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1  | INTRODUC TION

The number of introduced and established invasive alien species 
is continually increasing, and invaders alter and affect the struc-
ture and function of ecosystems worldwide (Ricciardi et  al.,  2017; 
Seebens et al., 2017; Simberloff et al., 2013). In freshwater ecosys-
tems, invasive crayfish species have been recognized as one of the 

major threats to its biodiversity, structure and ecosystem services 
(Twardochleb et  al.,  2013). The signal crayfish Pacifastacus lenius-
culus (Dana, 1852) is the most widespread and the most success-
ful crayfish invader in Europe with its presence reported in 29 EU 
countries (Kouba et  al.,  2014). According to the EU Regulation on 
invasive alien species No. 1143/2014, signal crayfish is listed on the 
list of species of EU Concern for which member states must restrict 
and regulate their use and take measures to early detect and rap-
idly eradicate establishing populations as well as to manage already 
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Abstract
As the most successful crayfish invader and possible vector for infectious agents, sig-
nal crayfish Pacifastacus leniusculus is among the major drivers of the native crayfish 
species decline in Europe. We describe histopathological manifestation and frequency 
of newly detected idiopathic necrotizing hepatopancreatitis along the invasion range 
of the signal crayfish in the Korana River in Croatia. Our results show extremely high 
prevalence of necrotizing hepatopancreatitis (97.3%), with 58.9% of individuals dis-
playing mild and 31.5% moderate histopathological changes in the hepatopancreas, 
also reflected in the lower hepatosomatic index of analysed animals. Recorded his-
topathological changes were more frequent in the invasion core where population 
density is higher. Our preliminary screening of co-occurring native narrow-clawed 
crayfish Pontastacus leptodactylus showed lower incidence (33.3%) and only mild 
hepatopancreatic lesions, but potentially highlighted the susceptibility of native cray-
fish populations to this disease. Pilot analyses of dissolved trace and macro elements 
in water, sediment fractions and crayfish hepatopancreas do not highlight alarming 
or unusually high concentrations of analysed elements. Hepatopancreas microbiome 
analysis, using 16S rRNA gene amplicon sequencing, identified taxonomic groups that 
should be further investigated, along with impacts of the disease on health and vi-
ability of both invasive and native crayfish populations.
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established populations. In Croatia, signal crayfish is present in the 
continental part of the country, in the Mura, Drava and Korana Rivers 
and their tributaries and spreads rapidly through these watercourses 
(Dragičević et al., 2020; Hudina et al., 2009). In the Korana River, it 
was illegally introduced (Hudina et al., 2013) and represents a major 
threat to rich and diverse native crayfish fauna, since three out of 
five native European crayfish species (noble crayfish Astacus astacus 
(Linnaeus, 1758), narrow-clawed crayfish Pontastacus leptodactylus 
(Eschscholtz, 1823) and stone crayfish Austropotamobius torrentium 
(Schrank, 1803)) occur in the Korana River and its tributaries (Hudina 
et al., 2013; Lovrenčić et al., 2020; Maguire et al., 2011).

Due to the advantageous life history traits such as fast 
growth, early maturation, high fecundity and highly aggressive be-
haviour, signal crayfish may competitively exclude native crayfish 
(Gherardi, 2006; Pintor et al., 2008; Westman & Savolainen, 2002). 
However, pathogen introduction and transmission are the primary 
displacement mechanisms of native crayfish by invaders since sig-
nal crayfish (as well as other North American crayfish) is a latent 
carrier of crayfish plague disease agent, oomycete Aphanomyces 
astaci (Schikora, 1906). While North American crayfish invaders are 
relatively tolerant to crayfish plague, A. astaci infection frequently 
causes mass mortalities in native European crayfish and is consid-
ered responsible for decline and decimation of their numerous pop-
ulations throughout Europe (Martín-Torrijos et  al.,  2019; Svoboda 
et al., 2016). In addition to transmission and spillover of novel patho-
gens, invaders may be susceptible to and transmit endemic patho-
gens of native species and may act as their reservoirs and multiply 
their negative impact on native species (Chinchio et al., 2020). Also, 
if environmental conditions are unfavourable and/or multiple infec-
tions occur, invaders may become susceptible to pathogens they are 
usually resistant to (Chinchio et  al., 2020). These events may lead 
to population crashes of established populations of the invader, 
which has been recorded throughout Europe in the case of the sig-
nal crayfish (Aydin et al., 2014; Edsman et al., 2015). Thus, emerging 
diseases, which occur either due to movement of species and their 
pathogens or due to ecosystem alterations of either anthropogenic 
or natural origin, may modify the invasion success of the invader and 
mitigate its negative effects in the ecosystem (Chinchio et al., 2020; 
Fincham et al., 2019).

The hepatopancreas is the central metabolic organ of deca-
pods, composed of blindly ending tubules and intertubular spaces 
filled with haemolymph, haemocytes, connective tissue and fixed 
phagocytes. It is also a major target organ for toxins and various 
pathogens from the environment, which can enter the body via the 
digestive tract, replicate within the hepatopancreatocytes and dam-
age the organ (Vogt, 2020). Necrotizing hepatopancreatitis (Shields 
et al., 2012; Vincent & Lotz, 2007) or granulomatous hepatopancre-
atitis (Vogt & Rug, 1996) are unspecific diseases of hepatopancreas, 
which develop due to inflammatory response of crayfish to various 
aetiologies. Common pathological findings of infection agents in 
hepatopancreas are necrosis of tubular epithelial cells expressed as 
karyopyknosis and/or karyorrhexis (Jiravanichpaisal et al., 2009), fol-
lowed by interstitial and luminal infiltration of haemocytes in order to 

sequestrate pathogens and necrotic tissue, leading to nodulation of 
tubule walls and melanized encapsulation (Longshaw, 2011; Shields 
et al., 2012). So far, bacteria recognized as causative agents of nec-
rotizing hepatopancreatitis belong to genera Staphylococcus, Vibrio, 
Escherichia, Aeromonas, Citrobacter and Pseudomonas (Dragičević 
et  al.,  2021a). Additionally, necrotizing hepatopancreatitis bacte-
rium (NHPB) was identified in shrimp farms as the causative agent 
of necrotizing hepatopancreatitis (Avila-Villa et al., 2012; Vincent & 
Lotz, 2007), and later renamed to Hepatobacter penaei (OIE, 2003), 
with the taxonomic position within the order Rickettsiales (Nunan 
et al., 2013). Viruses may also damage hepatopancreas of crayfish 
(Dragičević et al., 2021a; Edgerton et al., 2002), with Pacifastacus le-
niusculus bacilliform virus (PlBV) and White spot syndrome virus (WSSV) 
as two frequent candidates (Edgerton et al., 2002; Longshaw, 2011). 
However, many diseases (e.g., hemocytic enteritis), which can cause 
necrotic changes in crayfish hepatopancreas (Longshaw, 2011), are 
still classified as idiopathic. Except microorganisms, unfavourable 
environmental conditions such as long-term exposure to metals (i.e., 
lead, cadmium, zinc and copper) and their accumulation in hepatopa-
ncreas may also cause severe necrosis of tubules and their encapsu-
lation and melanization (Kouba et al., 2010; Li et al., 2007; Longshaw 
et al., 2012; Tavabe et al., 2019; Wu et al., 2008).

In this study, we present the first evidence of an idiopathic nec-
rotizing hepatopancreatitis in the signal crayfish from the Korana 
River in Croatia and a preliminary screening of its presence in the 
co-occurring native crayfish. We also compare the incidence and se-
verity of idiopathic hepatopancreatitis along the invasion range of 
the signal crayfish in the Korana River, i.e., in populations from inva-
sion core (long-established population with high crayfish abundance) 
and invasion front (recently established population at the very edge 
of the range with low crayfish abundance). Finally, we address the 
potential causative agents of the histologically manifested idiopathic 
hepatopancreatitis by (a) analysing the composition of bacterial 
communities in hepatopancreas using the amplicon sequencing ap-
proach based on the gene coding for 16S rRNA and (b) performing 
the pilot analyses of trace and macro elements in surface water, river 
sediment and in native and invasive crayfish hepatopancreas.

2  | MATERIAL S AND METHODS

2.1 | Study area

Korana River is a 134-km-long karstic river in central Croatia, which 
is characterized by mild-continental climate. It belongs to the Sava 
River basin, springs in the Plitvice Lakes National Park and flows 
northward (Roglić, 1974) to its confluence with the Kupa River in 
the town of Karlovac. Its annual temperature averages at 11.1°C 
(Gajić-Čapka & Zaninović, 2004), and it has an average discharge 
of approximately 29  m3/s (Rebrina et  al.,  2015). The latest data 
on the signal crayfish distribution in the Korana River (Dragičević, 
Faller, et al., 2020) show that its invasive range covers over 30 km 
of the River's lower reach from whereon it spreads both upstream 
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and downstream (Dragičević et  al.,  2020; Hudina et  al.,  2013). 
Furthermore, at both upstream and downstream end of its current 
distribution (invasion fronts), populations of native narrow-clawed 
crayfish are present and gradually displaced by the signal crayfish 
(Dragičević et al., 2020).

2.2 | Crayfish sampling

Crayfish sampling was performed in year 2018 (N  =  48), 2019 
(N  =  25) and 2020 (N  =  9) during September, when both crayfish 
species are reproductively active and both sexes are easily captured 
(Holdich,  2002; Hudina et  al.,  2013; Souty-Grosset et  al.,  2006; 
Table 1). Individuals were collected using baited LiNi traps (Westman 
et al., 1978) from four sites along signal crayfish invasion range: 1) up-
stream front (S1; Figure 1), upstream core (S2; Figure 1), downstream 
core (S3; Figure 1) and downstream front (S4; Figure 1; Table 2).

In order to examine whether such hepatopancreatic disease oc-
curs in the native crayfish, we sampled three narrow-clawed crayfish 
at the downstream invasion front (Site S4; Tables 1 and 2). Finally, 
additional two narrow-clawed crayfish and two signal crayfish males 
were collected at site S4 in the Korana River and two narrow-clawed 
crayfish males at the site S5 in the Mrežnica River for the needs of 
analysis of total bioaccumulated trace and macro element concen-
trations in their hepatopancreas (described in chapter 2.5. and in 
the Supporting Information S1). Thus, for the needs of this study 
a total of 82 crayfish were collected, out of which 75 were invasive 
signal crayfish individuals and seven native narrow-clawed crayfish 
(Table 1). Since the narrow-clawed crayfish has been shown to exert 
competitive pressure on the expanding signal crayfish populations, 
which affects its dispersal rates (lower in downstream than upstream 

direction; Dragičević et al., 2020), we did not want to remove higher 
number of native crayfish from the Korana River. Hence, only seven 
native crayfish individuals in total were sampled: three for histopa-
thology and four for metal analyses, aimed at obtaining preliminary 
information.

2.3 | Calculation of organosomatic condition 
indices and tissue sampling

In the laboratory, we first determined the sex of each individual 
(Table 2) and measured their total body length (TL; from the tip 
of the rostrum to the end of the telson, excluding setae, abdomen 
fully stretched, in mm; Streissl & Hödl, 2002), and weight (Wt, in 
grams). Each individual was carefully dissected and its hepatopan-
creas was isolated and weighted (Whep, in grams). Hepatopancreas 
was always promptly and precisely isolated from the body by 
single cut at atrium line between stomach and hepatopancreas. 
Immediately before dissection, each individuals' nerve cord was 
rapidly cut ventrally from the thorax to the end of abdomen, ac-
cording to available international guidelines for humane killing of 
crayfish (Conte et al., 2021); since no institutional or national ethi-
cal guidelines exist for crayfish. Recorded body length and weight 
data and hepatopancreas weight were used to calculate condi-
tion indices: (a) body condition index (Fulton condition factor; 
FCF = Wt/TL3) and (b) hepatosomatic index (HSI = Whep * 100/Wt), 
which are frequently used to assess the condition and overall 
health of the animal by determining their nutritional status and 
energy reserves (Carmona-Osalde et al., 2004; Lucić et al., 2012; 
Streissl & Hödl, 2002). Unexpectedly, during pilot dissections and 
hepatopancreas sampling for a wider study on microbiome of 

F I G U R E  1   Sampling locations along 
the invasion range of the signal crayfish 
Pacifastacus leniusculus in the Korana River 
in Croatia (black triangles). Sites S1 and 
S4 represent upstream and downstream 
invasion fronts, while sites S2 and S3 
upstream and downstream invasion cores. 
Sites S4 and S5 are sampling locations 
of the native narrow-clawed crayfish 
Pontastacus leptodactylus (white circles)
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signal crayfish (Dragičević et al., 2021b), we discovered previously 
unrecorded gross morphological changes on hepatopancreas of 
several individuals. Hence, we decided to further investigate this 
finding and used available left lobe of hepatopancreas preserved 
in fixative for histological examination.

For microbiome analysis, each right hepatopancreatic lobe 
was placed in a sterile petri dish and carefully chopped into small 
pieces using a sterile disposable scalpel. Non-disposable dissect-
ing equipment was alcohol and flame sterilized between each in-
dividual sample. The samples for microbiome analysis were frozen 
at −20°C.

2.4 | Histological assessment of the signal 
crayfish and the narrow-clawed crayfish

Hepatopancreas tissue samples from 73 signal crayfish, captured 
along its entire invasion range, and 3 native narrow-clawed cray-
fish (Table 1) were fixed in Bouin's solution, embedded in Paraplast 
embedding media (Sherwood Medical, USA) and sectioned at 
7–8  µm on a rotary microtome (Shandon Finesse 325, Thermo 
Fisher Scientific, USA). Sections were stained following standard 
protocols with Mayer's Haematoxylin and Eosin Y (HE; Biognost, 
Croatia) and analysed using Nikon Eclipse E600 light microscope 
equipped with digital camera AxioCam ERc5s and ZEN2 lite soft-
ware (Carl Zeiss Microscopy GmbH, Germany). All histological 
assessments were performed blinded, without prior knowledge 
of the species identity, sex and location of capture. To analyse 
histopathological changes within hepatopancreas qualitatively 
and quantitatively, 10 randomly digitally captured test fields (at 

magnification of 100×) were chosen per hepatopancreas for each 
individual. Each test field was assigned a score from 1 to 4 accord-
ing to Zodrow et al. (2004): 1—no histopathology in any field; 2—
mild histopathology, present in <25% of the fields; 3—moderate 
histopathology, present in 25%–75% of the fields; and 4—severe 
histopathology, present in >75% of the fields. Scores were based 
on both qualitative (severity of lesions) and quantitative (fre-
quency of lesions) factors, while for negative control we used de-
scriptions of healthy hepatopancreas from the available literature 
(Chabera et al., 2021; Štrus et al., 2019).

Further on, hepatopancreas sections were stained for gram-
positive and gram-negative bacteria with modified Brown and Brenn 
(BB) method (Churukian,  2009). We could not clearly distinguish 
gram negative bacteria from non-specific staining of connective tis-
sue, cellular debris, mucus casts and other proteins present in the 
inflamed tissue; hence, only gram-positive bacteria were assessed 
for their presence (1) or absence (0). Since bacteria usually occur in 
the tubular lumen in the hepatopancreas, positive reactions from the 
lumen were not considered pathogenic and were excluded from this 
analysis.

2.5 | Sampling of crayfish, water and sediment for 
pilot multielement analysis

In addition to crayfish sampling, at sites S4 and S5, water and 
sediment samples were also collected for analysis of dissolved 
metals in the surface river waters of the Korana and Mrežnica, 
and for multielement analyses of sediment (fractions <2  mm). 
Site S4 (Figure  1) in the Korana River was chosen since it is 

TA B L E  1   The number (N) of crayfish individuals collected for different types of analyses performed in this study

Species River
Histological examination of 
hepatopancreas

Total bioaccumulated trace and 
macro elements

Bioinformatic 
analysis

Pacifastacus leniusculus Korana 73a 2 15

Pontastacus leptodactylus Korana 3 2 0

Mrežnica 0 2 0

aHepatopancreas of 15 randomly selected individuals out of 73 sampled for histological assessment were also used for bioinformatic analysis.

TA B L E  2   The number (N) and size of captured invasive signal crayfish Pacifastacus leniusculus and native narrow-clawed crayfish 
Pontastacus leptodactylus individuals used for calculation of organosomatic condition indices and histological assessment

Species Pacifastacus leniusculus
Pontastacus 
leptodactylus

Location

Core Front Front

Upstream (S2) Downstream (S3) Upstream (S1) Downstream (S4) Downstream (S4)

Males (N) 5 12 4 12 3

Females (N) 8 15 5 12 –

TL (± SD) 113.05 (± 7.65) 109.11 (± 7.92) 125.20 (± 10.88) 101.07 (± 11.89) 105.98 (± 9.92)

Wt (± SD) 45.43 (± 7.50) 44.51 (± 11.20) 69.97 (± 16.25) 35.68 (± 13.75) 37.17 (± 11.66)

Note: TL—average total body length in millimetres. Wt—average total body weight in grams. S1–S4 correspond to site codes on the Figure 1.
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potentially under the highest anthropogenic pressure compared 
to other sites in the Korana River—it is located in the town of 
Karlovac, near the confluence with the Mrežnica River. Site S5 
(Figure  1) in the Mrežnica River was chosen as a comparative 
site, considered generally unaffected by anthropogenic activi-
ties (Dragun et al., unpublished data). At each river, the samples 
of surface water were collected in triplicate as described in the 
Supporting Information S1. Surface sediment samples were col-
lected with a plastic shovel, sieved to 2 mm at field-moist con-
ditions, air-dried and stored. Hepatopancreatic tissue from two 
invasive signal crayfish and two native narrow-clawed crayfish 
were sampled from site S4 in the Korana River. As with water and 
sediment samples, our aim was to compare the bioaccumulation 
in the signal crayfish from the Korana River with the same spe-
cies from the pristine site (i.e., Mrežnica River). However, since 
in the Mrežnica River no signal crayfish have been recorded so 
far (Hudina et al., 2017), only native narrow-clawed crayfish in-
dividuals (two crayfish; Table  2) were used for the comparison 
of trace and macro element bioaccumulation between the two 
rivers. Crayfish were brought to the laboratory in individual con-
tainers, on ice and were dissected immediately. Hepatopancreas 
were isolated and challenged entirely for multielement analysis, 
without preforming histopathological assessment. Detailed de-
scription of all performed multielement analyses in water, sedi-
ment and hepatopancreas samples for this section is presented in 
the Supporting Information S1.

2.6 | DNA extraction, library preparation and 
bioinformatics analysis

In addition to histological assessment, in 15 randomly selected sig-
nal crayfish individuals during dissection (Table 1; 7 from invasion 
fronts, 8 from invasion cores) we sampled tissue from the right 
hepatopancreatic lobe. We extracted DNA using the NucleoSpin™ 
Microbial DNA kit (Macherey-Nagel, Germany) according to man-
ufacturer's protocol for gram positive and gram negative bacte-
ria with duration of sample lysis by agitation modified as in Pavić 
et  al.  (2020). Amplification and sequencing of the variable V3–
V4 region of the 16S rRNA gene were performed by Microsynth, 
Switzerland. Illumina library was prepared using 16S Nextera two-
step PCR using forward 341F (5′-CCTACGGGNGGCWGCAG-3′) 
and reverse 802R (5′-GACTACHVGGGTATCTAATCC-3′) primers 
and sequenced on an Illumina MiSeq using the MiSeq Reagent 
Kit v2 (2  ×  250  bp paired-end). Bioinformatics analysis of raw 
sequences was performed in order to compare the difference in 
composition and abundance of bacterial communities between the 
individuals with histopathological status of hepatopancreas iden-
tified as mild histopathology (score 2) and those with moderate 
histopathology (score 3). Since mild and moderate histopathology 
were prevalent in subsampled individuals, comparison among all 
histopathological scores (no histopathology, mild, moderate and 
severe) could not be performed.

2.7 | Statistical analyses

Obtained histological assessment data were analysed using 
Statistica 13.3.0 (Statsoft Inc. 2017). Since both raw and trans-
formed data violated the assumptions of parametric tests, the 
non-parametric analogues were used instead (McDonald,  2014). 
Specifically, we analysed correlation between measured param-
eters of histopathological changes of the hepatopancreas (his-
topathological scoring) and the organosomatic condition indices 
(FCF, HSI) of each animal (Spearman correlation), compared the 
differences in histopathological scoring between sexes, sampling 
years, position within the river (upstream vs. downstream) and be-
tween different positions within invasion range (invasion core and 
invasion front) using Mann–Whitney U test, as well as between 
all examined sites (Kruskal–Wallis ANOVA with Dunn's post hoc 
test). We also compared the frequency of gram-positive bacteria 
between sexes and between different positions within the inva-
sion range (invasion core and invasion front) as well as between 
different histopathological scores (Fisher's exact test). In all analy-
ses, if no statistically significant difference (p > .05) was observed 
between the sexes, sampling years or among sites along the inva-
sion range (upstream and downstream invasion core and upstream 
and downstream invasion front), the data were pooled together. 
In bioinformatic analyses, differences between two sample sub-
groups (mild and moderate histopathology) were tested using the 
Benjamini–Hochberg corrected Kruskal–Wallis and PERMANOVA 
tests (Anderson, 2001) for alpha and beta diversity, respectively. 
Furthermore, ANCOM tests (Mandal et  al.,  2015) were used to 
identify amplicon sequence variants (ASVs) that are differentially 
abundant between locations using composition plugin within 
QIIME2. Detailed description of all performed analyses is pre-
sented in the Supporting Information S2.

3  | RESULTS

3.1 | Histological assessment of hepatopancreas of 
the signal crayfish

Pronounced gross lesions consisting of branched irregular black 
structures scattered throughout hepatopancreatic tissue were 
observed in five crayfish specimens, while irregular area of oe-
dematous tissue lacking villi was also detected on native hepato-
pancreas samples and those fixed in Bouin's solution (Figure 2a,b). 
When only black rod-shaped irregular spiral or wavy brown to 
black areas were mechanically isolated from remaining soft tissue, 
different stages of melanized and granulomatous tubular casts 
were visible (Figure 3).

Detailed histopathological analysis of hepatopancreas from 73 
individuals of the signal crayfish (Table  2) showed the high inci-
dence of hepatopancreatitis (97.3%; N  =  71) with only two indi-
viduals (2.7%) having hepatopancreas without histopathological 
lesions (histopathological score 1). The majority of individuals 
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exhibited mild (histopathological score 2; 58.9%) and moderate 
histopathology (histopathological score 3; 31.5%), while 6.9% of 
crayfish exhibited severe histopathology (histopathological score 
4; Figure 4).

Two analysed signal crayfish displayed normal structure of tu-
bules and epithelial cells, with large central vacuoles in R cells and 
secretory vacuoles in B cells, and no lesions in hepatopancreas 
(histopathological score 1; Figure  5a). Specimens with identified 
lesions (histopathological score 2, 3, and 4) showed following his-
topathological signs: (a) epithelium atrophy with enlarged lumens 
of the tubules, (b) changes in cell composition (e.g. lower number 

of R cells with lipid droplets and lower number of B cells with large 
vacuoles), (c) floating cells detached from the basal lamina and 
disrupted integrity of the tubules (Figure  5b,c), (d) infiltration of 
granulocytes (Figure 5b), (e) focal necrosis (Figure 5c), (f) multifo-
cal necrosis, (g) nodulation and encapsulation and (h) melanization 
of tubules (Figure 5d).

Focal necroses were quite frequent (>50% animals; Table  3; 
Figure 5c), while multifocal necroses, and nodulation and encapsula-
tion, were observed in lesser extent (<50% animals; Table 3, Figure 5d). 
Focal necrosis, reported in 53.4% of animals, was visible as necrosis 
of an entire hepatopancreatic tubule, while surrounding tissues 

F I G U R E  2   Representation of (a) native hepatopancreas of female signal crayfish Pacifastacus leniusculus, both lobes. Moderate 
hepatopancreatitis: arrows pointing irregular area of oedematous tissue lacking villous superficial appearance; arrowheads pointing normal 
superficial architecture of hepatopancreas. (b) Hepatopancreas of female signal crayfish fixed in Bouin's solution, left lobe. Severe multifocal 
to coalescing hepatopancreatitis: arrows pointing irregular areas of oedematous tissue lacking villous superficial appearance; grey arrows 
pointing single melanized tubule; asterisks pointing melanized hepatopancreatic branches. Macroscopic images, scale bars: 1 cm

F I G U R E  3   Different stages of melanized hepatopancreatic tubular casts, mechanically extracted from hepatopancreas of signal crayfish, 
Pacifastacus leniusculus, fixed in Bouin's solution. (a) Focal lesion, proximal zone tubule dilation and melanization, (b) Melanization of single 
tubule from distal to proximal zone, (c and d) two variants of hepatopancreatic branches melanization. Stereomicroscope images, scale bars: 
1 mm
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occasionally showed signs of inflammation or differences in luminal 
and cellular architecture (Figure  5c). The final necrotic stage when 
melanized granulomas are formed was recorded in 50.7% of animals, 
when tubules were completely necrotic, with central debris, surround-
ing amorphous melanin capsule and outer cellular capsule. However, 
even when moderate histopathological lesions occupied more than 
50% of tissue, we were able to distinguish intermediate zones (within 
the same histological sections) where some tubules displayed normal 
architecture (e.g., Figure 5c), regardless of whether sections were from 
a distal zone, B-cell zone or proximal zone. Finally, gram positive bac-
teria were observed in 32 animals (43.8%), mainly connected with ne-
crotic tubules, and accompanied by inflammatory cells.

Histopathological scores were higher in crayfish with lower cray-
fish condition indices (FCF and HSI); however, only the correlation 
between histopathological score and hepatosomatic index (HSI) 
was statistically significant (rs = −.275, p <  .05). No significant dif-
ferences were observed between sexes or sampling years in histo-
pathological scores (Mann–Whitney U test, p > .05), and thus, sexes 
and sampling years were pooled together in subsequent analyses. 
Histopathological scores differed significantly between examined 
locations (Kruskal–Wallis ANOVA: H(3,73) = 11.88, p = .008). In gen-
eral, invasion fronts had higher histopathological scores compared 
to their respective fronts; however, only the differences between 
downstream front and upstream core were significant (Figure  6). 
Similarly, no significant differences in histopathological scores were 
observed between different sections of the river (upstream vs. 
downstream sites); however, different positions within the invasion 
range (core vs. front sites) differed significantly, with invasion core 
having significantly higher histopathological scores compared to in-
vasion front (U = 368.5, N1 = 40, N2 = 33, p = .001). Gram-positive 
bacteria were significantly more frequent in individuals from inva-
sion core than at invasion fronts (p =  .0001) but exhibited no sig-
nificant differences in their frequency between sexes or different 
histopathological scores.

3.2 | Pilot histological screening of native narrow-
clawed crayfish

From three tested native narrow-clawed crayfish, one crayfish 
showed mild histopathological lesions, while two animals were 
without lesions in the hepatopancreas (Figure 7). Recorded lesions 
were visible as mild cell atrophy with enlarged lumens of the tubules, 
changes in cell composition (presence of smaller vacuoles within B 
cells) and infiltration of inflammatory cells in the connective tissue 
around tubules (Table 3).

3.3 | Pilot study: metal analyses of water, 
sediment and hepatopancreas samples

Preliminary analysis of dissolved metals in the surface river water 
and in the sediment fractions <2 mm is presented in the Supporting 
Information S1 (Tables  S1 and S2), with metal levels in the water 
within limits recommended by national and international regulations 
(EPCEU, 2008; GRC 2019). The comparison of total bioaccumulated 
trace and macro elements in the hepatopancreas of native narrow-
clawed crayfish from Korana and Mrežnica Rivers revealed compara-
ble concentrations of the majority of analysed elements (15 elements 
had differences between sites below 50%, Supporting Information 
S1 (Table S3)). Higher concentrations in the hepatopancreas were still 
observed for a number of elements in the crayfish from the Korana 
River compared to Mrežnica River (As, Cr, Mn, Mo, Ni, Sb, U, V and Ca; 
1.5–4.0 times), with the most pronounced differences being observed 
for Mn (Supporting Information S1, Table S2). In comparison, increased 
concentration in the hepatopancreas of only three elements (Ag, Cu 
and Pb) were found in the crayfish from the Mrežnica River (1.9–4.7 
times higher compared to Korana River, with the most pronounced dif-
ferences being observed for Cu). The comparison of hepatopancreatic 
bioaccumulation in native narrow-clawed crayfish and invasive signal 
crayfish, collected at the same site in the Korana River and thus living 
under the same conditions of metal exposure showed lower affinity 
for accumulation of extremely toxic metals, such as As, Bi, Cd and Ni, 
in the invasive signal crayfish (Supporting Information S1, Table S3).

3.4 | Pilot study: differences in bacterial 
composition of hepatopancreas

Taxonomic-level determination revealed presence of 187 genera 
in the hepatopancreas of 15 signal crayfish individuals (Figure  8). 
Dominant genera included unknown genus of the order Rickettsiales 
(17.7%), unknown genus from the class Mollicutes (15.9%), and 
Candidatus Hepatoplasma (10.5%). The abundance of the category 
‘other’ (i.e., genera with abundance less than 1%) comprised 12.2% of 
the microbial community in the hepatopancreas samples (Figure 8).

When we compared the abundance of genera between the groups 
showing mild histopathology and moderate histopathology, signifi-
cantly different abundance was observed only for genus Salmonella, 

F I G U R E  4   Histopathological scoring of hepatopancreas 
sampled from 73 signal crayfish Pacifastacus leniusculus individuals 
along its invasion range in the Korana River in Croatia. Scores are 
based according to Zodrow et al. (2004) and identified as: 1—no 
histopathology in any field; 2—mild histopathology, present in 
<25% of the fields; 3—moderate histopathology, present in 25%–
75% of the fields; and 4—severe histopathology, present in >75% of 
the fields
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which exhibited higher abundances in individuals with mild histo-
pathology. Furthermore, no significant differences were recorded 
between two observed groups of crayfish hepatopancreas in alpha 
diversity. However, significant differences were recorded between 
the two groups in beta diversity (Bray–Curtis dissimilarity: p = .007, 
pseudo-F = 2.04; and Jaccard index: p = .006, pseudo-F: 1.44).

4  | DISCUSSION

This study reports on the newly detected necrotizing hepato-
pancreatitis in the population of the invasive signal crayfish in 
the Korana River and systematically analyses its histopathologi-
cal features and changes along signal crayfish invasion range. Up 

F I G U R E  5   Histological presentation of hepatopancreas sampled from the left lobe of female specimens of signal crayfish Pacifastacus 
leniusculus in the Korana River (a) with no lesions: transversal and tangential sections of numerous tightly packed tubules of B-cell zone. 
Tubules are uniform containing proteinaceous luminal content (asterisks). Intertubular area are narrowed with arteries and intertubular 
sinuses discretely exposed. Only few perivascular inflammatory cells are present (arrow). R cells of B-cell zone massively vacuolated 
containing fat and protein droplets. Superficial epithelial cilia are occasionally pronounced. (b) Mild histopathological lesions: transversal and 
tangential sections of multiple tubules of B-cell zone widely extended by accumulation of haemolymph within intertubular space (1). Arteries 
and intertubular sinuses occasionally contain thick depositions (2) and multifocal aggregates of numerous inflammatory cells (3). Tubules 
are expressing occasional differences in luminal and cellular architecture (dilated lumen, segmental presence of naked basal membranes, 
floating cells and epithelium atrophy (4), or multifocal cellular slaughtering accompanied by discrete transepithelial migration of inflammatory 
cells (5). Majority of tubules expressed regular architecture. (c) Moderate histopathological lesions: transversal and tangential sections of 
multiple tubules of B cell zone with discrete multifocal expansions of intertubular spaces (1) and thickened arterial wall (2) close to terminally 
distracted tubule with intraluminal melanin deposition (6). Single tubule segment close to melanized area has dilated lumen, segmental area 
of naked basal membrane and epithelium atrophy (4). Only few inflammatory cells are visible within intertubular space surrounding necrotic 
tubules. Majority of tubules are expressing normal architecture containing fat and protein droplets within R cells of B cell zone. (d) Severe 
histopathological lesions: complete lack of normal architecture within transversal and tangential sections of tubules of B cell and distal zone. 
Within this section 75% of tubules are affected with one of previously described lesions, with more than 10 striking areas of melanization, 
multifocal to coalescing areas of tubular epithelial cells necrosis, floating cells and intraluminal accumulation of metaplastic epithelial cells (7) 
and proliferation of fibroblast like cells surrounding necrotic tubules (8, nodulation; Shields et al., 2012). Only a few intertubular spaces are 
expanded with inflammatory cells accumulation. HE, scale bars: 200 µm
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to date, distinctive hepatopancreatic lesions have mainly been 
reported from farmed or wild populations in marine crustaceans 
(i.e. Hong et al., 2016; Shields et al., 2012), while after Vogt and 
Rug (1996) this study presents the second such report from a wild 
population of freshwater crayfish. Emerging wildlife diseases usu-
ally occur due to movement of pathogens or ecosystem altera-
tions of either anthropogenic or natural origin, and may threaten 
local biodiversity (Cunningham et  al.,  2012; Daszak et  al.,  2000; 
Schmeller et al., 2020). In the case of successful invaders like the 
signal crayfish, such diseases may also affect invasion success 
and even alleviate its negative effects on the ecosystem (Fincham 
et al., 2019; Thomas et al., 2020). In this study, we recorded the 
extensive manifestation of histopathological lesions in hepatopan-
creas of the majority of examined signal crayfish individuals along 
its entire invasion range in the Korana River. Hepatopancreas is 
highly sensitive to physiological and environmental perturbations, 
critical in maintaining systematic metabolism, stability and bal-
ance of the digestive system and crucial in the regulation of the 
immune response (Vogt,  2020). Toxins and invading pathogens 
may impair its function directly or even indirectly since it is an 
important source of immune defence compounds and reservoir 
of lipids and glycogen, required for fighting diseases, egg produc-
tion, moulting and growth (Vogt, 2020). Noteworthy, previous and 

ongoing research has shown that only 6% of the signal crayfish 
populations along entire invasion range were A. astaci positive 
(Pavić et al., 2020), while recorded A. astaci agent levels in both 
signal and narrow-clawed crayfish populations were very low (A0–
A3 in the majority of analysed individuals of both species; Bielen 
et al., in preparation). This shows that both populations exhibit no 
signs of recent or ongoing crayfish plague outbreaks that could 
severely impact their immunological status and overall fitness. 
Since the aetiology causing this necrotizing hepatopancreatitis is 
still unknown, it is currently classified as idiopathic. In comparison 
with signal crayfish, mild histopathological lesions were detected 
in only one native narrow-clawed crayfish specimen, collected 
from interspecific populations at invasion front. Even though the 
number of analysed native narrow-clawed crayfish individuals was 
very low, we cannot exclude the option that idiopathic necrotizing 
hepatopancreatitis may not be species-specific and potentially af-
fects both the native and invasive crayfish population.

Due to originally different purpose of the research and a smaller 
number of available intact unfixed organs, elaborate investigation 
of gross lesions was not performed. We were able to determine 
that all histological lesions except melanization were very discrete 
macroscopically and may be easily overlooked. While the major-
ity (58.9%) of histologically screened individuals exhibited mild 

TA B L E  3   Occurrence of histopathological lesions recorded in the hepatopancreas of invasive signal crayfish Pacifastacus leniusculus 
(N = 73) and native narrow-clawed crayfish Pontastacus leptodactylus (N = 3) sampled in the Korana River, Croatia

Histopathological lesions
No. and percentage of signal crayfish with 
observed lesions

No. and percentage of narrow-clawed 
crayfish with observed lesions

Epithelium atrophy with enlarged lumen of the tubule 71 (97.3%) 1 (33.3%)

Changes in cell composition 66 (90.4%) 1 (33.3%)

Floating cells 52 (71.2%)

Infiltration of granulocytes 65 (89.0%) 1 (33.3%)

Focal necrosis 39 (53.4%)

Multifocal necrosis 19 (26.0%)

Nodulation and encapsulation 34 (46.6%)

Melanization 37 (50.7%)

F I G U R E  6   Comparison of 
recorded histopathological scores 
(1—no histopathological lesions; 2—
mild histopathology; 3—moderate 
histopathology; 4—severe histopathology) 
in the hepatopancreas of the signal 
crayfish Pacifastacus leniusculus among 
(a) sites along the invasion range and (b) 
between different sections of the invasion 
range (invasion core versus. invasion 
front). Significant differences are marked 
with *
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histopathological changes in hepatopancreas, we recorded only two 
signal crayfish with no hepatopancreatic lesions across the entire in-
vasion range. Further on, even in animals with multifocal distribution 
of lesions and different degrees of tissue damage, there were parts 
of the hepatopancreas, which corresponded to the descriptions of 
normal architecture for freshwater crayfish (i.e. Chabera et al., 2021; 
Štrus et al., 2019). In the absence of crayfish from other locations, 

two signal crayfish without histopathological lesions, parts of unaf-
fected tissue of specimens with lesions and available literature de-
scriptions were consistent and altogether considered as a negative 
control.

Signs of atrophied hepatopancreas, characterized by the de-
crease of the tubule epithelial height and dilated lumens (Gibson 
& Barker, 1979) were observed in majority of individuals (Table 3), 

F I G U R E  8   Relative abundance (%) of the overall most genera in hepatopancreas of signal crayfish Pacifastacus leniusculus individuals 
exhibiting moderate histopathology (left) and mild histopathology (right). Bacterial genera with an overall abundance >1% are shown, while 
the remaining genera were pooled and marked as ‘other’

F I G U R E  7   Histological presentation of hepatopancreatic tissue sampled from the left lobe of male specimens of the native narrow-
clawed crayfish Pontastacus leptodactylus in the Korana River. (a) No histopathological lesions: transversal section of B cell zone of several 
tubules and tangential and transversal sections of distal zone. Presence of haemolymph and few inflammatory cells in the intertubular sinus 
(arrow). R cells of B-cell zone massively vacuolated containing fat and protein droplets. (b) Mild histopathological lesions: transversal section 
of B-cell zone of several tubules and tangential and transversal sections of distal zone. Expansion of luminal space, mild cell atrophy (1), 
presence of small fat droplets within R cells and intraluminal accumulation of metaplastic epithelial cells (2). Intertubular sinuses expanded 
with haemolymph and moderate number of inflammatory cells (3). HE, scale bars: 100 µm
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while other lesions such as changes in the composition of tubular 
epithelial cells, floating cells in the lumen and infiltration of inflam-
matory cells (Shields et al., 2012; Vincent & Lotz, 2007) occurred in 
high percentage of analysed animals (71.2%–90.4%). This is in ac-
cordance with other studies examining similar histopathological fea-
tures in hepatopancreas of marine decapods (Litopenaeus vannamei; 
Vincent & Lotz, 2005) where more than 90% of hepatopancreatic 
tubules showed signs of inflammation. Focal and multifocal necro-
sis were observed in 53.4% and 26.0% of analysed signal crayfish, 
respectively, while in a similar research on clawed lobster Homarus 
americanus these types of changes were observed in only 9% and 
6% of individuals (Shields et  al.,  2012). Nodulation and encapsu-
lation (46.6%) and melanization (50.7%) were observed in almost 
half the collected animals which is similar to a study on lobsters 
(Shields et  al.,  2012). It should be noted that even when analysed 
specimens exhibited severe histopathological lesions, we roughly 
estimated that no more than 10% of melanized tubules were visi-
ble macroscopically. Melanin deposition around the damaged tissue 
and microorganisms, which physically prevents or retards pathogen 
growth (Cerenius & Söderhäll, 2004), is the most powerful immune 
response in decapods (Vogt, 2019). However, a rigid melanized cap-
sule, which surrounds disintegrated hepatopancreatic tissue seems 
to remain in the organ until death of the animal (Vogt, 2020), with-
out replacement with healthy tissue. Thus, future research should 
include experimental trials, necessary to determine the percentage 
of functional hepatopancreatic tissue required for maintenance of 
metabolic balance, before mortality occurs. Discovery of damaged 
arteries and sinuses (Figure 5b,c) potentially suggests systemic sus-
ceptibility and systemic cause of disease, and consequently may 
explain multifocal lesions and various degrees of lesions within the 
same organ.

Acute hepatopancreatic necrotic disease (AHPND) described 
in marine penaeid shrimp Penaeus (Litopenaeus) vannamei (Boone, 
1931) is characterized by severe atrophy of the hepatopancreas 
and multifocal granulomatous lesions, resulting in anorexia, reduced 
growth, frequent secondary bacterial infections, lethargy and con-
sequently high mortality rates in cultured shrimps (40%–100%; 
Hong, Lu, et al., 2016; Hong et al., 2016). Somewhat milder hepato-
pancreatic disease was described in the native noble crayfish A. as-
tacus specimens (Vogt, 2020; Vogt & Rug, 1996) as granulomatous 
hepatopancreatitis, where through melanization and encapsulation 
of hepatopancreatic tubules infected with gram negative bacteria, 
intense dark brown and black nodules (granulomas) are formed. 
Similarly, in clawed lobster H.  americanus idiopathic necrotizing 
hepatopancreatitis was represented by focal and coalescent lesions, 
necrotic tubules with nodulation of tubule wall and encapsulation of 
most likely bacteria-infected tubules, possibly coupled with environ-
mental contaminants (Shields et al., 2012).

When AHPND described in penaeid shrimps was experimen-
tally induced in the laboratory with pathogenic bacteria Vibrio 
parahaemolyticus carrying plasmids with toxic pirA and pirB genes 
(Aranguren Caro et  al.,  2020; Aranguren Caro et  al.,  2020; Tran 
et al., 2013), distinctive phases of disease were recognized: (a) acute 

phase characterized by tubule cell sloughing (floating cells), lower 
numbers of R cells and B cells, some haemocytic infiltration around 
tubules and multifocal necrosis while bacterial colonization is not 
observed; (b) terminal phase with necrosis, haemocytic infiltration 
both within and surrounding tubules and with massive secondary 
bacterial infections; and (c) chronic phase with granulomatous re-
sponse in the tubules. We can speculate that sequence of events 
in our study may be similar: the acute phase of disease is visible as 
necrosis of hepatopancreatic tubules and intertubular inflammation, 
followed by encapsulation and nodulation of affected tubules, while 
presence of melanized granulomas in the tissue indicates the final 
immune reaction and suggests more subacute phase. Hence, re-
corded histopathological findings in the analysed crayfish could be 
defined as subacute to acute necrotizing hepatopancreatitis (Shields 
et al., 2012; Suong et al., 2017; Vincent & Lotz, 2007; Vogt, 2020). 
However, in the absence of known aetiology and experimental chal-
lenge trials we cannot determine with certainty the course of this 
disease and the gradation of lesions.

In this study, gram-positive bacteria were recorded in 43.8% 
of histological samples; however, we were not able to identify and 
quantify the gram negative bacteria, which are also among poten-
tial causative agents of this type of disease (Suong et  al.,  2017; 
Vincent & Lotz, 2007; Vogt & Rug, 1996) and their presence should 
be further investigated. Finally, while the examined signal crayfish 
appeared healthy, and no mortalities were reported from these 
populations during their regular monitoring (Dragičević et al., 2020; 
Hudina et al., 2013, 2017; Rebrina et al., 2015), we observed a signif-
icant negative correlation between the severity of histopathological 
changes and hepatosomatic index (HSI). While hepatosomatic index 
may be affected by a number of factors, including the season and 
crayfish density (Rebrina et  al.,  2015), the observed negative cor-
relation indicates that it could be also affected by the intensity of 
histopathological change. In the latter case, the observed substantial 
damage to the hepatopancreas could potentially impair its function 
and exert negative effects on crayfish health, survival and popula-
tion viability, which needs to be explored in more detail.

Along the invasion range, we observed significant differences 
between examined sites and between individuals at invasion cores 
and invasion fronts in histopathological scores, which were sig-
nificantly higher at invasion core. In the Korana River, core and 
front populations differ substantially in crayfish density: crayfish 
abundance is 4–7 times higher at invasion cores compared to in-
vasion fronts where signal crayfish co-occurs with the native 
and competitively inferior narrow-clawed crayfish (Dragičević 
et al., 2020; Hudina et al., 2016; Lele & Pârvulescu, 2017). High 
population density and subsequently higher competition intensity 
at invasion cores may increase the interaction rates between in-
dividuals (Pintor et  al.,  2009) and potential injuries, all of which 
may incur energetic costs and decrease the condition of individ-
uals (Hudina et  al.,  2009). Impaired condition may in turn affect 
the immune status of individuals, and make them more susceptible 
to environmental stress, such as effects of pollution or pathogens 
(Aydin et al., 2014; Hong, Lu, et al., 2016; Hong, Xu, et al., 2016). 
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Furthermore, infected crayfish may serve as a reservoir and 
spread the pathogen to other crayfish, possibly through cannibal-
ism (Jiravanichpaisal et  al.,  2009), which may be more frequent 
in populations of higher density (Houghton et al., 2017). Previous 
research on signal crayfish condition along its invasion range in 
the Korana River has already identified density-dependent ef-
fects on measured body and organosomatic condition parameters, 
with individuals at invasion fronts being in better body condition 
and with females at invasion fronts exhibiting superior energetic 
status of hepatopancreas and gonads to those from invasion core 
(Rebrina et al., 2015). Thus, we assume that density may be one of 
the drivers of differences in histopathological changes between 
core and front populations observed in this study. Additionally, the 
lack of significant differences in histopathological scores between 
upstream and downstream river sections indicates that popula-
tion characteristics (i.e., crayfish density) may be more prominent 
driver of the observed histopathological changes than the charac-
teristics of the (abiotic) environment.

While the causative agent of this newly detected disease re-
mains unknown, we have performed a pilot analysis of the most 
likely potential causative agents recorded in literature: pathogens 
and metal bioaccumulation (Avila-Villa et  al.,  2012; Dragičević 
et al., 2021a; Kouba et al., 2010; Li et al., 2007; Tavabe et al., 2019; 
Vincent & Lotz, 2007; Wu et al., 2008). Hepatopancreas has a cen-
tral role in detoxification (Wu et  al.,  2008) and multiple studies 
have demonstrated high metal accumulation in hepatopancreas 
(Fikirdeşici-Ergen,  2020; Gherardi,  2006; Xiong et  al.,  2020) and 
related histopathological changes similar or identical to those 
identified within this study (Li et al., 2007; Tavabe et al., 2019; Wu 
et al., 2008). Pilot analyses of water and sediment metal load re-
vealed that both the Korana River and the reference (unpolluted) 
site in the Mrežnica River appear as generally clean watercourses 
with only somewhat higher concentrations of dissolved Mn and Fe 
in the surface water of both rivers, and additionally higher concen-
trations of As and Ba (4.5 times and 1.5–2.5 times, respectively) 
in the Korana River, when compared with pristine karstic rivers in 
the region (Krka River source: Sertić Perić et al. (2018); Una River: 
Dautović (2006)). It must be taken into account that analyses were 
performed on a very low sample size and should be considered 
only as preliminary. Nevertheless, obtained data are in line with 
the results of surface waterbody monitoring according to Water 
Framework Directive (EPCEU, 2008) which assigned very good to 
good status at all 7 monitoring sites in the Korana River regarding 
general physical and chemical conditions and specific pollutants 
(Water Body Register,  2016). The recorded metal levels in the 
analysed sediments of the Mrežnica and Korana Rivers, with the 
exception of somewhat higher than expected Cd in the Mrežnica 
River, were comparable or even lower than expected values for the 
stream sediments in the area (Salminen et al., 2005), thus exclud-
ing the probability of anthropogenic effects. Total bioaccumulated 
trace and macro elements in the hepatopancreas of signal crayfish 
from the Korana and Mrežnica Rivers revealed comparable con-
centrations of the majority of analysed elements, while the native 

narrow-clawed crayfish and invasive signal crayfish from the same 
site in the Korana River differed in the affinity for accumulation 
of several metals, and lower affinity for extremely toxic metals, 
such as Bi and Cd. This potentially indicates better protective 
mechanisms against toxic metals of the invasive signal crayfish 
and is also in line with other studies demonstrating differences 
between native and invasive alien crayfish in their metal require-
ments and rates of metal uptake, accumulation, detoxification and 
excretion (Gherardi, 2006). Finally, comparison with the results re-
ported in two other crayfish studies (on signal crayfish from the 
pristine Wieprza River (Poland), Nędzarek et al., 2020; and on red 
swamp crayfish Procambarus clarkii (Girard, 1852) from the mildly 
anthropogenically impacted Yangtze River ponds (China), Xiong 
et  al.,  2020) for the majority of elements indicated comparable 
hepatopancreatic concentrations, except for several trace elements 
(As, Cu, Se and Pb). Arsenic showed much higher concentrations in 
both the native and invasive crayfish in our study compared to lit-
erature data (up to 22 times, Supporting Information S1, Table S3), 
which is possibly associated with naturally higher As concentra-
tions in the sediment fraction with grain size <2 mm in the Croatian 
rivers (3.4–4.8  mg/kg) compared to Wieprza River (0.79  mg/kg, 
Nędzarek et al., 2020). Since pollution and water quality can sig-
nificantly affect the incidence and intensity of diseases observed 
in wild and cultured crayfish populations (Anderson et al., 2021), 
the possibility of arsenic impact on crayfish health should be taken 
in consideration in future research. Altogether, this pilot analysis 
merely indicates that no alarming or unusually high concentrations 
of metals were observed in either water, sediment or in crayfish 
hepatopancreas, and further in-depth analyses including different 
time points, higher number of individuals/samples and simultane-
ous assessment of histopathological condition and bioaccumula-
tion in hepatopancreas are required.

In this study, potential bacterial causative agents were exam-
ined by comparing the bacterial composition of hepatopancreas 
between the individuals exhibiting mild and moderate histopathol-
ogy. Multiple studies have recorded bacteria in hepatopancreas 
of crustaceans (Cheung et  al.,  2015; Dragičević et  al.,  2021b; Wu 
et al., 2021; Zhang et al., 2020). Additionally, some studies (Dragičević 
et al., 2021b; Zhang et al., 2020) found similarities between bacte-
rial communities of hepatopancreas and other tissues, suggesting 
that bacteria are shared between tissues and that tissues of healthy 
crustaceans are not sterile. Due to high abundance of bacteria from 
order Rickettsiales and class Mollicutes which also includes highly 
abundant genus Candidatus Hepatoplasma, their role in health and 
immunity of crustaceans needs further investigation. Species be-
longing to genus Candidatus Hepatoplasma are reported as abun-
dant in the digestive system and beneficial for crustacean health 
(Chen et  al.,  2015), while the members of the order Rickettsiales 
have been shown to cause a wide spectrum of histopathological 
changes in the hepatopancreas and other organs of crayfish, similar 
to those observed in this study (Edgerton & Prior, 1999; Jimenez & 
Romero, 1997; Powell, 2013). Here, significant differences in beta di-
versity were observed between individuals with mild and moderate 
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histopathology in both bacterial abundance and composition, which 
is in line with the similar studies on shrimps (Xiong et al., 2017) and 
possibly connected with assumptions that secondary bacterial infec-
tions occur in terminal phases of disease when tubules are highly 
damaged (Aranguren et al., 2020).

The only significant differences in hepatopancreatic bacte-
rial abundance in this study were recorded for genus Salmonella, 
with higher abundance in individuals with mild histopathology in 
comparison with moderate histopathology. Similar findings were 
reported by Dragičević et  al.  (2021b), who observed differences 
in abundance of genus Salmonella in hepatopancreas of crayfish 
from different locations within the same invasive range. Future mi-
crobiome studies should incorporate all stages of histopathologi-
cal changes (from no histopathology to severe histopathology) by 
performing histopathological analysis prior to sample selection for 
DNA extraction, sequencing and subsequent analysis. This would 
provide a more in-depth insight into potential differences in bac-
terial composition in hepatopancreas with different incidence and 
severity of histopathological changes, especially between two ex-
tremes (no histopathology vs. severe histopathology), as in Chen 
et al. (2017), Cornejo-Granados et al. (2017) or Zheng et al. (2017). 
Additionally, our ongoing analysis of signal crayfish hepatopancreas 
virome (Bačnik et al., submitted) by high-throughput sequencing and 
metagenomic approach identified the presence of a putative signal 
crayfish associated reo-like virus, which exhibits similarity to Cherax 
quadricarinatus reovirus that causes necrosis and inflammation in 
hepatopancreatic tubules (Hayakijkosol & Owens,  2011). Hence, 
additional study is planned to explore the role of identified reo-like 
virus in this newly detected disease.

In conclusion, several factors such as: (a) the high prevalence 
of observed idiopathic necrotizing hepatopancreatitis in the signal 
crayfish along the entire invasion range, (b) relatively high percent-
age (31.5%) of individuals exhibiting moderate histopathology, (c) the 
crucial role of hepatopancreas in crayfish and (d) the reported high 
mortality rates of other decapod species (Avila-Villa et  al.,  2012; 
Chen et  al.,  2017; Vincent & Lotz,  2007; Xiong et  al.,  2015) with 
similar histopathological signs, highlight the importance of further 
research into recorded necrotizing hepatopancreatitis and its effects 
on signal crayfish health and its invasion success as well as effects 
on the native narrow-clawed crayfish. Further comparison of the 
severity of observed histopathological changes between the two 
co-occurring crayfish species is required since the native narrow-
clawed crayfish seems to exhibit higher affinity for accumulation of 
some toxic metals which could also be contributing its displacement 
by the signal crayfish, observed in the Korana River.

ACKNOWLEDG EMENTS
The authors would like to thank Zrinka Benčina, Dora Pavić, Ana 
Bielen, Ines Petrić, Karla Orlić, Leona Lovrenčić, Mirjana and Gordan 
Hudina for their help during the fieldwork and laboratory work.

CONFLIC T OF INTERE S T
The authors declare that they have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding authors, upon request. The next-generation se-
quencing data that support the findings of this study are a part of 
the wider study by Dragičević et al. (2021b) and are openly available 
in EMBL Nucleotide Sequence Data Base (ENA) at https://www.ebi.
ac.uk/ena/brows​er/home, reference number PRJEB43749.

ORCID
Dušica Ivanković   https://orcid.org/0000-0003-0349-7908 
Romana Gračan   https://orcid.org/0000-0002-7680-1993 
Sandra Hudina   https://orcid.org/0000-0003-4793-8154 

R E FE R E N C E S
Anderson, L. G., Bojko, J., Bateman, K. S., Stebbing, P. D., Stentiford, G. 

D., & Dunn, A. M. (2021). Patterns of infection in a native and an 
invasive crayfish across the UK. Journal of Invertebrate Pathology, 
184, 107595. https://doi.org/10.1016/j.jip.2021.107595

Anderson, M. J. (2001). A new method for non-parametric multivari-
ate analysis of variance. Austral Ecology, 26(1), 32–46. https://doi.
org/10.1111/j.1442-9993.2001.01070

Aranguren Caro, L. F., Mai, H. N., Kanrar, S., Cruz-Flores, R., & Dhar, A. 
K. (2020). A mutant of Vibrio parahaemolyticus pirABVP (+) that 
carries binary toxin genes but does not cause acute hepatopan-
creatic necrosis disease. Microorganisms, 8(10), 1549. https://doi.
org/10.3390/micro​organ​isms8​101549

Aranguren Caro, L. F., Mai, H. N., Noble, B., & Dhar, A. K. (2020). Acute 
hepatopancreatic necrosis disease (VPAHPND), a chronic dis-
ease in shrimp (Penaeus vannamei) population raised in Latin 
America. Journal of Invertebrate Pathology, 174, 107424. https://doi.
org/10.1016/J.JIP.2020.107424

Avila-Villa, L. A., Gollas-Galván, T., Martínez-Porchas, M., Mendoza-
Cano, F., & Hernández-Lpez, J. (2012). Experimental infection 
and detection of necrotizing hepatopancreatitis bacterium in the 
American lobster Homarus americanus. The Scientific World Journal, 
2012, 1–4. https://doi.org/10.1100/2012/979381

Aydin, H., Kokko, H., Makkonen, J., Kortet, R., Kukkonen, H., & Jussila, J. 
(2014). The signal crayfish is vulnerable to both the As and the PsI-
isolates of the crayfish plague. Knowledge and Management of Aquatic 
Ecosystems, 413(3), 1–10. https://doi.org/10.1051/kmae/2014004

Carmona-Osalde, C., Rodriguez-Serna, M., Olvera-Novoa, M. A., & 
Gutierrez-Yurrita, P. J. (2004). Gonadal development, spawning, 
growth and survival of the crayfish Procambarus llamasi at three 
different water temperatures. Aquaculture, 232(1–4), 305–316. 
https://doi.org/10.1016/S0044​-8486(03)00527​-1

Cerenius, L., & Söderhäll, K. (2004). The prophenoloxidase-activating 
system in invertebrates. Immunological Reviews, 198, 116–126. 
https://doi.org/10.1111/j.0105-2896.2004.00116.x

Chabera, J., Stara, A., Kubec, J., Buric, M., Zuskova, E., Kouba, A., 
& Velisek, J. (2021). The effect of chronic exposure to chlo-
ridazon and its degradation product chloridazon-desphenyl 
on signal crayfish Pacifastacus leniusculus. Ecotoxicology and 
Environmental Safety, 208, 111645. https://doi.org/10.1016/J.
ECOENV.2020.111645

Chen, W. Y., Ng, T. H., Wu, J. H., Chen, J. W., & Wang, H. C. (2017). 
Microbiome dynamics in a shrimp grow-out pond with possible out-
break of acute hepatopancreatic necrosis disease. Scientific Reports, 
7(1), 1–12. https://doi.org/10.1038/s4159​8-017-09923​-6

Chen, X., Di, P., Wang, H., Li, B., Pan, Y., Yan, S., & Wang, Y. (2015). Bacterial 
community associated with the intestinal tract of Chinese mitten 
crab (Eriocheir sinensis) farmed in Lake Tai, China. PLoS One, 10(4), 
e0123990. https://doi.org/10.1371/JOURN​AL.PONE.0123990

 13652761, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.13552 by R

uder B
oskovic Institute, W

iley O
nline L

ibrary on [18/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home
https://orcid.org/0000-0003-0349-7908
https://orcid.org/0000-0003-0349-7908
https://orcid.org/0000-0002-7680-1993
https://orcid.org/0000-0002-7680-1993
https://orcid.org/0000-0003-4793-8154
https://orcid.org/0000-0003-4793-8154
https://doi.org/10.1016/j.jip.2021.107595
https://doi.org/10.1111/j.1442-9993.2001.01070
https://doi.org/10.1111/j.1442-9993.2001.01070
https://doi.org/10.3390/microorganisms8101549
https://doi.org/10.3390/microorganisms8101549
https://doi.org/10.1016/J.JIP.2020.107424
https://doi.org/10.1016/J.JIP.2020.107424
https://doi.org/10.1100/2012/979381
https://doi.org/10.1051/kmae/2014004
https://doi.org/10.1016/S0044-8486(03)00527-1
https://doi.org/10.1111/j.0105-2896.2004.00116.x
https://doi.org/10.1016/J.ECOENV.2020.111645
https://doi.org/10.1016/J.ECOENV.2020.111645
https://doi.org/10.1038/s41598-017-09923-6
https://doi.org/10.1371/JOURNAL.PONE.0123990


274  |     BEKAVAC et al.

Cheung, M. K., Yip, H. Y., Nong, W., Law, P. T. W., Chu, K. H., Kwan, H. 
S., & Hui, J. H. L. (2015). Rapid change of microbiota diversity in the 
gut but not the hepatopancreas during gonadal development of the 
new shrimp model Neocaridina denticulata. Marine Biotechnology, 
17(6), 811–819. https://doi.org/10.1007/s1012​6-015-9662-8

Chinchio, E., Crotta, M., Romeo, C., Drewe, J. A., Guitian, J., & Ferrari, 
N. (2020). Invasive alien species and disease risk: An open chal-
lenge in public and animal health. PLoS Path, 16(10), 1–7. https://doi.
org/10.1371/journ​al.ppat.1008922

Churukian, C.J. (2009). Modified Brown and Brenn Method. In Method 
of the Histochemical Stains & Diagnostic Application. https://www.
urmc.roche​ster.edu/urmc-labs/patho​logy/stain​smanu​al/index.
html?10038. Accessed: 3rd March 2020.

Conte, F., Voslarova, E., Vecerek, V., Elwood, R. W., Coluccio, P., Pugliese, 
M., & Passantino, A. (2021). Humane slaughter of edible decapod 
crustaceans. Animals, 11(4), 1–13. https://doi.org/10.3390/ani11​
041089

Cornejo-Granados, F., Lopez-Zavala, A. A., Gallardo-Becerra, L., 
Mendoza-Vargas, A., Sánchez, F., Vichido, R., Brieba, L. G., Viana, 
M. T., Sotelo-Mundo, R. R., & Ochoa-Leyva, A. (2017). Microbiome 
of Pacific Whiteleg shrimp reveals differential bacterial commu-
nity composition between wild, aquacultured and AHPND/EMS 
outbreak conditions. Scientific Reports, 7(1), 1–15. https://doi.
org/10.1038/s4159​8-017-11805​-w

Cunningham, A. A., Dobson, A. P., & Hudson, P. J. (2012). Disease in-
vasion: Impacts on biodiversity and human health. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 367(1604), 
2804–2806. https://doi.org/10.1098/rstb.2012.0331

Daszak, P., Cunningham, A. A., & Hyatt, A. D. (2000). Emerging infec-
tious diseases of wildlife - Threats to biodiversity and human 
health. Science, 287(5452), 443–449. https://doi.org/10.1126/scien​
ce.287.5452.443

Dautović, J. (2006). Determination of metals in natural waters using high 
resolution inductively coupled plasma mass spectrometry. Bachelor of 
Science Thesis. Faculty of Science, University of Zagreb.

Dragičević, P., Bielen, A., Petrić, I., & Hudina, S. (2021a). Microbial patho-
gens of freshwater crayfish: A critical review and systematization of 
the existing data with directions for future research. Journal of Fish 
Diseases, 44(3), 221–247. https://doi.org/10.1111/jfd.13314

Dragičević, P., Bielen, A., Petrić, I., Vuk, M., Žučko, J., & Hudina, S. 
(2021b). Microbiome of the successful freshwater invader, the sig-
nal crayfish, and its changes along the invasion range. Microbiology 
Spectrum, 9(2), e00389-21. https://doi.org/10.1128/SPECT​
RUM.00389​-21

Dragičević, P., Faller, M., Kutleša, P., & Hudina, S. (2020). Update on the 
signal crayfish, Pacifastacus leniusculus (Dana, 1852) range expan-
sion in Croatia: A 10-year report. BioInvasions Records, 9(4), 793–
807. https://doi.org/10.3391/bir.2020.9.4.13

Edgerton, B. F., Evans, L. H., Stephens, F. J., & Overstreet, R. M. (2002). 
Review article: Synopsis of freshwater crayfish diseases and com-
mensal organisms. Aquaculture, 206(1–2), 57–135. https://doi.
org/10.1016/S0044​-8486(01)00865​-1

Edgerton, B. F., & Prior, H. C. (1999). Description of a hepatopancreatic 
rickettsia-like organism in the redclaw crayfish Cherax quadrica-
rinatus. Diseases of Aquatic Organisms, 36(1), 77–80. https://doi.
org/10.3354/dao03​6077

Edsman, L., Nyström, P., Sandström, A., Stenberg, M., Kokko, H., Tiitinen, 
V., Makkonen, J., & Jussila, J. (2015). Eroded swimmeret syn-
drome in female crayfish Pacifastacus leniusculus associated with 
Aphanomyces astaci and Fusarium spp. infections. Diseases of Aquatic 
Organisms, 112(3), 219–228. https://doi.org/10.3354/dao02811

EPCEU. (2008). Directive 2008/105/EC of the European Parliament 
and of the Council on environmental quality standards in the field 
of water policy, amending and subsequently repealing Council 
Directives 82/ 176/EEC, 83/513/EEC, 84/156/EEC, 84/491/EEC, 

86/280 EEC, and amending Directive 2000/60/EC of the European 
Parliament and of the Council. Official Journal of the European Union, 
L 348/84. https://data.europa.eu/eli/dir/2008/105/oj

Fikirdeşici-Ergen, Ş. (2020). Correlation profile of the heavy metal 
distribution in the Pontastacus leptodactylus tissues. Anais 
Da Academia Brasileira De Ciencias, 92(2), 1–9. https://doi.
org/10.1590/0001-37652​02020​190585

Fincham, W. N. W., Dunn, A. M., Brown, L. E., Hesketh, H., & Roy, H. E. 
(2019). Invasion success of a widespread invasive predator may be 
explained by a high predatory efficacy but may be influenced by 
pathogen infection. Biological Invasions, 21(12), 3545–3560. https://
doi.org/10.1007/s1053​0-019-02067​-w

Gajić-Čapka, M., & Zaninović, K. (2004). Climate conditions in the Sava, 
Drava, and Danube rivers basins. Hrvatske Vode, 12(49), 297–312.

Gherardi, F. (2006). Crayfish invading Europe: The case study of 
Procambarus clarkii. Marine and Freshwater Behaviour and Physiology, 
39(3), 175–191. https://doi.org/10.1080/10236​24060​0869702

Gibson, R., & Barker, P. (1979). The decapod hepatopancreas. 
Oceanography and Marine Biology: An Annual Review, 17, 285–346.

GRC. 2019. Directive on Water quality standard. Official Gazette No. 96 
(NN 96/2019), (pp. 1–45).

Hayakijkosol, O., & Owens, L. (2011). Investigation into the pathogenicity 
of reovirus to juvenile Cherax quadricarinatus. Aquaculture, 316(1–
4), 1–5. https://doi.org/10.1016/J.AQUAC​ULTURE.2011.03.031

Holdich, D. M. (2002). Biology of freshwater crayfish, 1st ed. (pp. 1–683). 
Oxford, UK: Blackwell Science.

Hong, X., Lu, L., & Xu, D. (2016). Progress in research on acute hepatopa-
ncreatic necrosis disease (AHPND). Aquaculture International, 24(2), 
577–593. https://doi.org/10.1007/s1049​9-015-9948-x

Hong, X., Xu, D., Zhuo, Y., Liu, H. Q., & Lu, L. (2016). Identification and 
pathogenicity of Vibrio parahaemolyticus isolates and immune re-
sponses of Penaeus (Litopenaeus) vannamei (Boone). Journal of Fish 
Diseases, 39(9), 1085–1097. https://doi.org/10.1111/jfd.12441

Houghton, R. J., Wood, C., & Lambin, X. (2017). Size-mediated, density-
dependent cannibalism in the signal crayfish Pacifastacus leniusculus 
(Dana, 1852) (Decapoda, Astacidea), an invasive crayfish in Britain. 
Crustaceana, 90(4), 417–435. https://doi.org/10.1163/15685​
403-00003653

Hudina, S., Faller, M., Lucić, A., Klobučar, G., & Maguire, I. (2009). Distribution 
and dispersal of two invasive crayfish species in the Drava River basin, 
Croatia. Knowledge and Management of Aquatic Ecosystems, 394–395, 
394–395. https://doi.org/10.1051/kmae/2009023

Hudina, S., Hock, K., Radović, A., Klobučar, G., Petković, J., Jelić, M., & 
Maguire, I. (2016). Species-specific differences in dynamics of ag-
onistic interactions may contribute to the competitive advantage 
of the invasive signal crayfish (Pacifastacus leniusculus) over the 
native narrow-clawed crayfish (Astacus leptodactylus). Marine and 
Freshwater Behaviour and Physiology, 49(3), 147–157. https://doi.
org/10.1080/10236​244.2016.1146448

Hudina, S., Kutleša, P., Trgovčić, K., & Duplić, A. (2017). Dynamics of 
range expansion of the signal crayfish (Pacifastacus leniusculus) in a 
recently invaded region in Croatia. Aquatic Invasions, 12(1), 67–75. 
https://doi.org/10.3391/ai.2017.12.1.07

Hudina, S., Žganec, K., Lucić, A., Trgovčić, K., & Maguire, I. (2013). Recent 
invasion of the Karstic river systems in Croatia through illegal in-
troductions of the signal crayfish. Freshwater Crayfish, 19(1), 21–27. 
https://doi.org/10.5869/fc.2013.v19.021

Jimenez, R., & Romero, X. (1997). Infection by intracellular bacte-
rium in red claw crayfish, Cherax quadricarinatus (Von Martens), 
Ecuador. Aquaculture Research, 28(12), 923–929. https://doi.
org/10.1046/j.1365-2109.1997.00923.x

Jiravanichpaisal, P., Roos, S., Edsman, L., Liu, H., & Söderhäll, K. (2009). A 
highly virulent pathogen, Aeromonas hydrophila, from the freshwa-
ter crayfish Pacifastacus leniusculus. Journal of Invertebrate Pathology, 
101(1), 56–66. https://doi.org/10.1016/j.jip.2009.02.002

 13652761, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.13552 by R

uder B
oskovic Institute, W

iley O
nline L

ibrary on [18/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s10126-015-9662-8
https://doi.org/10.1371/journal.ppat.1008922
https://doi.org/10.1371/journal.ppat.1008922
https://www.urmc.rochester.edu/urmc-labs/pathology/stainsmanual/index.html?10038
https://www.urmc.rochester.edu/urmc-labs/pathology/stainsmanual/index.html?10038
https://www.urmc.rochester.edu/urmc-labs/pathology/stainsmanual/index.html?10038
https://doi.org/10.3390/ani11041089
https://doi.org/10.3390/ani11041089
https://doi.org/10.1038/s41598-017-11805-w
https://doi.org/10.1038/s41598-017-11805-w
https://doi.org/10.1098/rstb.2012.0331
https://doi.org/10.1126/science.287.5452.443
https://doi.org/10.1126/science.287.5452.443
https://doi.org/10.1111/jfd.13314
https://doi.org/10.1128/SPECTRUM.00389-21
https://doi.org/10.1128/SPECTRUM.00389-21
https://doi.org/10.3391/bir.2020.9.4.13
https://doi.org/10.1016/S0044-8486(01)00865-1
https://doi.org/10.1016/S0044-8486(01)00865-1
https://doi.org/10.3354/dao036077
https://doi.org/10.3354/dao036077
https://doi.org/10.3354/dao02811
https://data.europa.eu/eli/dir/2008/105/oj
https://doi.org/10.1590/0001-3765202020190585
https://doi.org/10.1590/0001-3765202020190585
https://doi.org/10.1007/s10530-019-02067-w
https://doi.org/10.1007/s10530-019-02067-w
https://doi.org/10.1080/10236240600869702
https://doi.org/10.1016/J.AQUACULTURE.2011.03.031
https://doi.org/10.1007/s10499-015-9948-x
https://doi.org/10.1111/jfd.12441
https://doi.org/10.1163/15685403-00003653
https://doi.org/10.1163/15685403-00003653
https://doi.org/10.1051/kmae/2009023
https://doi.org/10.1080/10236244.2016.1146448
https://doi.org/10.1080/10236244.2016.1146448
https://doi.org/10.3391/ai.2017.12.1.07
https://doi.org/10.5869/fc.2013.v19.021
https://doi.org/10.1046/j.1365-2109.1997.00923.x
https://doi.org/10.1046/j.1365-2109.1997.00923.x
https://doi.org/10.1016/j.jip.2009.02.002


     |  275BEKAVAC et al.

Kouba, A., Buřič, M., & Kozák, P. (2010). Bioaccumulation and effects 
of heavy metals in crayfish: A review. Water, Air, and Soil Pollution, 
211(1–4), 5–16. https://doi.org/10.1007/s1127​0-009-0273-8

Kouba, A., Petrusek, A., & Kozák, P. (2014). Continental-wide distribu-
tion of crayfish species in Europe: Update and maps. Knowledge 
and Management of Aquatic Ecosystems, 413(5), 1–31. https://doi.
org/10.1051/kmae/2014007

Lele, S. F., & Pârvulescu, L. (2017). Experimental evidence of the suc-
cessful invader Orconectes limosus outcompeting the native Astacus 
leptodactylus in acquiring shelter and food. Biologia (Poland), 72(8), 
877–885. https://doi.org/10.1515/biolo​g-2017-0094

Li, N., Zhao, Y., & Yang, J. (2007). Impact of waterborne copper on 
the structure of gills and hepatopancreas and its impact on the 
content of metallothionein in juvenile giant freshwater prawn 
Macrobrachium rosenbergii (Crustacea: Decapoda). Archives of 
Environmental Contamination and Toxicology, 52(1), 73–79. https://
doi.org/10.1007/s0024​4-005-0214-5

Longshaw, M. (2011). Diseases of crayfish: A review. Journal of 
Invertebrate Pathology, 106(1), 54–70. https://doi.org/10.1016/j.
jip.2010.09.013

Longshaw, M., Bateman, K. S., Stebbing, P., Stentiford, G. D., & Hockley, 
F. A. (2012). Disease risks associated with the importation and re-
lease of non-native crayfish species into mainland Britain. Aquatic 
Biology, 16(1), 1–15. https://doi.org/10.3354/ab00417

Lovrenčić, L., Bonassin, L., Boštjančić, L. L., Podnar, M., Jelić, M., 
Klobučar, G., Jaklič, M., Slavevska-Stamenković, V., Hinić, J., & 
Maguire, I. (2020). New insights into the genetic diversity of the 
stone crayfish: Taxonomic and conservation implications. BMC 
Evolutionary Biology, 20(146), 1–20. https://doi.org/10.1186/s1286​
2-020-01709​-1

Lucić, A., Hudina, S., Faller, M., & Cerjanec, D. (2012). A comparative 
study of the physiological condition of native and invasive crayfish 
in Croatian rivers. Biologia, 67(1), 172–179. https://doi.org/10.2478/
s1175​6-011-0151-x

Maguire, I., Jelić, M., & Klobučar, G. (2011). Update on the distribution of 
freshwater crayfish in Croatia. Knowledge and Management of Aquatic 
Ecosystems, 401, 31. https://doi.org/10.1051/kmae/2011051

Mandal, S., Van Treuren, W., White, R. A., Eggesbø, M., Knight, R., & 
Peddada, S. D. (2015). Analysis of composition of microbiomes: A 
novel method for studying microbial composition. Microbial Ecology 
in Health & Disease, 26, 1. https://doi.org/10.3402/mehd.v26.27663

Martín-Torrijos, L., Kokko, H., Makkonen, J., Jussila, J., & Diéguez-
Uribeondo, J. (2019). Mapping 15 years of crayfish plague in the 
Iberian Peninsula: The impact of two invasive species on the 
endangered native crayfish. PLoS One, 14(8), 1–14. https://doi.
org/10.1371/journ​al.pone.0219223

McDonald, J. H. (2014). Handbook of biological statistics (3rd ed.). S. H. 
Publishing.

Nędzarek, A., Czerniejewski, P., & Tórz, A. (2020). Macroelements and 
trace elements in invasive signal crayfish (Pacifastacus leniusculus) 
from the Wieprza River (Southern Baltic): Human health implica-
tions. Biological Trace Element Research, 197(1), 304–315. https://
doi.org/10.1007/s1201​1-019-01978​-y

Nunan, L. M., Pantoja, C. R., Gomez-Jimenez, S., & Lightner, D. V. 
(2013). “Candidatus Hepatobacter penaei”, an intracellular 
pathogenic enteric bacterium in the hepatopancreas of the ma-
rine shrimp Penaeus vannamei (Crustacea: Decapoda). Applied 
and Environmental Microbiology, 79(4), 1407–1409. https://doi.
org/10.1128/AEM.02425​-12

OIE (2017). Infection with Aphanomyces astaci (crayfish plague). Manual 
of diagnostic tests for aquatic animals. https://www.oie.int/en/
what-we-do/stand​ards/codes​-and-manua​ls/aquat​ic-manua​l-onlin​
e-acces​s/. Accessed: March 3rd 2020.

Pavić, D., Čanković, M., Petrić, I., Makkonen, J., Hudina, S., Maguire, I., 
Vladušić, T., Šver, L., Hrašćan, R., Orlić, K., Dragičević, P., & Bielen, 

A. (2020). Non-destructive method for detecting Aphanomyces 
astaci, the causative agent of crayfish plague, on the individual 
level. Journal of Invertebrate Pathology, 169, 107274. https://doi.
org/10.1016/j.jip.2019.107274

Pintor, L. M., Sih, A., & Bauer, M. L. (2008). Differences in aggression, 
activity and boldness between native and introduced populations 
of an invasive crayfish. Oikos, 117(11), 1629–1636. https://doi.
org/10.1111/j.1600-0706.2008.16578.x

Pintor, L. M., Sih, A., & Kerby, J. L. (2009). Behavioral correlations pro-
vide a mechanism for explaining high invader densities and in-
creased impacts on native prey. Ecology, 90(3), 581–587. https://
doi.org/10.1890/08-0552.1

Powell, S. E. (2013). Comparative study of two Australian Coxiella species: 
Coxiella burnetii and nov. sp. Coxiella cheraxi (TO-98). Masters thesis. 
James Cook University. http://resea​rchon​line.jcu.edu.au/41358/

Rebrina, F., Skejo, J., Lucić, A., & Hudina, S. (2015). Trait variability of the 
signal crayfish (Pacifastacus leniusculus) in a recently invaded region 
reflects potential benefits and trade-offs during dispersal. Aquatic 
Invasions, 10(1), 41–50. https://doi.org/10.3391/ai.2015.10.1.04

Ricciardi, A., Blackburn, T. M., Carlton, J. T., Dick, J. T. A., Hulme, P. E., 
Iacarella, J. C., Jeschke, J. M., Liebhold, A. M., Lockwood, J. L., 
MacIsaac, H. J., Pyšek, P., Richardson, D. M., Ruiz, G. M., Simberloff, 
D., Sutherland, W. J., Wardle, D. A., & Aldridge, D. C. (2017). 
Invasion science: A horizon scan of emerging challenges and oppor-
tunities. Trends in Ecology and Evolution, 32(6), 464–474. https://doi.
org/10.1016/j.tree.2017.03.007

Roglić, J. (1974). Unique morphological features of Plitvice Lakes National 
Park. In B. Gušić, & M. Marković (Eds.), Plitvice Lakes - Man and na-
ture (pp. 5–22).Croatia, UK: Pltivice Lakes National Park.

Salminen, R., Batista, M. J., Demetriades, A., & Exploration, M. (2005). 
Interpretation of geochemical maps, additional tables, figures, 
maps, and related publications. In Geochemical atlas of Europe (Issue 
July 2014).

Schmeller, D. S., Courchamp, F., & Killeen, G. (2020). Biodiversity loss, 
emerging pathogens and human health risks. Biodiversity and 
Conservation, 29(11–12), 3095–3102. https://doi.org/10.1007/
s1053​1-020-02021​-6

Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E., 
Jeschke, J. M., Pagad, S., Pyšek, P., Winter, M., Arianoutsou, M., 
Bacher, S., Blasius, B., Brundu, G., Capinha, C., Celesti-Grapow, L., 
Dawson, W., Dullinger, S., Fuentes, N., Jäger, H., … Essl, F. (2017). No 
saturation in the accumulation of alien species worldwide. Nature 
Communications, 8, 1–9. https://doi.org/10.1038/ncomm​s14435

Sertić Perić, M., Kepčija, R. M., Miliša, M., Gottstein, S., Lajtner, J., 
Dragun, Z., Marijić, V. F., Krasnići, N., Ivanković, D., & Erk, M. (2018). 
Benthos-drift relationships as proxies for the detection of the most 
suitable bioindicator taxa in flowing waters – A pilot-study within 
a Mediterranean karst river. Ecotoxicology and Environmental Safety, 
163, 125–135. https://doi.org/10.1016/j.ecoenv.2018.07.068

Shields, J. D., Wheeler, K. N., & Moss, J. A. (2012). Histological assess-
ment of the lobster (Homarus americanus) in the “100 Lobsters” 
project. Journal of Shellfish Research, 31(2), 439–447. https://doi.
org/10.2983/035.031.0204

Simberloff, D., Martin, J. L., Genovesi, P., Maris, V., Wardle, D. A., Aronson, 
J., Courchamp, F., Galil, B., García-Berthou, E., Pascal, M., Pyšek, 
P., Sousa, R., Tabacchi, E., & Vilà, M. (2013). Impacts of biological 
invasions: What's what and the way forward. Trends in Ecology and 
Evolution, 28(1), 58–66. https://doi.org/10.1016/j.tree.2012.07.013

Souty-Grosset, C., Malcolm, D., & Noël, P. Y. (2006). Atlas of crayfish 
in Europe. In M. national d'Histoire Naturelle (Ed.), Collection 
Patrimoines naturels (Issue October).

Streissl, F., & Hödl, W. (2002). Growth, morphometrics, size at matu-
rity, sexual dimorphism and condition index of Austropotamobius 
torrentium Schrank. Hydrobiologia, 477, 201–208. https://doi.
org/10.1023/A:10210​46426577

 13652761, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.13552 by R

uder B
oskovic Institute, W

iley O
nline L

ibrary on [18/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s11270-009-0273-8
https://doi.org/10.1051/kmae/2014007
https://doi.org/10.1051/kmae/2014007
https://doi.org/10.1515/biolog-2017-0094
https://doi.org/10.1007/s00244-005-0214-5
https://doi.org/10.1007/s00244-005-0214-5
https://doi.org/10.1016/j.jip.2010.09.013
https://doi.org/10.1016/j.jip.2010.09.013
https://doi.org/10.3354/ab00417
https://doi.org/10.1186/s12862-020-01709-1
https://doi.org/10.1186/s12862-020-01709-1
https://doi.org/10.2478/s11756-011-0151-x
https://doi.org/10.2478/s11756-011-0151-x
https://doi.org/10.1051/kmae/2011051
https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.1371/journal.pone.0219223
https://doi.org/10.1371/journal.pone.0219223
https://doi.org/10.1007/s12011-019-01978-y
https://doi.org/10.1007/s12011-019-01978-y
https://doi.org/10.1128/AEM.02425-12
https://doi.org/10.1128/AEM.02425-12
https://www.oie.int/en/what-we-do/standards/codes-and-manuals/aquatic-manual-online-access/.
https://www.oie.int/en/what-we-do/standards/codes-and-manuals/aquatic-manual-online-access/.
https://www.oie.int/en/what-we-do/standards/codes-and-manuals/aquatic-manual-online-access/.
https://doi.org/10.1016/j.jip.2019.107274
https://doi.org/10.1016/j.jip.2019.107274
https://doi.org/10.1111/j.1600-0706.2008.16578.x
https://doi.org/10.1111/j.1600-0706.2008.16578.x
https://doi.org/10.1890/08-0552.1
https://doi.org/10.1890/08-0552.1
http://researchonline.jcu.edu.au/41358/
https://doi.org/10.3391/ai.2015.10.1.04
https://doi.org/10.1016/j.tree.2017.03.007
https://doi.org/10.1016/j.tree.2017.03.007
https://doi.org/10.1007/s10531-020-02021-6
https://doi.org/10.1007/s10531-020-02021-6
https://doi.org/10.1038/ncomms14435
https://doi.org/10.1016/j.ecoenv.2018.07.068
https://doi.org/10.2983/035.031.0204
https://doi.org/10.2983/035.031.0204
https://doi.org/10.1016/j.tree.2012.07.013
https://doi.org/10.1023/A:1021046426577
https://doi.org/10.1023/A:1021046426577


276  |     BEKAVAC et al.

Štrus, J., Žnidaršič, N., Mrak, P., Bogataj, U., & Vogt, G. (2019). Structure, 
function and development of the digestive system in malacostracan 
crustaceans and adaptation to different lifestyles. Cell and Tissue 
Research, 377(3), 415–443. https://doi.org/10.1007/S0044​1-019-
03056​-0

Suong, N. T., Van Hao, N., Van Sang, N., Hung, N. D., Tinh, N. T. N., Phuoc, 
L. H., Van Cuong, D., Luan, N. T., Phuong, D. V., Thom, T. T., Thao, 
P. H., Bossier, P., Sorgeloos, P., & Defoirdt, T. (2017). The impact 
of catecholamine sensing on the virulence of Vibrio parahaemo-
lyticus causing acute hepatopancreatic necrosis disease (AHPND). 
Aquaculture, 470(October), 190–195. https://doi.org/10.1016/j.
aquac​ulture.2016.12.030

Svoboda, J., Mrugała, A., Kozubíková-Balcarová, E., & Petrusek, A. 
(2016). Hosts and transmission of the crayfish plague pathogen 
Aphanomyces astaci: A review. Journal of Fish Diseases, 40(1), 127–
140. https://doi.org/10.1111/jfd.12472

Tavabe, K. R., Pouryounes Abkenar, B., Rafiee, G., & Frinsko, M. (2019). 
Effects of chronic lead and cadmium exposure on the oriental 
river prawn (Macrobrachium nipponense) in laboratory conditions. 
Comparative Biochemistry and Physiology Part - C: Toxicology and 
Pharmacology, 221(February), 21–28. https://doi.org/10.1016/j.
cbpc.2019.03.009

Thomas, J. R., Robinson, C. V., Mrugala, A., Ellison, A. R., Matthews, E., 
Griffiths, S. W., Consuegra, S., & Cable, J. (2020). Crayfish plague 
affects juvenile survival and adult behaviour of invasive signal cray-
fish. Parasitology, 147(6), 706–714. https://doi.org/10.1017/S0031​
18202​0000165

Tran, L., Nunan, L., Redman, R., Mohney, L., Pantoja, C., Fitzsimmons, K., 
& Lightner, D. (2013). Determination of the infectious nature of the 
agent of acute hepatopancreatic necrosis syndrome affecting pe-
naeid shrimp. Diseases of Aquatic Organisms, 105(1), 45–55. https://
doi.org/10.3354/DAO02621

Twardochleb, L. A., Olden, J. D., & Larson, E. R. (2013). A global meta-
analysis of the ecological impacts of nonnative crayfish. Freshwater 
Science, 32(4), 1367–1382. https://doi.org/10.1899/12-203.1

Vincent, A. G., & Lotz, J. M. (2005). Time course of necrotizing hepato-
pancreatitis (NHP) in experimentally infected Litopenaeus vannamei 
and quantification of NHP-bacterium using real-time PCR. Diseases 
of Aquatic Organisms, 67(1–2), 163–169. https://doi.org/10.3354/
dao06​7163

Vincent, A. G., & Lotz, J. M. (2007). Advances in research of necrotiz-
ing hepatopancreatitis bacterium (NHPB) affecting penaeid shrimp 
aquaculture. Reviews in Fisheries Science, 15(1–2), 63–73. https://
doi.org/10.1080/10641​26060​1079902

Vogt, G. (2019). Functional cytology of the hepatopancreas of decapod 
crustaceans. Journal of Morphology, 280(9), 1405–1444. https://doi.
org/10.1002/jmor.21040

Vogt, G. (2020). Cytopathology and immune response in the hepatopa-
ncreas of decapod crustaceans. Diseases of Aquatic Organisms, 138, 
41–88. https://doi.org/10.3354/dao03443

Vogt, G., & Rug, M. (1996). Granulomatous hepatopancreatitis: Immune 
response of the crayfish Astacus astacus to a bacterial infection. 
Freshwater Crayfish, 11, 451–464.

Water Body Register (2016–2021). Croatian Waters, Pub. L. No. 
008-02/21-02/308 (2021).

Westman, K., Pursiainen, M., & Vilkman, R. (1978). A new folding trap 
model which prevents crayfish from escaping. In Freshwater crayfish 
(Issue 4).

Westman, K., & Savolainen, R. (2002). Growth of the signal crayfish, 
Pacifastacus leniusculus, in a small forest lake in Finland. Boreal 
Environment Research, 7(1), 53–61.

Wu, J. P., Chen, H. C., & Huang, D. J. (2008). Histopathological and 
biochemical evidence of hepatopancreatic toxicity caused by 
cadmium and zinc in the white shrimp, Litopenaeus vannamei. 
Chemosphere, 73(7), 1019–1026. https://doi.org/10.1016/j.chemo​
sphere.2008.08.019

Wu, Z., Zhang, Q., Zhang, T., Chen, J., Wang, S., Hao, J., Lin, Y., & Li, 
A. (2021). Association of the microbiota dysbiosis in the hepato-
pancreas of farmed crayfish (Procambarus clarkii) with disease 
outbreaks. Aquaculture, 536, 736492. https://doi.org/10.1016/J.
AQUAC​ULTURE.2021.736492

Xiong, B., Xu, T., Li, R., Johnson, D., Ren, D., Liu, H., Xi, Y., & Huang, Y. 
(2020). Heavy metal accumulation and health risk assessment of 
crayfish collected from cultivated and uncultivated ponds in the 
Middle Reach of Yangtze River. Science of the Total Environment, 
739, 139963. https://doi.org/10.1016/j.scito​tenv.2020.139963

Xiong, J., Wang, K., Wu, J., Qiuqian, L., Yang, K., Qian, Y., & Zhang, D. 
(2015). Changes in intestinal bacterial communities are closely 
associated with shrimp disease severity. Applied Microbiology and 
Biotechnology, 99(16), 6911–6919. https://doi.org/10.1007/s0025​
3-015-6632-z

Xiong, J., Zhu, J., Dai, W., Dong, C., Qiu, Q., & Li, C. (2017). Integrating 
gut microbiota immaturity and disease-discriminatory taxa 
to diagnose the initiation and severity of shrimp disease. 
Environmental Microbiology, 19(4), 1490–1501. https://doi.
org/10.1111/1462-2920.13701

Zhang, Z., Liu, J., Jin, X., Liu, C., Fan, C., Guo, L., Liang, Y., Zheng, J., & 
Peng, N. (2020). Developmental, dietary, and geographical impacts 
on gut microbiota of red swamp crayfish (Procambarus clarkii). 
Microorganisms, 8(9), 1376. https://doi.org/10.3390/micro​organ​
isms8​091376

Zheng, Y., Yu, M., Liu, J., Qiao, Y., Wang, L., Li, Z., Zhang, X. H., & Yu, 
M. (2017). Bacterial community associated with healthy and dis-
eased Pacific white shrimp (Litopenaeus vannamei) larvae and rear-
ing water across different growth stages. Frontiers in Microbiology, 
8(JUL), 1–11. https://doi.org/10.3389/fmicb.2017.01362

Zodrow, J. M., Stegeman, J. J., & Tanguay, R. L. (2004). Histological 
analysis of acute toxicity of 2,3,7,8-tetrachlorodibenzo-p- dioxin 
(TCDD) in zebrafish. Aquatic Toxicology, 66(1), 25–38. https://doi.
org/10.1016/j.aquat​ox.2003.07.002

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

How to cite this article: Bekavac, A., Beck, A., Dragičević, P., 
Dragun, Z., Maguire, I., Ivanković, D., Fiket, Ž., Gračan, R., & 
Hudina, S. (2022). Disturbance in invasion? Idiopathic 
necrotizing hepatopancreatitis in the signal crayfish 
Pacifastacus leniusculus (Dana, 1852) in Croatia. Journal of Fish 
Diseases, 45, 261–276. https://doi.org/10.1111/jfd.13552

 13652761, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfd.13552 by R

uder B
oskovic Institute, W

iley O
nline L

ibrary on [18/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/S00441-019-03056-0
https://doi.org/10.1007/S00441-019-03056-0
https://doi.org/10.1016/j.aquaculture.2016.12.030
https://doi.org/10.1016/j.aquaculture.2016.12.030
https://doi.org/10.1111/jfd.12472
https://doi.org/10.1016/j.cbpc.2019.03.009
https://doi.org/10.1016/j.cbpc.2019.03.009
https://doi.org/10.1017/S0031182020000165
https://doi.org/10.1017/S0031182020000165
https://doi.org/10.3354/DAO02621
https://doi.org/10.3354/DAO02621
https://doi.org/10.1899/12-203.1
https://doi.org/10.3354/dao067163
https://doi.org/10.3354/dao067163
https://doi.org/10.1080/10641260601079902
https://doi.org/10.1080/10641260601079902
https://doi.org/10.1002/jmor.21040
https://doi.org/10.1002/jmor.21040
https://doi.org/10.3354/dao03443
https://doi.org/10.1016/j.chemosphere.2008.08.019
https://doi.org/10.1016/j.chemosphere.2008.08.019
https://doi.org/10.1016/J.AQUACULTURE.2021.736492
https://doi.org/10.1016/J.AQUACULTURE.2021.736492
https://doi.org/10.1016/j.scitotenv.2020.139963
https://doi.org/10.1007/s00253-015-6632-z
https://doi.org/10.1007/s00253-015-6632-z
https://doi.org/10.1111/1462-2920.13701
https://doi.org/10.1111/1462-2920.13701
https://doi.org/10.3390/microorganisms8091376
https://doi.org/10.3390/microorganisms8091376
https://doi.org/10.3389/fmicb.2017.01362
https://doi.org/10.1016/j.aquatox.2003.07.002
https://doi.org/10.1016/j.aquatox.2003.07.002
https://doi.org/10.1111/jfd.13552

