
 Aquatic Invasions (2021) Volume 16, Issue 4: 653–674 
 

Świeżak et al. (2021), Aquatic Invasions 16(4): 653–674, https://doi.org/10.3391/ai.2021.16.4.05 653 

 CORRECTED  PROOF  
 
Research Article  

Physiological and microbiological determinants of the subtropical non-indigenous 
Rangia cuneata health and condition in the cold coastal waters of the Baltic Sea: 
the Vistula Lagoon case study 

Justyna Świeżak1, Katarzyna Smolarz1,*, Alicja Michnowska1, Agnieszka Świątalska2, Amanda Sobczyk1  
and Ryszard Kornijów3 
1Department of Marine Ecosystems Functioning, University of Gdańsk, Poland 
2Department of Veterinary Hygiene, Voivodeship Veterinary Inspectorate, Gdańsk, Poland 
3Department of Fisheries Oceanography and Marine Ecology, National Marine Fisheries Research Institute, Gdynia, Poland 
Author e-mails: justyna.swiezak@ug.edu.pl (JS), katarzyna.smolarz@ug.edu.pl (KS), alicja.michnowska@phdstud.ug.edu.pl (AM), 
a.swiatalska@gdansk.wiw.gov.pl (AŚ), amandasobczyk@wp.pl (AS), rkornijow@mir.gdynia.pl (RK) 
*Corresponding author 
   

      

Abstract 
The clam Rangia cuneata originating from the Gulf of Mexico has recently been 
introduced in the Baltic Sea waters. In the Polish coastal waters R. cuneata colonized 
riverine (the Vistula Delta) and the lagoon (the Vistula Lagoon) areas. In the Vistula 
Lagoon population strong fluctuations in clam biomass and density was observed 
being a consequence of reoccurring yearly spring mortality. In the present work we 
examined the condition and general health of R. cuneata from the Vistula Lagoon 
and the potential role of microorganisms as causative factors of mortality events. 
Overall, 102 adult clams were collected in March 2019. Out of those, 50 clams 
were used for microbiological and histological analyses while 52 for biochemical 
examination. Histological examination revealed that 47 clams were characterized 
by infiltration of hemocytes in various internal organs with mantle and gills most 
commonly affected. Observed inflammatory response was morphologically classified 
as mild to severe infiltrative hemocytosis as seen in severe systemic infections 
(septicemia) with the latter occurring in 40% of clams. Bacteria isolated from the 
clam tissues, characterized by a massive growth, included those from the genus 
Aeromonas (A. sobria, A. caviae, A. hydrophila), all classified as potential pathogens. 
Additionally, the presence of Kocuria spp. (G+) and pathogenic Shewanella 
putrefaciens (G−) was documented in one individual. Bacteria identified in water 
samples were almost identical to those from the tissue and included all the three 
Aeromonas species, S. putrefaciens and Staphylococcus pseudintermedius (G+). 
Gram staining revealed the presence of G(+) bodies in hepatopancreas, while 
G(−) bodies were often observed in the epithelial tissue of gills and mantle. 
Biochemical examination revealed the lack of glycogen, low carbohydrate and lipid 
contents indicating scarce levels of stored energetic materials. Hence, predominant 
bacteria isolated from R. cuneata together with low energetic reserves may greatly 
explain poor condition of these clams, and periodical mortality outbreaks occurring in 
the studied area. We thus hypothesize that the disease outbreak potentially elevating 
species mortality and affecting its reproduction may limit rangias’ success in creating 
a stable population in some areas with microorganisms forming mechanism 
participating in ecosystem resistance against introduced species during early 
colonization of the new environments. 
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Figure 1. Distribution of R. cuneata in the newly colonized Baltic Sea. 1) possible spreading route from the Gulf of Mexico to the 
Baltic Sea, 2) Baltic Sea areas colonized by rangia, 3) the case study area the Vistula Lagoon. 

Introduction 

Rangia cuneata (G. B. Sowerby 1832), commonly known as gulf wedge 
clam or rangia, is a bivalve mollusk of Atlantic origin. This native to Gulf 
of Mexico species has recently become of high interest in terms of rapid 
spreading in coastal areas of Europe (Verween et al. 2006). In the Baltic Sea 
the areas colonized by R. cuneata are depicted in Figure 1 (e.g. Rudinskaya 
and Gusev 2012; Warzocha and Drgas 2013; Janas et al. 2014; Möller and 
Kotta 2017; Solovjova et al. 2019; Faillettaz et al. 2020). More specifically, 
the occurrence of clams was first recorded in the eastern edge of Vistula 
Lagoon around 2010 (Rudinskaya and Gusev 2012), further recognized in 
the Gulf of Gdańsk (Janas et al. 2014), Lithuanian and Estonian coastal 
waters (Möller and Kotta 2017; Solovjova et al. 2019) and Eastern Gulf of 
Finland (Orlova 2019). The Vistula Lagoon is located in the south-eastern 
part of the Baltic Sea (Figure 1). It is strongly elongated, SW-NE oriented, 
and large (838 km2) but shallow (mean depth 2.5 m; max. depth 5.2 m). 
The climate of the region is transitional, from moderate marine to moderate 
continental with average surface water temperature calculated based on the 
data over the last 10 years being 10.29 °C (https://seatemperature.info/vistula-
lagoon-water-temperature.html). The ice cover usually persists for only 
several days in mild winters, and from December until April in the coldest 
years. The lagoon is characterised by high nutrients concentration (Kornijów 
2018) favouring development of phytoplankton dominated by cyanobacteria 
(Nawrocka and Kobos 2011; Kownacka et al. 2020). Water transparency is 
low with Secchi depth fluctuating around 50 cm. This results not only from 
relatively high chlorophyll a concentrations (22.9–54.3 μg dm-3), but also 
from high concentrations of total suspended solids (42.7–54.5 mg dm-3) 
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caused by frequent resuspension of bottom sediments in the shallow area 
exposed to wind. The near-bottom water layers are well oxygenated, even 
during long winter under the ice cover (Kornijów et al. 2020). 

The biology of rangia promotes the species invasive potential at least for 
the Southern Baltic Sea. The clam is a suspension feeder ingesting large 
quantities of seasonally available suspended detritus and phytoplankton. In 
its native habitats the bivalves are commonly found in estuaries, where the 
salinity ranges from fresh water to brackish (0–18 PSU) (Parker 1966; 
LaSalle and de la Cruz 1985). However, the survival of the larvae can only 
take place in salinity range from 2–10 PSU and in brackish conditions it 
fully depends on salinity intrusions (Christensen and Pine 2020). Also, 
salinity conditions and a range of temperatures optimal for all life stages of 
R. cuneata are found in the southern Baltic waters and in particular in the 
Vistula Lagoon (Chubarenko and Margoński 2008). Despite that high 
mortality reaching up to 30% of the population of adult R. cuneata in the 
Lithuanian coastal waters as well as of post-settlement clams in the Vistula 
Lagoon has been denoted indicating its limited success in creating a stable 
population in both areas (Kornijów et al. 2018; Solovjova et al. 2019). The 
mortality of rangia starts in the late winter/early spring with a maximum 
reached during spring when the water temperature warms above 10 °C 
(Kornijów et al. 2018). The lack of population stability is also manifested 
by seasonal impoverishment of the population’s abundance with no more 
than two cohorts of similar age (yearlings and adults) found instead of 
complex demographic population structures (Warzocha et al. 2016). Mass 
mortality of the wedge clam in Baltic coastal areas and lagoons has been 
attributed to some abiotic factors, such as hypoosmotic conditions, ice cover 
and oxygen shortage in water during the cold season (Warzocha et al. 2016; 
Tuszer-Kunc et al. 2020), but its direct cause has not yet been identified. 

Unlike the Gulf of Mexico, the Baltic Sea is located in the temperate 
climate zone in which cold and/or long winters do occur. Maximization of 
colonization success in such conditions can only be achieved by efficient 
division of sufficient resources between biomass production (somatic or 
reproductive growth) and maintenance activity, including immune response 
to potential pathogens (Schwenke et al. 2016). Thus, the content of stored 
biochemical compounds including proteins, carbohydrates, glycogen and 
lipids serves as a good proxy of bivalve condition (Lane 1986) and changes 
seasonally depending on abiotic (temperature, oxygen level, osmotic stress, 
pollution load) and biotic (food availability, reproductive cycle phase, 
pathogenic microorganisms) factors (Bonsdorff and Wenne 1989; Tarnowska 
et al. 2009; Lagade et al. 2015; Larsson et al. 2018). In response to these 
factors energetic reserves usually undergo significant shortage, very often 
leaving the bivalves on the edge of survival. In particular glycogen is a 
readily available energy resource and its concentration in tissues is a good 
indicator of stress caused by starvation, diseases or both (Grizzle and 
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Brunner 2009), all potentially leading to events of elevated mortality. 
Gametogenesis is yet another process eventually leading to complete 
depletion of energy reserves and may increase susceptibility to infections 
(Vázquez et al. 2013; Brokordt et al. 2019). However, there is a substantial 
lack of information regarding the health status and condition of 
introduced clams in the Vistula Lagoon in terms of potential infections 
possibly driving temporally boosted mortality. 

Via filter-feeding clams ingest and concentrate a diversity of commensal 
bacteria of species belonging to different genera (Kueh and Chan 1985) 
and several of them may turn from neutral to pathogenic ones depending 
on ambient conditions. In the marine environments, most diseases leading 
to mass mortality are caused by bacteria from Vibrio species (Prado et al. 
2014; Travers et al. 2015), Pseudomonas (Shayo et al. 2012) and opportunistic 
Aeromonas spp. (Janda and Abbot 2010). However, the susceptibility of 
wedge clam to diseases imposed by various factors is poorly investigated, 
especially in newly colonized areas. Generally in bivalves, mucosal tissue 
plays a crucial role in host defense against various pathogens before they 
enter other tissues (Sousa and Hinzmann 2020), while the immune 
response encompasses humoral and cellular components (Schmitt et al. 
2012; Jemaà et al. 2014). The usually observed cellular response to 
pathogens includes inflammatory cells as hemocytes infiltration, being the 
first step of phagocytosis on recognized infectious agents (Allam and 
Raftos 2015). Hemocytes present in bivalves include three main cell types: 
granulocytes, hyalinocytes and serous-like cells (Kuchel et al. 2010). Apart 
from immunological functions and wound healing (melanization), hemocytes 
are also involved in shell mineralization, excretion, digestion and transport 
of various metabolites (Jemaà et al. 2014 after Cheng 1996 and Mount et al. 
2004). Bivalves also express a range of inducible extracellular recognition of 
pathogens and effector molecules such as lectins, peptidoglycan-recognition 
proteins, lipopolysaccharide, thioester bearing proteins, fibrinogen-related 
proteins and many other antimicrobial peptides and proteins (Allam and 
Raftos 2015 and references therein). Since immune responses are as energy 
demanding as reproduction and mutually constraining, they are also 
reported to increase susceptibility of bivalves to mass mortality events 
(Brokordt et al. 2019). 

In this study we investigated the health and condition of the newly 
established population of R. cuneata from the Vistula Lagoon by determining 
their biochemical composition, general health and physiological state. 
Also, in order to diagnose the plausible causative factors of occurring 
mortality events, pathogen screening was performed in ambient sea water 
and in the bivalve tissues. The general aim was to understand the interplay 
of physiological factors that determine the clams’ fitness and the role of 
bacteria as potential agents of mortality events. 

https://doi.org/10.3391/ai.2021.16.4.05
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Materials and methods 

Sampling 

In this study, 109 clams (102 live and 7 gapers (recently dead shells still 
containing soft parts)) were collected in March 2019 from the Vistula 
Lagoon (54°17.276′N; 19°24.856′E) in the sandy bottom with a slight 
admixture of mud at a depth of 2 m using a bottom dredge with a 2 mm 
mesh, attached to a 5 m stick (Wakida-Kusunoki and MacKenzie 2004). 
Live mussels were transported to the laboratory in constantly aerated 
water. In the lab they were transferred to the aquaria with artificial sea 
water of the same temperature and salinity as measured in the lagoon on 
the day of sampling and further analysed. The proportion of dead 
individuals (%) was determined by counting the number of gapers in the 
population divided by the total number of clams in the sample times 100. 
Additionally, three near-bottom water samples were collected of 100 µl 
each, placed into sterile bottles suitable for microbiological investigation 
and analysed immediately after transportation to the laboratory. Temperature 
and salinity were measured by means of a WTW probe, model Multi 3110. 
The clam density was estimated based on four replicate samples taken with 
an Ekman sampler (working surface of 225 cm2). 

Microbiological analyses 

Samples for bacterial cultures were obtained from the visceral sac area 
covering gills, digestive system and gonads of 50 specimens of R. cuneata 
using sterile swabs. Each sample was collected and cultured separately 
using standard and streak plate methods and further analyzed using 
impedance microbiology technique. At first, simplified culture was 
performed using single inoculation loop. Next, reduction culture with four 
changes of inoculation loops followed. Microbial detection was done using 
various chemically defined media such as standard (TSA, enriched agar, 
Columbia agar) and selective media for targeted microorganisms. The 
latter included Ryan substrate for Aeromonas sp. isolation, Furones substrate 
for Yersinia ruckeri identification and differentiation between pathogenic 
and non-pathogenic strains, King Agar B for Pseudomonas sp. isolation 
and Cytophaga Agar Base medium for isolation of Flavobacterium. After 
streaking of an inoculum on a culture plate, all media, with an exception of 
Cytophaga Agar Base medium that was incubated at 15 °C ± 1 °C, were 
incubated at 27 °C ± 1 °C for up to 36 h in case of limited bacterial growth. 
First step of microorganism identification included gripping the obtained 
colonies based on their morphological (size/shape/color) characteristics, 
growth rate and medium type. Next, identical or semi-identical colonies 
were extracted, sub-cultured to a new media plate to yield a pure culture 
and then identified. The species identification was done based on Gram 
staining, 3% KOH assay (in accordance with BIOMÉRIEUX protocol for 

https://doi.org/10.3391/ai.2021.16.4.05
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Table 1. Description of codes characterizing classification of bacterial growth. 

Code Amount of colonies Code description 
-  Few Less than 10 colonies on the plate 
*  Semi-numerous Between 10 and 30 colonies on the plate  
**  Numerous  Over 30 colonies on the plate 

***  Uncountable  Uncountable colonies on the plate characterized by 
dominating growth  

VITEK system), oxidase test in order to differentiate oxidase-positive and 
oxidase-negative bacteria, API 20E test for identification of Enterobacteriaceae, 
API 20 NE test for identification of other G(−) bacteria not belonging to 
Enterobacteriaceae, and VITEK® system. For API 20E, the incubation was 
implemented at 27 °C ± 1 °C for 24 h (one read) while for API 20 NE at 
27 °C ± 1 °C over a period of 48 h with first read done after 24 h and the 
second after 48 h. 

Microbiological analyses of the water samples included equal spreading 
of water sample (100 µl) on the TSA medium in a Petri dish using a sterile 
pipet/palp. Also here, streaking was used in order to isolate and identify 
microorganisms in each water sample. After 48–72 h in TSA medium, the 
colonies were sub-cultured to new media plates with standard and selective 
media. Species-specific identification was performed as described above. 
All used instruments were sterile and prepared for microbiology examination. 
Counting pattern of bacterial colonies is presented in the Table 1. 

Histological analyses 

Histological analyses were conducted on the same 50 individuals as 
microbiological examination. The soft tissue from each individual was fixed 
in Davidson fixative for three days and further moved to 10% formaldehyde 
buffered with sodium phosphate (4 g dm-3 NaH2PO4 and 6.5 g dm-3 Na2HPO4). 
Next, the tissue samples were dehydrated in ethanol series, immersed in 
xylene and embedded in paraffin. After that, 3 µm thick sections were cut, 
collected on microscopic slides and left for 24 h in 60 °C for preliminary 
deparaffinization. Further procedure included deparaffinization in xylene, 
re-hydration in descending ethanol series, and regressive staining with 
Harris’ hematoxylin and eosin (H&E) standard protocol. Prepared slides 
were examined under light microscope for lesions occurring in the soft 
tissue with a special attention on digestive glands, gonads and gills. Scoring 
of lesions was based on the binary scale with the presence of lesions scored 
as 1 while the absence as 0. Scored lesions were pooled by tissue type (i.e. 
gills, gonads and digestive gland) and further analyzed as the number of 
lesions assuming a binomial error distribution. The severity of haemocytic 
infiltration was analyzed based on the number of organs and systems invaded 
using a scale: 

Score 0: no inflammatory response present; 
Score 1: hemocyte infiltration in mantle area or gills tissue; 
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Score 2: hemocytes infiltrating at least two out of the digestive gland 
(hepatopancreas), gill tissue and/or mantle; 

Score 3: multiorgan inflammatory response with inflammatory cells 
invading multiple systems. 

Determination of lipid, protein and carbohydrate content in the soft 
tissues of R. cuneata 

Additional 52 clams were kept frozen at −80 °C before the content of the 
reserve materials was determined. Then biometric analyses and separation 
of the soft tissue from the shells were performed. Further on, tissue samples 
were dried at 60 °C for 3 days, individually homogenized and from each 
specimen 8 to 10 mg of powdered soft tissue was weighted in three replicates 
for each analysis type. Determination of lipids, proteins, carbohydrates 
and glycogen content was based on spectrophotometric methods described 
below, with the absorbance measured using UV-VIS Shimadzu 
spectrophotometer (UV-1601). The content of biochemical components 
were expressed as mg per gram of soft tissue dry weight (mg g-1 d.w.). 

Total protein level 

For the determination of protein content modified Lowry et al. (1951) 
method combining a burette reaction with a Folin-Ciocalteu reagent was 
used. The modification included addition to homogenized dry tissue 
subsamples 5 ml of 1N NaOH and their overnight incubation. Subsequently, 
250 μl of the supernatant was transferred to polyethylene reaction tubes 
and filled with 1N NaOH to the total reaction volume of 0.5 ml. Bovine 
serum albumin (BSA, Sigma-Aldrich) in a series of dilutions was used for 
protein standard curve. Then reagents (2% Na2CO3 in 0.1N NaOH, 0.5% 
CuSO4 in H2O, 1% potassium sodium tartrate in H2O, 1:2 (v/v) stock 
Folin-Ciocalteu diluted in distilled H2O) were added to each sample 
according to the order established in the original method. After 1.5 h of 
incubation maximum coloration was obtained and the absorbance was 
measured at λ = 750 nm. 

Lipids 

Lipid extraction was carried out based on Bligh and Dyer (1959) technique 
while the final determination was performed according to the Marsh and 
Weinstein (1966) method. Slight modifications of the above mentioned 
protocols included consecutive (every 10 sec) inserting the tubes into the 
heating block set at 200 °C, and, after 20 minutes, their consecutive removal 
and cold water cooling in the exact order. The standard curve was based on 
stabilized 95% cholesterol (Acros Organic). Absorbance was measured at 
λ = 360 nm. 

https://doi.org/10.3391/ai.2021.16.4.05
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Carbohydrates and glycogen 

The level of carbohydrates and glycogen was determined using Dubois et al. 
(1956) protocol. For that purpose dissoluted in 15% TCA (trichloroacetic 
acid) pellet formed during lipid determination was used. For glycogen 
analysis, 4 ml absolute ethanol was added to 0.5 ml of the supernatant 
placed in a polypropylene tube and the solution was further centrifuged at 
3000 rpm for 10 minutes. Then, the supernatant was very gently discarded 
and the remaining pellet diluted in boiled distilled H2O prior to addition of 
5% phenol and concentrated sulphuric acid. The samples were homogenized 
thoroughly and absorbance was measured at λ = 490 nm. For carbohydrate 
determination, 1 ml of 5% phenol was added to 0.5 ml of 15% TCA pellet 
and left at room temperature for 40 min. After that period, 5 ml of 
concentrated sulfuric acid was added, the content was homogenized 
vigorously, left at room temperature for 10 min to stabilize and their 
absorbance was measured at λ = 490 nm. Standard curve was prepared 
based on glucose (Sigma-Aldrich) in series of dilutions. 

Sexing and gametogenesis 

Rangia cuneata is a gonochorous species with gonads consisting of 
progressively developing tubules. Individuals classified as females were 
characterized by the presence of female reproductive organs while in males 
testis was present. The examination was based on evaluating histological 
slides under the light microscope. Sex ratio (SR) was calculated as a number 
of females divided by a number of males. For establishing the stage of 
gonad maturation the scale proposed for Baltic bivalves was used (Wenne 
1985; Gosling 2003) with minor modifications: 

Stage 1: immature gonads recovering after spawning. 
Stage 2: active gametogenesis with previtelogenic oocytes (females) and 

larger and thicker follicles (males) 
Stage 3: maturity, gonadal follicles are filled with mature gametes and 

packed together. Still ongoing oogenesis and spermatogenesis processes.  
Stage 4: spawning after gonads reach the maximum size. 
Stage 5: resting, ongoing lysis of un-discharged gametes, restoration of 

the gonad tissue. 

The following formula was used for calculation of gonadal index (GI) 
(Wenne 1985): 

GI= [n1*1+n2*2+n3*3+n4*4+n5*0]/N 

Where “ni” is the number of individuals in a particular stage of 
development and “N” is the total number of all individuals at particular 
sampling site. 
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Statistical analyses 

Shapiro-Wilk test following Levene’s test were applied to discriminate the 
normality of data and homogeneity of variance. Spearman’s correlation 
coefficient calculation was performed in order to analyze the correlation 
strength and significance between penetration level of inflammatory cells 
into various tissues and the number of colonies yielded from tissue smears. 
Linear regression was performed in order to analyze the correlation level 
between penetration level of inflammatory cells into various tissues. Fisher 
Test was used to analyze the presence of association between sex and the 
number of cultured bacterial colonies while Chi-Square Test was used to 
assess the correlation between sex and intensity of the inflammation. 
Variables were considered as significant when P < 0.05. 

Results 

Environmental variables and population parameters 

The lagoon was covered with ice from January 22 to February 13, 2019. 
When the study was conducted the water temperature reached 3.0 °C and 
the salinity was 2.8 PSU. The average clam density was 211 ± 33 ind. m-2 
and the average biomass including shells was 659 ± 281 g wet weight m-2. 
Among the sampled clams the share of dead individuals was 6.67%. The 
average length of live clams was 35.9 ± 2.9 mm, and their length ranged 
from 26.0 to 41.3 mm. The shell length of dead clams was above 30 mm 
which indicates their maturity. 

Microbiological examination 

Performed microbiological examination revealed that all analyzed clams 
were hosting microorganisms in their soft tissues and the scale of identified 
bacteria growth was immense. In 98% of clams uncountable (88%) or 
numerous (10%) colonies were observed. Semi-numerous colonies were 
observed in 2% of studied individuals. Among those, dominating growth of 
Aeromonas spp. was observed. Identified bacteria species included 
A. hydrophila/caviae (G−), A. sobria (G−) and Kocuria spp. (G+), but the 
growth of Kocuria was strongly dominated by A. hydrophila/caviae and 
A. sobria. In one clam facultative anaerobe and pathogenic Shewanella 
putrefaciens (G−) was present. In the water samples four bacteria species were 
found, A. hydrophila/caviae, A. sobria, S. putrefaciens and Staphylococcus 
pseudintermedius (G+). 

Histological examination 

Histological examination revealed that almost all examined clams (47 out 
of 50) were characterized by mild to severe infiltration of hemocytes in gills, 
mantle and digestive gland. Overall, three clams were diagnosed as healthy 
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Figure 2. Cross-sections through various tissues and organs of Rangia cuneata: A) normal appearance of gills; B) normal appearance 
of mantle tissue; C) normal digestive tubules with regular epithelium surrounded by well-defined basal membrane and small 
lumen; D) gill lamellae filled with a large number of hemocytes resulting in swollen-like appearance of the tissue typical for stage 1 of 
IR (arrows); E) cross-section through mantle tissue filled with inflammatory cells typical for stage 1 of IR; F) digestive gland 
atrophy characterized by lumen enlargement and thinning of the tubules wall, note the presence of hemocytes around the tubules (stage 
2 of IR); G) congested gill tissue with cellular edema and bacterial colonies adhered to lamellar epithelium and infiltrated by the 
inflammatory cells (arrow), stage 2 of IR; H) infiltration of hemocytes showing extensive congestion areas within the digestive 
diverticula seen in stage 2 of IR with hemocytes surrounding the digestive tubules; I) massive hemocyte invasion into the mantle 
typical for stage 3 of IR; J) cross-section through gills, mantle and surrounding tissue of the individual at stage 3 of IR; K) female 
gonad atresia seen in stage 3 of IR, oocytes (arrows); L) hemocytes (arrows) surrounding potential bacterial colonies (block arrows) in 
the connective tissue of digestive gland, stage 2 IR; L – lamellae, DT – digestive tubules, IC – inflammatory cells, O – ovary, AO – 
atretic ovary, BC – bacterial colonies, DGA – digestive gland atrophy. Scale bar H&E staining. Scale bars color coding: yellow and 
green 100 µm, red 50 µm and black 10 µm. Photos by K. Smolarz. 

(Figure 2A–C) while observed lesions were most frequent and severe in 
the gills, mantle and digestive gland. Penetration of inflammatory cells 
(that included granulocytes and hyalinocytes) into the gill or mantle 
(Figure 2D–E) was found in stage 1 of inflammatory response (IR). In gills, 
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Figure 3. The severity of the inflammatory response in relation to obtained number of bacterial 
colonies (scores 0–3 in both descriptors) identified in R. cuneata (n = 50). The size of the circle 
refers to the number of specimens showing specific score associations. 

cellular edema, congestion and inflammatory cells agglomerates were 
observed (Figure 2D) opposite to normal gill tissue appearance (Figure 2A). 
This stage was confirmed in 10 out of 50 analyzed clams (Figure 3). The 
stage 2 of IR was categorized by simultaneous hemocytic infiltration into gills 
and mantle, mantle and digestive gland or gills and digestive gland tissues 
(Figure 2L–H). This moderate inflammation stage was characterized by the 
presence of numerous inflammatory cells of normal appearance (Figure 2L). 
Also, no severe tissue damages were found and normal arrangement of 
gastric, respiratory and epithelial layers including mucosa, lamina propria 
and muscularis was seen. Thickening and clubbing of primary and secondary 
lamellae (Figure 2G) was noted in approximately 40% of cases. These 
conditions were found in 17 clams, and the observed inflammatory response 
was morphologically classified as mild infiltrative hemocytosis. The most 
severe multiorgan inflammatory response with hemocytes invading more 
than three organs and/or systems was classified as stage 3 of IR. In this 
stage, histological appearance of affected clams was similar to infiltrative 
hemocytosis seen in severe systemic infections (Figure 2I–K). The structure 
of respiratory and digestive organs as well as mantle was moderately damaged 
causing disorganization of the tissue architecture, a loss of cellularity and 
apparent cellular necrosis (Figure 2I–K). The tissues showed extensive 
congestion areas, cellular edema, interlayer hyperplasia and epithelial cells 
detachment at the base of the interlamellar space. In this final stage of IR, 
massive hemocyte infiltration was also present in gonads often co-occurring 
with gonadal atresia and oocyte deformities (Figure 2K). Also, in various 
other tissues and organs necrotic areas and areas with deformed tissue 
structure were found. Since the histological appearance of tissues in this stage 
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Figure 4. Cross section through R. cuneata showing A) bacterial colonies (arrowheads) adhered to the mantle with some inflammatory 
cells (arrows); B) bacterial bodies (star) found in the epithelial tissue of the mantle; and C) bacterial bodies in the epithelial tissue 
of the gills and mantle tissue with massive spread of inflammatory cells (arrows). Gram staining. Photos by K. Smolarz. 

was similar to occurring in some bivalve species neoplastic disorder, in order 
to differentiate both conditions in each case careful analyses of hemocytes 
was performed taking into account features typical for neoplasia. These 
included the presence of mitotic figures, nuclear and cellular hypertrophy, 
multiplication of genetic material deposited in the nuclei, irregularity of 
nuclei, the presence of binucleated or multinucleated cells and low nuclei to 
cytoplasm ratio. The most severe septicemia-like condition was found in 20 
clams. There was statistically significant correlation between the presence 
of inflammatory cells in gills or mantle area (1st stage) and their further 
expansion into the digestive system (2nd stage) and other tissues was seen in the 
3rd stage (Spearman’s correlation analyses on histological data r(48) = 0.357, P = 
0.011) highlighting the dynamic progress of IR. Additionally, performed gram 
staining revealed the presence of G(+) bodies in hepatopancreas, while 
G(−) bodies were often observed in the epithelial tissue of gills and mantle 
(Figure 4A–C) in clams with advanced stage of IR. Bacterial colonies were also 
observed adhered to the gill lamellae, mantle, renal duct and digestive system. 

Within the analyzed populations the sex ratio was 1.78 indicating females 
domination over males. Gonadal index equaled to 2.22 but differed when 
taking into consideration both sexes separately. In males GI 3.78 corresponded 
to developed gonads prepared for spawning while in females GI was 1.16 
(P < 0.05). This difference is related to the fact that in females 14 individuals 
were already in stage 5 of gametogenesis (what corresponded to the resting 
stage occurring after spawning) or in stage 1 (starting new phase of gonad 
development) while most of males (16) had ripe gonads at stage 4 of 
gametogenesis (Figure 5). Thus, gametogenesis in males was delayed in 
comparison to females as majority of females had already spawned. When 
considering the amount of bacterial colonies, the highest number of 
individuals was classified into the stage 3 in both, females and males (28 
and 16, respectively, Table 2). Similarly, the highest amount of individuals 
was characterized by stage 3 of IR (14 females and 10 males, Table 2). 
However, despite domination of individuals in which uncountable number 
of bacterial colonies were found (code 3), several individuals of both sexes 
were at the 1st and 2nd stage of IR. That resulted in the lack of correlation 
between the number of bacterial colonies and the severity of inflammatory 
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Figure 5. No. of individuals at each stage of gonad development in males A) and females B). 

Table 2. Sex-related differences in the strength of the inflammatory response and no. of bacterial colonies in the R. cuneata. 

No. of colonies/stage 
of IR 

No. of individuals within each microbiological group No. of individuals in each stage of inflammatory response 
females males females males 

0 0 0 2 1 
*/1 1 0 8 2 
**/2 3 2 8 5 
***/3 28 16 14 10 

response (Pearson’s correlation coefficient r(45) = 0.052, P = 0.728). 
However, a pattern indicating the majority of inflammatory responses 
related to increasing number of bacterial colonies was noticeable (Figure 3). 
Moreover, no association between sex and the number of cultured bacterial 
colonies (Fisher’s exact test P = 1, N = 50) or between sex and the intensity 
of the inflammatory response was statistically confirmed (X2 (2, N = 50) = 
1.32, P = 0.515). 
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Figure 6. Rangia cuneata biochemical composition (lipids, carbohydrates, proteins) (n = 52). Dashed lines refer to the mean value 
of each component. Each dot represents mean value of the component (± standard deviation) determined on triplicate subsamples 
of an individual. 

Biochemical composition. 

The determined biochemical composition revealed nutritional status of 
sampled specimens of R. cuneata. In general, the content of energetic 
storage compounds varied between 33.8 and 65.5 mg g-1 d.w. (obtained 
min-max values, mean 48.4 ± 7.0 mg g-1 d.w.) for carbohydrates and from 
35.5 to 148.3 (obtained min-max values, mean 81.3 ± 25.3 mg g-1) for 
lipids. The soft tissues protein content varied between 435 and 811 mg g-1 
d.w., with mean content of 689 ± 70 mg g-1 d.w. (Figure 6). At the same 
time the glycogen content was below the detection threshold applied with 
the method. No significant correlation was found between the shell length 
of clams and the content of biochemical soft tissue compounds. 

Discussion 

In newly colonised habitats, due to their difference from native 
environments, particular biotic and abiotic environmental factors can 
control aliens’ expansion and thus form particular ecosystem defense 
against the new arrival. Newly met pathogens and parasites are potentially 
able to highly impact species physiological fitness while predators can 
effectively control the population size (Weis 2011; Kutzer and Armitage 
2016; Kornijów et al. 2018). These biotic factors may control the species 
invasion in two ways: the lack of typical enemies accelerates species expansion 
but some other factors, potentially pathogenic, are often unrecognized by 
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the immune system of the new host (Kołodziej-Sobocińska et al. 2018). 
Thus, in order to survive and to form a stable population in exceptionally 
dynamic habitats such as estuaries, alien individuals, especially at the early 
phase of settlement, must be characterized by multiple modes of adaptation 
to tolerate, through physiological adjustments, various stressors including 
variable environmental parameters such as pollution load, temperature, 
oxygen and salinity (Gunderson et al. 2016). The early stage of the Vistula 
Lagoon waters colonisation at which R. cuneata is now suggests that the 
species “is learning” how to survive, and its current life strategy is 
becoming flexible to permit particular adjustment to the new conditions. 
Unlike its native environment, the Vistula Lagoon is a brackish water 
lagoon, where the mean annual salinity does not exceed 5 PSU. Being 
adjacent to the Baltic Sea coastline the lagoon is also characterised by 
frequently occurring strong and/or long winters. In temperate bivalves 
biochemical components such as lipids provide energy during limited food 
supply when carbohydrates are depleted (Mouneyrac et al. 2013; Perrat 
et al. 2013) forming an essential component of overwintering strategy. 
Overwintering strategy of R. cuneata belonging to subtropical species may 
be non-existing or inefficient, which in turn affects surviving harsh winters 
and successful reproduction once winter is over. In all individuals from the 
studied population determination of glycogen failed to produce results as it 
was in most cases below detection limit, which has been acknowledged as 
the lack of this constituent in the clams’ tissues. Instead, the determined 
average content of monosaccharides, referred to as carbohydrates, was 
48.4 mg g-1 d.w. Also, the average lipid content was 81.3 mg g-1 d.w. which 
appeared similar to the average contents reported in the clams’ native 
habitats over the coldest seasons (Lunsford and Blem 1982; Jovanovich and 
Marion 1987). As such, the levels of rangias’ energetic resources resemble 
the condition of the clams in their native habitats at the critical point of 
depletion. Also, the biochemical compounds levels were not correlated 
with each other, suggesting rather individual response of these clams to 
environmental distortions. Aforementioned observations indicate that the 
population of rangia from the Vistula Lagoon might be more prone to 
natural selection driven by a cocktail of environmental stressors, both biotic 
and abiotic. Such low levels of the reserve material also reveals an energy 
imbalance associated with a general stress highlighting so-called “costs of 
tolerance” (Mouneyrac et al. 2013). As such, it might shed a new light on 
the observed mortality of R. cuneata in newly colonized coastal regions of 
the Baltic Sea and adjacent inland basins. 

It is known that the maintenance of life processes in new hypoosmotic 
environments requires elevated energetic costs for preservation of basic 
physiological processes which in turn require substantial trade-offs between 
metabolism, osmoregulation, detoxification, reproduction, growth and 
defence against pathogens. Many bacteria species live freely in seawater 
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utilizing dissolved nutritional compounds, but also a great proportion of 
bacterial microbes may attach to multicellular organisms and take advantage 
of their resources. Bacteria can be found in various tissues of bivalve molluscs, 
from mantle and gills to guts (Vibrio, Pseudomonas, Flavobacterium, 
Micrococcus, and Aeromonas; Harris 1993) and gonads (Riquelme et al. 
1994). In the marine environments, bacterial diseases with high mortality 
outbreaks are caused by a large range of Vibrio species (Allam et al. 2002; 
Prado et al. 2014; Travers et al. 2015), Pseudomonas (Shayo et al. 2012) and 
mesophilic Aeromonas (Janda and Abbot 2010), whereas most other hosted 
genera represent free-living and commensal species. A profound role of 
disease outbreak in bivalves is attributed to their filter-feeding habits 
facilitating microorganism concentration on various tissues and the 
production of mucous that may serve as matrix for bacteria capture and 
trapping area. Since the adhesion of microorganisms occurs without 
mechanism of selection between symbiotic, neutral and pathogenic ones, 
the presence of virulent strains in the environment increases susceptibility 
to disease development. Also, many bacteria have the ability to turn from 
neutral to pathogenic depending on the ambient conditions with many 
opportunistic bacteria being physiologically adapted to take advantage of 
the host. For example, Aeromonas spp. produce extracellular substances 
including adherence factors, proteases, hemolysins, enterotoxins and 
endotoxins causing tissue damage and thus opening the way for bacteria 
spreading to new tissues of the host (Austin and Austin 1993; Gosling 
1996). Also, the disease development follows regulatory patterns with 
physico-chemical parameters and biotic factors of the environment. 
Shewanellosis, for example, becomes prevalent in cultured fish upon water 
temperature rise to 7–10 °C, which corresponds to spring warming. In turn, 
the prevalence of Aeromonas spp. and Shewanella spp. in zebra mussels 
from Lake Earie was reported in populations affected by crowding, 
temperature elevation or starvation (Grizzle and Brunner 2009). Since the 
highest mortality observed in the Vistula Lagoon takes place when the 
water temperature exceeds 10 °C (Kornijów et al. 2018), measured water 
temperature (3 °C) during clam collection for this study and observed share 
of dead individuals (6.67%) suggest that the process has started. A. caviae 
isolated from water was reported to be the second dominant species in 
freshwater aquatic environments and the predominant species isolated 
from bivalve tissues, whereas A. sobria appears less frequent (Janda and 
Abbot 2010; Miñana-Galbis et al. 2012). In many cases bacteria isolated 
from R. cuneata appeared in uncountable colonies and appeared as potent 
pathogens potentially behind massive hemocytic infiltrative response 
morphologically resembling typical septicemia. Of the genus Aeromonas, 
A. hydrophila may be a deadly pathogen to marine organisms. Aeromonas 
virulence is multifactorial with disease resulting not only from the presence 
of bacteria and their capacity to form biofilms, but also from the production 
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and/or secretion of various virulence factors (Rasmussen-Ivey et al. 2016). 
Aeromonas hydrophila is also a recognized etiologic factor of a disease in 
various vertebrate groups in which they cause gastroenteritis, septicemia 
and necrotizing fasciitis (Rasmussen-Ivey et al. 2016 and references 
therein; Stratev and Odeyemi 2017). As for invertebrates, the data are 
scarce and refer to lethal effects in general. Maki et al. (1998) reported that 
laboratory inoculation of freshwater invasive bivalves Dreissena polymorpha 
with selected Aeromonas species (including A. hydrophila) resulted in 
death of infected animals within few days. Aeromonas, native commensal 
bacteria hosted by bivalve species (e.g. oysters), can become more abundant 
along with the ambient temperature decrease. These bacteria, well adapted 
to low temperatures, may therefore become particularly invasive and 
proliferate in poikilothermic hosts with impaired hemocyte capacity due to 
stress exacerbation, i.e. temperature decrease and loss of energetic material, 
leading to 100% mortality outbreaks (Olafsen et al. 1993). According to our 
knowledge, no other data linking Aeromonas outbreaks with septicemia in 
non-native bivalve populations in newly colonized areas are available. 
Observed in our study intensity of immune response (focal hemocytic 
infiltration) and cell/tissue damage of multi-organ extent (gills, mantle, 
digestive tubules) belongs to one of the first described cases linking the 
presence of bacteria from Aeromonas genus with the response to infection 
in a brackish water bivalve, R. cuneata. However, the correlation between 
the number of bacterial colonies and the severity of inflammatory response 
was not confirmed in this study clearly suggesting an involvement of yet 
another factor weakening the clams. For example, post-spawning molluscs 
were proven to have suppressed immune capabilities due reduced ATP-
producing machinery and exhaustion of energy reserves for hemocyte activity 
(Brokordt et al. 2019). As spawning appears as a powerful endogenous 
stress factor increasing the vulnerability of the bivalves, it is likely that the 
post-spawning individuals of R. cuneata will be even more susceptible to 
infectious agents, and as a result of this, greater mortality leading to local 
population impoverishment may be expected later in the year. 

Also, a potential pathogen Shewanella putrefaciens was found in clams in 
this study. This halophilic bacteria has been associated with freshwater fish 
disease outbreaks named shewanellosis, leading to severe mucosal tissue 
inflammation and necrosis (Paździor 2016). In turn, other recognized 
bacteria from the genus Kocuria are more cosmopolitan. They are commonly 
found in variety of habitats: from skin surface of mammals, chicken meat, 
fresh water, or food to marine sediments (Kim et al. 2004; Becker et al. 
2008). Some species of the genus Kocuria were found in trout gut as part of 
its physiological microflora (Kim et al. 2006) but Kocuria rhizophila has 
recently been classified as an emerging pathogenic agent leading to severe 
diseases apparent in freshwater fish in Poland (Pękala-Safińska 2018). The 
appearance of gram-positive bacteria in hepatopancreas of R. cuneata 
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suggests with high probability that cultured Kocuria spp. may indeed be 
present in the clam’ tissues. However, both S. putrefaciens and Kocuria spp. 
occurred in a few clams only and their growth was strongly dominated by 
bacteria of the genus Aeromonas, thus likely their role in the described here 
infection is rather limited. Nevertheless, bacterial screening in the population 
at point of higher mortality (e.g. 30%) could help in distinguishing of the 
primary pathogenic bacteria species causing lethal diseases, and in this 
context Aeromonas genus should get more attention. The predominant 
bacteria isolated from R. cuneata tissues together with the clams’ biochemical 
composition (lack of glycogen, low level of lipids), elevated mucous secretion 
(own data not published) and observed severe inflammatory response 
greatly explain the condition and health status of these clams in the Vistula 
Lagoon. Hence, as stated above the lack of correlation between the intensity 
of hemocytic infiltration and the number of cultured bacterial colonies 
support the hypothesis that the specific response to bacterial infection is a 
dynamic process dependent on the nutritional status of these clams eventually 
leading to mass mortality event later within the year. The invasion of isolated 
microorganisms appears to start from specific targets on bivalve tissue 
(mantle and gills) with resulting inflammation being a dynamic process 
affecting several other internal organs. Yet, the invasion of each of the isolated 
bacterial species may also have other targets and result in simultaneous 
inflammations potentially increasing rangia susceptibility to general stress. 

This study also showed that the inflammation intensity is not elevated in 
either sex, highlighting again that important determinant of the bivalves’ 
health is the individual nutritional status changing yearly throughout the 
cycle of gametogenesis. But, we found that males were sexually mature 
during study period while gametogenesis in females was more advanced 
as most of them had already spawned (stage 5 of gametogenesis). Also, 
regressive changes such as gonadal atresia and regression were found in 
clams in more advance stage of IR. We thus hypothesize that bacteria driven 
inflammatory processes may not only affect the survival of R. cuneata but 
also its reproduction success, which cannot always be seen in the damage 
of gonadal tissues per se, but in the critically low levels of energetic storage 
components, the massive infiltration of hemocytes, and, eventually, gametes’ 
malformation and the lack of cohesion in males and females gonadal maturity. 

The ratio of dead clams found in March 2019 in the Vistula Lagoon was 
low, however the histopathological results and the clams’ biochemical 
composition clearly indicate that the population of R. cuneata was in 
worsening condition at the time of sampling. Increasing water temperature 
may exacerbate ongoing processes of bacterial invasion along with metabolism 
increase and nearly depleted energetic resources will most likely be utilized 
in subsistence of basic life functions only (Turner et al. 2016). Also, future 
energy expenditure for reproduction will further weaken the clams that are 
already in poor physiological conditions and health. As a consequence, until 
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the species proper adaptation to the Vistula Lagoon environmental conditions 
the mortality increase and its eventual outbreak after the reproduction 
peak in spring is to be expected. Nevertheless, more studies are needed in 
order to determine whether disease outbreaks in non-indigenous R. cuneata 
leading to seasonal mortality eventually forms the Vistula Lagoon ecosystem’s 
microbiotic resistance against this alien species. 
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