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Nephrocalcinosis in farmed
salmonids: diagnostic challenges
associated with low performance
and sporadic mortality
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Disease conditions that involve multiple predisposing or contributing factors, or
manifest as low performance and/or low-level mortality, can pose a diagnostic
challenge that requires an interdisciplinary approach. Reaching a diagnosis may
also be limited by a lack of available clinical profile parameter reference ranges
to discriminate healthy fish from those affected by specific disease conditions.
Here, we describe our experience investigating poorly performing rainbow trout
(Oncorhynchus mykiss) in an intensive recirculation aquaculture, where reaching
a final diagnosis of nephrocalcinosis was not as straightforward as one would
wish. To list the issues making the diagnosis difficult, it was necessary to consider
the creeping onset of the problem. Further diagnostic steps needed to ensure
success included obtaining comparative data for fish blood profiles and water
quality from both test and control aquacultural systems, excluding infections
with salmonid pathogenic agents and evaluating necropsy findings. Major events
in the pathophysiology of nephrocalcinosis could be reconstructed as follows:
aquatic environment hyperoxia and hypercapnia — blood hypercapnia — blood
acid-base perturbation (respiratory acidosis) — metabolic compensation (blood
bicarbonate elevation and kidney phosphate excretion) — a rise in blood pH —
calcium phosphate precipitation and deposition in tissues. This case highlights
the need to consider the interplay between water quality and fish health when
diagnosing fish diseases and reaching causal diagnoses.

KEYWORDS

aquaculture, rainbow trout, water quality, carbon dioxide, fish health, blood acid-base
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1. Introduction

As the role of world fisheries and aquaculture in providing food, nutrition and
employment in a sustainable manner increases, there is an increasing need to address the
issues of intensification, environmental challenges, biosecurity and disease (1). Just as fish
health closely reflects the aquatic environment (2), biosecurity and water quality issues go
hand in hand with fish stocking density (3).
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In recent years, aquacultural production has gradually come
to equal, or even surpass, that of capture fisheries, in part
due to the development and implementation of recirculating
aquaculture systems (RAS) (4, 5). While it is possible to control
water quality parameters that limit the effectivity of RAS, such as
dissolved oxygen (O2) and nitrogen (N) levels or pH, increased
levels of carbon dioxide (CO;) may still be an issue (5),
with levels considered safe for salmonids [i.e., <10-15 mg/L;
(6, 7)] occasionally exceeded. RAS CO; levels are primarily a
function of fish respiration, stocking density and the level of O,
supplementation, used to promote fish growth by increasing their
metabolic rate (5, 8). Use of groundwater may also contribute to
higher CO; exposure (9).

In fish, aquatic CO, exerts adverse effects in a concentration-
and exposure duration-dependent manner (10-14). The anesthetic
effects of CO; (associated with a reduction in blood pH that induces
a decrease in oxygen transported to respiring tissues, including the
central nervous system) can be used as an overdose to achieve
fish euthanasia (15, 16), and has been used on a larger scale to
depopulate closed aquatic habitats or to remove invasive and/or
non-native fish species (17). Longer-term exposure to elevated CO,
levels results in behavioral disturbances (18), stress, lower feed
intake and growth retardation (11-20), and can eventually cause
pathological lesions of nephrocalcinosis due to mineral deposits in
the kidney (6, 8, 11, 14, 21-27).

While the rainbow trout (Oncorhynchus mykiss) industry
represents an important share of aquacultural production (28),
the species is known for its poor tolerance to elevated CO, levels
(14,17, 25). However, fish populations affected by nephrocalcinosis
are often characterized by low mortality rates (14, 21, 22, 25).
Instead, the condition manifests itself through low performance
and subsequent economic losses in fish production (11-13); thus,
this pathophysiological condition poses a diagnostic challenge
as its initial development at the aquaculture facility may go
unrecognized. While analysis of blood parameters may be a suitable
diagnostic and health monitoring tool in aquaculture (22, 29-31),
the approach has limitations associated with availability of blood
profile parameter reference ranges for specific conditions and/or
discrimination data from healthy control fish (22, 32).

Here, we describe our experience in reaching a diagnosis of
nephrocalcinosis that occurred as a spontaneous event in farmed
rainbow trout. As the acid-base imbalance is believed to be a central
pathophysiological mechanism in nephrocalcinosis progression, we
report on blood profile parameters sampled from both affected
and healthy fish, gross and microscopic findings in fish, and water
quality parameters.

2. Materials and methods
2.1. Fish health study

Our fish disease diagnostic laboratory (University of Veterinary
Sciences Brno, Czech Republic) was contacted to provide advice
with poorly performing salmonids in an intensive aquaculture.
Available records mentioned sporadic cases of mortality at a farm
using RAS tanks to produce rainbow trout. The fish population
at the time of investigation was characterized by 207.39 & 79.56 g
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body mass and 24.41 £ 2.86cm body length. The RAS tanks
were supplied with groundwater treated with ozone and the fish
were fed T-EXTRA RANGE extruded pellets for growing trout,
as recommended by the producer (Le Gouessant Aquaculture,
Lamballe-Armor, France).

During an on-site visit, we evaluated general fish keeping and
stocking conditions, performed a clinical examination, took fish
blood-samples and, after euthanizing a sample of fish, collected
specimens for gross and microscopic pathology examinations, as
well as screening for viruses and bacterial and parasitic pathogens.
Water samples for quality assessment were also obtained. At a
later date, after suspecting non-infectious etiology, we collected
comparative samples from a healthy neighboring aquacultural site
(MENDELU; healthy fish measurements 162.94 &+ 7.56 g and 17.52
=+ 0.75 cm) supplied by a different water source.

2.2. Blood sampling and measurement

A total of 21 clinically diseased and eight healthy fish were
sampled by puncturing caudalis vessels with an 18 G needle
and drawing blood into a 3mL heparinized polypropylene
syringe. Within 30s of blood collection, an i-STAT portable
clinical analyzer with an EC8+ cartridge (Abaxis, USA) was
used to obtain on-site measurements of the following blood
profile parameters: sodium (Na, mmol/L), potassium (K, mmol/L),
chloride (CI7, mmol/L), total dissolved CO, (tCO,, mmol/L),
glucose (mmol/L), pH, partial pressure of CO, (pCO,, kPa),
bicarbonate (HCOj3;, mmol/L) and base excess (BE, mmol/L).
Following transportation to the laboratory, the remaining part of
each blood sample was used to determine red and white blood
cell counts (T/L and G/L), hemoglobin (g/L), hematocrit (L/L),
mean corpuscular volume (fL), and mean corpuscular hemoglobin
(pg) and mean corpuscular hemoglobin concentration (g/L).
In addition, following centrifugation to obtain plasma, calcium
(Ca, mmol/L), phosphorus (P, mmol/L), triglycerides (mmol/L),
cholesterol (mmol/L), and total protein (g/L) were measured
spectrophotometrically using a Konelab 20i biochemical analyzer
and commercial test kits (Biovendor, Czech Republic), as described
elsewhere (33).

2.3. Pathology examination

Necropsy examination was performed shortly after fish
euthanasia (executed through stunning by a blow to the back of
the head and killing by transection of the spine) in accordance
with Czech legislation for the protection of animals against
cruelty (Law No. 246/1992) and with EU legislation (Directive
2010/63/EU revising Directive 86/609/EEC on the protection of
animals used for scientific purposes), as approved by the Ethical
Committee of the University of Veterinary Sciences Brno, Czech
Republic (REFNO: ES_11-2022_Necas). Written informed consent
for participation of their animals in this study was obtained from
the managers of the aquacultural facility.

In the laboratory, the skin, gills, and body cavity organs of
each fish were visually inspected for gross lesions. Samples of
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gill, skin and caudal kidney tissues were fixed in 10% buffered
formalin for histopathological analysis. The tissues were embedded
in paraffin wax and processed, with sections (5pum) stained
by hematoxylin-eosin (Sigma-Aldrich, St Louis, MO, USA) and
von Kossa (Abcam, Cambridge, UK) for visualization of calcium
deposits. The histopathological diagnosis of nephrocalcinosis was
based on findings defined by Klykken et al. (34).

2.4. Screening for viruses and bacterial and
parasitic pathogens

Pooled samples of spleen, heart and cranial kidney were tested
for salmonid viral pathogens, including Novirhabdovirus piscine
(viral haemorrhagic septicaemia virus, VHSV), Novirhabdovirus
salmonid (infectious haematopoietic necrosis virus, ITHNV),
infectious pancreatic necrosis virus (IPNV), salmonid alphavirus-2
(SAV-2), and piscine orthoreovirus-3 (PRV-3) using conventional
and real-time PCR, as described in Pojezdal et al. (35).

Microbiological examination was performed as described in
Palikova et al. (36, 37). Briefly, bacteriology swabs were obtained
from gills and the spleen during necropsy. These were then
inoculated directly onto blood agar (Oxoid, UK) and Tryptone
Yeast Extract Agar for improved detection of Flavobacterium
spp. (Sigma-Aldrich, USA). After inoculation, agar plates were
incubated at 18 °C for 2-5 days and evaluated for bacterial colony
growth on a regular basis. Tissue cytology imprints were examined
using Diff-Quik and Gram Stains (Abcam, UK).

All fish were also inspected for presence of parasites visible to
the naked eye. Wet mounts scraped from the gills and body surface,
and squash tissue preparations of gills and internal organs, were
also inspected for parasites using light microscopy and appropriate
magnification. Kidney samples were tested for Tetracapsuloides
bryosalmonae, the causative agent of proliferative kidney disease in
salmonid fish, using PCR methods as described elsewhere (38).

2.5. Water quality measurement

Aquatic quality parameters (water saturation by oxygen, pH
and temperature) were measured in situ at the time of rainbow
trout capture using an HQ40D portable multi-meter (Hach,
Loveland, Colorado, United States). Carbon dioxide concentration
was calculated from values of water temperature, acid neutralizing
capacity and pH according to Zalud et al. (39) and other chemical
parameters were determined using standard methods (40). A total
of ten measurements were obtained at both the poorly performing
salmonid aquaculture and the control aquaculture (MENDELU).

2.6. Data analysis

Once measured, the blood parameters were assigned to
groups of diseased and healthy fish and compared using
the Kolmogorov-Smirnov and Shapiro-Wilks tests, one-way
analysis of variance (ANOVA) and the non-parametric Kruskal
Wallis, Tukey’s multiple comparison and Mann-Whitney U
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TABLE 1 Water quality parameters comparing conditions at a poorly
performing salmonid aquacultural facility and those at a control facility
(MENDELU), based on ten measurements at each farm.

Parameter Poor performance Control facility
facility (MENDELU)

Temperature (°C) 14.40 15.50

0, (%) 129.30 102.40

pH 6.97 7.85

CO, (mg/L) 10.68 1.05

ANC (mmol/L) 0.85 0.65
N-NH, (mg/L) 0.09 > LOD
N-NO, (mg/L) 0.17 0.06
N-NOj3 (mg/L) 53.30 98.00
P-POy (mg/L) 1.83 1.91

Cl~ (mg/L) 75.52 133.80
Ca’t (mg/L) 77.15 61.13

ANC, acid-neutralizing capacity. LOD for N-NHy is 0.01 mg/L. Numbers in bold are
significantly different at p < 0.05.

tests. Significance levels were accepted as either p < 0.05 or
p < 0.01. Principal component analysis (PCA) was also used
to discriminate between diseased and healthy fish, based on
the blood parameters measured. All data were analyzed using
Statistica for Windows® 14.0 (StatSoft Inc., USA). The original
blood parameter data measured in this study are available
in Supplementary Table 1.

3. Results

While dissolved O, and CO, levels were much higher at the
aquacultural facility with poor performance and mortality, pH,
nitrate (NO3), and chloride (Cl™) were lower. Furthermore, there
were elevated levels of nitrogen (N) compounds in the form of
ammonium (NHy) and nitrite (NO,) at the affected site (Table 1).

Pooled samples of spleen, heart and cranial kidney tested
negative for salmonid viral pathogens in all fish. Likewise, the fish
had no obligate bacterial pathogens and only low-intensity parasite
infection, stained kidney cytology imprints proved negative for
Renibacterium salmoninarum, and the samples were also negative
for Tetracapsuloides bryosalmonae.

Gross examination revealed pronounced kidney lesions with
marbling (n = 14), whitish mottling appearance and presence of
renal casts (n = 9) (Figure 1A). Pathology findings also included
skin lesions up to 0.5cm diameter, with petechiae, and coelomic
cavity distension (n = 7), while other fish showed swollen gills (n =
5) and swim bladder over-inflation (n = 4). Microscopically, renal
tubules, and collecting and excretory ducts contained basophilic
deposits (Figures 1B, E). Mild changes were characterized by
presence of small mineral deposits in collecting ducts and tubules
without damage to their epithelium (n = 7). Moderate changes
were characterized by damage to the tubular wall (i.e., vacuolar
degeneration) (n = 6). In more severely affected kidneys, necrosis
of the tubular epithelium and regressive changes of collecting ducts
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FIGURE 1

Nephrocalcinosis in a rainbow trout. (A) Macroscopically visible
mineral deposits (white patches) in kidney parenchyma. (B) Renal
tubules with strongly basophilic luminal deposits seen in the
H&E-stained section. (C) Calcium deposits visualized by von Kossa
staining in the convoluted tubule and the collecting duct (cd). (D)
Advanced changes of kidney parenchyma associated with calcium
deposits located probably in the former glomerulus. (E) Regressive
changes of the collecting duct (cd) and/or renal tubules with
mineralized luminal content differing in staining properties (H&E).

were seen, including changes in glomeruli (i.e., dilatation of the
glomerular space, thickening of the parietal layer and mineral
deposits in glomeruli; Figures 1D, E; n = 6). Interstitial fibrosis was
observed in the most severe cases of this study (n = 2). Mineral
deposits were demonstrated by von Kossa staining (Figure 1C).
The observed gross and microscopic pathological findings were
consistent with nephrocalcinosis. No pathological findings were
seen in healthy fish.

Univariate analysis revealed significant differences in 15
of 21 hematology and blood chemistry values measured in
nephrocalcinosis-affected and healthy rainbow trout (Table 2).
Hematology findings showed that, while red and white blood
cell counts, hemoglobin and mean corpuscular hemoglobin
concentrations had decreased in the nephrocalcinosis-affected
group,
hemoglobin concentration had increased. Of the biochemical

mean corpuscular volume and mean corpuscular
variables, Na, P and cholesterol levels had declined compared to
the healthy group, while triglycerides had increased. Likewise, all
acid-base balance variables had increased significantly (Table 2).
Multivariate analysis of patterns in blood chemistry and
hematology variables clearly discriminated the nephrocalcinosis-
affected trout from the healthy fish (Figure 2). Based on variable

component weights, discrimination between the diseased and
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TABLE 2 Hematology and blood chemistry values measured in
nephrocalcinosis (N)-affected and healthy rainbow trout.

Variable N-affected fish Healthy fish
N=21 N=8
Hematocrit (L/L) 0.34 4 0.06 0.36 4 0.04
Hemoglobin (g/L) 73.09 £ 14.56* 87.33 +£12.34
Red blood cell count (T/L) 0.79 £ 0.19** 1.16 +0.23
Mean corpuscular volume 450.57 £ 72.51** 314.18 £ 55.97
(fL)
Mean corpuscular 95.23 + 19.05* 76.78 & 14.07
hemoglobin (pg)
Mean corpuscular 0.21 £ 0.02** 0.24 £ 0.03
hemoglobin conc (g/L)
White blood cell count 17.33 £ 5.53** 30.00 £ 6.63
(G/L)
Na (mmol/L) 136.85+ 1.80** 141.21 +1.53
K (mmol/L) 6.14 1+ 0.77 6.48 +0.29
CI™ (mmol/L) 112.23 £ 1.96 113.71 £ 1.71
Ca (mmol/L) 2.234+0.30 2.4240.14
P (mmol/L) 3.74 £ 0.59* 4.53 4+ 0.44
Glucose (mmol/L) 4,19 £+ 1.08 4,07 +£0.47
Triglycerides (mmol/L) 3.16 £ 1.35™ 1.47 £0.59
Cholesterol (mmol/L) 562+ 1.13* 6.79 £ 1.16
Total protein (g/L) 31.07 & 4.60 30.12 +2.48
pH 7.32 4+ 0.05™ 6.97 £ 0.04
pCO, (kPa) 9.31 4+ 1.93"* 2.1440.27
tCO;, (mmol/L) 38.65 + 4.68™* 4.90 £ 0.00
HCO3 (mmol/L) 36.55 & 4.29™* 3.69 £ 0.27
Base Excess (mmol/L) 10.53 £ 4.43** —28.12+0.83

Values represent mean = standard deviation, *p < 0.05, **p < 0.01 when comparing
N-affected fish against the healthy fish.

healthy fish was driven mostly by pH, tCO,, HCOs3, and base
excess (Figure 2A). The PCA analysis separated nephrocalcinosis-
affected and healthy fish along the first and the second principal
components axes, explaining 60.99 and 10.21% of variation,
respectively (Figure 2B). Exclusion of correlated variables from
the multivariate analysis to reduce the number of blood profile
parameters for only those indicative of acid-base and electrolyte
imbalance and white and red blood cell alteration increased the
variation explained to 80.54 and 8.19%, respectively.

4. Discussion

Water quality plays a key role in the pathophysiology of
fish diseases (2). In the present study, fish developing signs of
nephrocalcinosis were found to have been exposed to increased
levels of O, and CO;, compared with a nearby control aquacultural
facility. Increased levels of aquatic O, in stocked tanks causes an
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FIGURE 2
Principal component analysis discriminating between nephrocalcinosis (N)-affected and healthy (C) fish (Oncorhynchus mykiss), based on all blood
profile parameters detected as altered using univariate analysis. Component weight (A) and component score (B) plots are based on multiple blood
chemistry and hematology variables. BE, base excess; CHOL, cholesterol; Hb, hemoglobin; HCO3z, bicarbonate; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; Na, sodium; P, phosphorus; pCO,, partial pressure of carbon
dioxide; pH, potential of hydrogen; RBC, red blood cell count; WBC, white blood cell count; tCO,, total dissolved CO;; TG, triglycerides.
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increase in fish metabolic O, consumption rate, with a subsequent
rise in environmental CO, due to tissue respiration (5, 8, 13).
Hyperoxia results in hypoventilation of fish, causing retention of
carbon dioxide with resultant respiratory acidosis (41). Indeed,
levels of dissolved CO, measured in the affected aquacultural
facility had reached the upper limit considered safe for salmonid
fish (6), causing the pH of the water to drop (42). Despite this,
the pH remained within the optimal range (6.5-8.0) for freshwater
fish species (9). Lower NOs, together with detectable levels of
NH4 and NO,, the latter slightly over the maximum recommended
concentration of 0.1 mg/L (43), suggest that the nitrifying bacteria
used to convert excreted N waste products in the biological filters
of the affected aquacultural facility were not functioning effectively
(9). Fortunately, the Cl~ concentration was high enough to prevent
uptake of NO, through the gills, thereby preventing any signs of
toxicity associated with methemoglobinemia (44).

While the typical arterial blood pH in teleost fishes ranges
between 7.6 and 7.9, depending on the temperature (45, 46), the
pH of intracellular fluid compartments varies between 7.0 and 7.4,
with plasma pH being ~0.6 higher than intracellular values (47).
It should be noted, that blood pH in this study was measured
based on samples taken from punctured caudalis vessels (i.e.,
probably representing a mixture of arterial and venous blood) along
with measurements taken from whole blood samples. Surprisingly,
however, fish from both the affected and control facilities had blood
pH levels lower than those typical for rainbow trout (45), suggesting
acidosis. Furthermore, blood pH in fish from the control facility
was even lower (6.97 £ 0.04) than that for the nephrocalcinosis-
affected fish (7.32 £ 0.05). In this case, it is likely that other
acid-base balance parameters came into play, suggesting metabolic
compensation of blood pH in the nephrocalcinosis-affected fish.

Both univariate and multivariate analyses, used to reveal
blood profile alterations in nephrocalcinosis-affected fish, indicated
significant elevations in all acid-base balance variables, with 15
of the 21 hematology and blood chemistry parameters measured
being significantly different from the healthy fish. As Chen et al.
(21) have previously shown, however, a reduced number of blood
profile parameters indicative of acid-base and electrolyte imbalance
and white and red blood cell alteration should still be sufficient
to discriminate and separate nephrocalcinosis-affected fish using
multivariate analysis.

The acid-base parameters observed in our nephrocalcinosis-
affected fish, i.e., lowered blood pH, together with elevated levels
of CO,, HCOs3, and base excess, are characteristic of respiratory
acidosis with metabolic compensation (48). While fish gills are of
critical importance for acid-base homeostasis, the kidneys play a
significant role in metabolic compensation (49, 50). Hyponatremia
is most probably associated with disrupted functioning of kidneys
unable to adequately handle Na excretion (48). Reduced levels of Na
have also been reported for CO;-exposed fish in an experimental
study with Atlantic salmon (Salmo salar L.) smolts (13). Similar
findings in Atlantic salmon were also observed by Klykken et al.
(34). However, in contrast to Fivelstad et al. (12) and Klykken
et al. (34), we did not register any significant drop in blood
CI™ concentrations.

The nephrocalcinosis-affected fish in this study also showed
signs of hypophosphatemia and normocalcemia. Both the Ca and
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P metabolisms act in concert, with solubility for both being pH-
dependent, meaning increased solubility in acidic environments
and precipitation of calcium phosphate [Ca3(POy4);] salts in
alkaline conditions (49). As has previously been shown for rainbow
trout, renal responses to acidosis involve phosphate excretion (51).
In contrast, Klykken et al. (34) observed increased concentrations
of Ca and P in blood plasma in 37% and 16% of fish affected by
nephrocalcinosis (respectively), with only 8 and 3% with lower
concentrations compared to the normal interval. Importantly,
our data suggest that mineral deposition in the kidney may be
a consequence of the increase in pH associated with metabolic
compensation of acidosis.

Some of the blood profile parameters measured in this
study, such as glucose, triglycerides, and cholesterol, reflect the
nutrition, feeding activity, and/or energy mobilization of the fish
being studied (52, 53). The low performance of fish exposed
to hypercapnic conditions can be related to an acidosis-induced
reduction in hemoglobin-O, affinity (the Bohr effect) and O,-
carrying capacity (the Root effect), and subsequent changes to feed
intake and growth (11, 12, 14, 24, 54). The kidney interstitium is
important for hematopoiesis in fish (55), thus nephrocalcinosis can
affect blood cell counts and other hematology parameters as seen in
the present study. Although there are some limitations to the use of
blood analyses as a diagnostic tool (lack of standardized reference
ranges), the comparison of healthy and nephrocalcinosis-affected
fish can still be very informative to understand the mechanisms of
the disease and may facilitate further monitoring.

The gross and microscopic findings were consistent with mild
to moderate semi-quantitative scores, as described elsewhere (11,
12,21,25,27, 34, 56). Even though severe cases of nephrocalcinosis
may be of a highly suggestive appearance, kidney infections
eliciting similar renal pathology (e.g., calcifying inflammatory
lesions, granulomatous nephritis) must first be differentially ruled
out (57-60).

To conclude, reaching the final diagnosis of nephrocalcinosis in
the rainbow trout facility described here was not as straightforward
as one would wish. When listing the issues making diagnosis
difficult, it is first necessary to consider the creeping onset of the
problem, which manifested itself as low performance and low-level
mortality. Further important diagnostic steps included obtaining
comparative data for water quality and fish blood profiles from
a healthy control aquacultural facility, excluding infections with
salmonid fish pathogens and/or heavy infestations with parasites,
and careful examination of necropsy findings.

Major events in the pathophysiology of fish nephrocalcinosis
in this case can be reconstructed as follows: aquatic environment
hyperoxia and hypercapnia — blood hypercapnia — blood acid-
base perturbation — respiratory acidosis — kidney P excretion
— metabolic compensation of acid-base imbalance — blood
HCO3 elevation —

a rise in blood pH — calcium phosphate

precipitation and deposition in tissues.
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