pre-
senting chronic infection with a broad host range, so the genetic epidemiology of N. seriolae
deserve further exploration.

Nocardiosis is a serious threat to the seawater aquaculture industry in East Asia, especially
N. seriolae. Seriolae dumerili, Lateolabrax japonicus, Mugil cephalus, Lutianus erythroptrus,
Morone saxatilis, Larimichthys crocea, and even freshwater fish species have been infected
with N. seriolae (Chen et al. 2000; Wang et al. 2005; Itano et al. 2006; Shimahara et al. 2009;
Cornwell et al. 2011). In recent years, the infection rate of nocardiosis in M. salmoides,
C. argus, and other freshwater cultured species has increased, causing widespread alarm
among aquaculture practitioners. In aquaculture, infectious diseases with wide host ranges,
such as iridovirus and betanodavirus, is reported from seawater to freshwater, share many
prevalent characteristics (Furusawa et al. 2007; Dong et al. 2008; Jeong et al. 2008;
Whittington et al. 2010; Crane and Hyatt 2011; Shetty et al. 2012; Liu et al. 2015; Rimmer
et al. 2016). These phenomena covering infection, host-pathogen interaction and synergistic
evolution deserve extensive investigation. The frozen marine wild trash fish has been used as
an important feed forMicropterus salmoides, Channa spp., and other freshwater fish species in
the Zhujiang Delta of Guangdong Province, China, and represents a potential pathway for
N. seriolae transmission (Gomez et al. 2010). As a pathogenic bacterium with a wide host
range, N. seriolae seldom causes acute death of the host and so is prone to trans-species
transmission. Therefore, comparing the different origins of N. seriolae between seawater and
freshwater fish will enhance our understanding of the mechanism underlying infection and
transmission of nocardiosis in fish.
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