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Abstract:



Blooms of the planktonic alga Prymnesium parvum pose a global threat, causing fish kills worldwide. Early studies on the exposure of fish to P. parvum indicate that toxic effects are related to gill damage. The more strictly defined concept of adverse outcome pathways has been suggested as a replacement for the mode of action in toxicology studies. In this study, rainbow trout (Onchorhyncus mykiss) were exposed to P. parvum. During exposure, oxygen consumption was determined by respirometry, and ventilation and coughing rate were determined via video surveillance. Per breath oxygen consumption was calculated to assess the ventilation effort to obtain a unit of oxygen. A second experiment monitored fish behavior to assess recovery. The results indicated that oxygen consumption initially increased, but on average fell below the standard oxygen consumption at 70% relative exposure. Being a function of ventilation frequency and oxygen consumption, the per breath oxygen consumption decreased throughout exposure. Behavioral results determined that short-term P. parvum exposure subsequently caused the exposed fish to seek flow refuge immediately and to a greater extent than unexposed fish. The adverse outcome pathway of P. parvum on rainbow trout is that P. parvum acts as a gill irritant resulting in non-recoverable respiratory failure.






Keywords:


harmful algal bloom; Prymnesium parvum; Onchorhyncus mykiss; fish acute toxicity syndrome; adverse outcome pathway; gill damage; oxygen consumption; ventilation












1. Introduction


Harmful algal blooms (HABs) caused by a variety of planktonic algae are associated with fish kills in nature [1,2,3]. One of the main fish killers is the haptophyte Prymnesium parvum. This species is currently a major problem in Texas (USA) [4,5], but it has caused fish killing blooms worldwide since the first recorded bloom in Danish waters in the 1930s [1,6,7,8]. The specific physiological mechanisms behind the effects of HABs on fish are often lacking [9]. The few studies on the effects of HABs on the physiology of fish that have been completed indicated a respiratory effect [10,11,12]. These studies included the raphidophyte Chattonella marina [10,11,12], and reports on other relevant algal groups are lacking, even though natural blooms of several other HAB species often lead to fish kills. The existing knowledge on the mechanistic effects of P. parvum exposure indicates that an increase in gill permeability is causing sensitivity to subsequent secondary toxicity as the primary mode of action [6,7,8], but other mechanisms of action, such as hemolysis and anti-coagulant properties, have been proposed [13,14,15,16,17]. However, none of these hypotheses have been confirmed by a physiological study of P. parvum on the whole fish. The initial phase of P. parvum toxicity has been reported to be reversible, as damaged gill was observed to be repaired within hours of P. parvum removal [7].



Acute toxicity of different substances to fish has been studied in the context of fish acute toxicity syndrome (FATS), where cardiorespiratory responses of fish were used to distinguish the modes of action of a substance [18,19,20]. The FATS approach determines whether a fish is experiencing gill irritation and damage, and determines the type of the effect, e.g., narcotics, that leads to anesthesia in the fish. However, the FATS method is immensely invasive to the fish, requiring a level of instrumentation [18,19,20] that is time-consuming and a high degree of technical skill. Notably, the level of technical skill influences the physiological measurements [21]. Lastly, depending on the country of residence, FATS is on the borderline of what present animal experimentation ethics committees will allow (e.g., FELASA), such as paralysis while conscious. The methods suggested here are focused on being less intrusive to the fish, potentially allowing the fish to express a whole organism regulatory response to P. parvum exposure. Thus, FATS is a method that is not readily applied to investigate the physiological effects of HAB exposure to fish. These issues complicate the investigation into the mode of action behind the toxicology of HABs for physiologists and toxicologists alike. Some measurements from FATS can be obtained without detrimentally affecting the fish. Initial measurements for separating gill irritants, indicative of coughing and ventilatory decoupling, from other toxicants, where ventilatory volume is theoretically associated with oxygen consumption, can be measured by observing the fish. These cough and ventilation rate measurements [18,19,20], together with total animal oxygen consumption (MO2) [22,23,24], it is hypothesized that determining whether the mode of action of an HAB is caused by gill damage or occlusion, or by something else, is possible.



This study aimed to measure (1) respiration of whole fish using intermittent flow respirometry, (2) ventilation frequency, and (3) loss of equilibrium in rainbow trout as a response to a high cell concentration of P. parvum, strain UTEX-2797.




2. Materials and Methods


2.1. Fish and Husbandry


For the experiments, 12 rainbow trout (Onchorhyncus mykiss) with a mass of 163.1 ± 31.9 g (mean ± standard deviation (SD)) were used. All trout were farmed at the same farm, acquired via a scientific fish supplier (Fishlab, Højbjerg, Denmark). The fish were received in freshwater and acclimated to full strength seawater (32 psu (practical salinity units)) at 10 °C in the fish holding facility at the Marine Biological Section, University of Copenhagen, Denmark. The water facilities at the laboratory are kept at 10 °C, where a steady supply of filtered and otherwise clean seawater is maintained with little effort at this temperature. The temperature is well within the tolerance of both P. parvum and rainbow trout.




2.2. Respirometry


Mass-specific oxygen consumption (mgO2 kg−1 h−1) (MO2) was determined by intermittent flow respirometry [24,25], using one respirometer with a total water volume of 1.51 L. The pump control scheme used for intermittently closing the fish chamber involved flush/wait/measure periods (240:60:300 s) that were controlled using AquaResp (v. 2, University of Copenhagen, aquaresp.com). For an in-depth description of the method, see Svendsen et al. [25]. Oxygen levels in the respirometer were measured using a Pyroscience Firesting oxygen sensor (Pyroscience GmBH, Aachen, Germany). Oxygen consumption determinations were based on a linear regression of the oxygen level during the closed (measure) part of the pump control scheme, calculated by the following formula:
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(1)




where MO2 is the oxygen consumption in mg O2 per hour per kilogram of fish (wet) (mgO2·kg−1·h−1), β is the oxygen solubility (mgO2·L−1), and Ve is the effective respirometer volume, which is the water volume with the fish in the respirometer. Assuming that the fish are neutrally buoyant, their volume was equaled to their mass, mf. The term [image: ] is the slope of the oxygen in the respirometer (% air saturation) based on the linear regression during the measurement period [24,25]. To ensure the overall precision of the measurements, any MO2 determination with a coefficient of determination (r2) below 0.95 were discarded prior to analysis [26]. The standard metabolic rate (SMR), defined as the MO2 of a resting and non-digesting fish [22,27], was determined for all pre-exposure measurements by fitting a double normal distribution to the measurements [28,29], obtaining the average of the lower distribution as a measure of SMR. The other, higher distribution represents a measure of unwanted routine metabolic rate [27] caused by spontaneous activity in MO2 measurements [29], and thus discarded. The fish were allowed to settle in the respirometer overnight (>12 h) to allow the fish to acclimate before exposing the fish to P. parvum (see Section 2.6.). Measurements were recorded from when the fish were introduced to the respirometer (pre-exposure) until the end of exposure. Temperature was maintained at 10 ± 0.1 °C using a programmable temperature controller (PR 5714, PR electronics, Rønde, Denmark). For a detailed review of aquatic respirometry, see Svendsen et al. [25].




2.3. Background Oxygen Consumption


Oxygen consumption of the chamber containing the P. parvum culture was assessed using a measurement period of 1800 s [25].




2.4. Ventilation Frequency


Determination of the ventilation frequency was completed by monitoring the P. parvum-exposed fish using a submerged webcam (PE-157A, USB endoscope camera, ETView Ltd., Isgav, Israel) for the duration of the experiment. The frequency was established by timing the duration of 10 ventilatory movements in seconds and dividing that time by 10 to obtain the frequency in hertz (Hz). Instead of using the ventilatory volume (L) used in the FATS approach [18,19,20], the ventilatory frequency per hour was used to calculate a proxy, per breath oxygen uptake (mgO2·kg−1) (R), by dividing MO2 (mgO2·kg−1·h−1) by the frequency (h−1):
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R provides an average measure of how much oxygen is retained in one ventilatory movement. If the gills are destroyed, or the oxygen uptake efficiency is otherwise changed [30,31,32], this measure should change. Gill clearance rate (coughing) was counted using the same method as the ventilatory frequency, observed as reverse ventilation movements. During the pre-exposure period, the coughing frequency was very low, and if 10 events did not occur within 120 s, the frequency was set to zero.




2.5. Loss of Equilibrium and Time to the Point of No Return


To minimize human disturbance, the respirometer was monitored from above using a webcam (HD c920, Logitech, Lausanne, Switzerland). Humane endpoints of the experiment were set to when the fish lost balance (loss of equilibrium (LOE)), i.e., the fish turned upside down, or when the MO2 determinations dropped 20% below SMR, as the latter was seen by the authors as a clear sign that the fish cannot sustain their required oxygen consumption [33,34]. Time from the start of exposure to LOE was noted and, for the fish where the data allowed, i.e., LOE occurred after the drop of MO2 below SMR, a point of no return (PNR) was calculated as the time post-exposure where MO2 fell below SMR. PNR was calculated using a stick regression similar to that of Yeager and Ultsch [35] (Figure 1). The measure was calculated in Python 2.7 using the Numpy and Scipy libraries. The time from the start of exposure to the PNR should be seen as a critical exposure time; its determination is similar to that of critical oxygen levels [34,35,36], using exposure time as a variable instead of oxygen level. As such, the PNR provides an average measure of the duration for which the fish can maintain their required oxygen consumption when continuously exposed to P. parvum. The experimental design was set up to report continuous measurements on the fish, including before and during exposure. In presenting the results, the time from exposure to PNR is defined, and the term “percent exposure time” is used to adhere to the FATS terminology.


Figure 1. Oxygen consumption. (A) The progression of oxygen consumption (MO2) of one experimental exposure of rainbow trout (Oncorhynchus mykiss) to Prymnesium parvum. Open circles represent MO2 pre-exposure and filled circles are MO2 during exposure. In this figure, all MO2 determinations are illustrated using only determinations with an r2 > 0.95 for standard metabolic rate (SMR) and point of no return (PNR). The hatched area to the left highlights the acclimation period, where the fish recovers from handling and air exposure [22]). The grey shaded area is the determined critical exposure time, which was defined as being from the start of exposure to the PNR. Determining PNR as the breakpoint for best stick regression fit (sum of squares fit) of MO2 over time, the regression is illustrated as the intersection of the two solid lines (-). SMR is the broken line (--), and post-exposure MO2 is the dot-dash line (-). (B) Histograms of MO2 from the top part of the figure. White bars represent pre-exposure, and grey is exposure to P. parvum(s). The lines illustrate the fitted Gaussian distributions used for the determination of SMR (-) and mean exposure to P. parvum (--).
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2.6. Algae Culture and Exposure


P. parvum (UTEX-2797) was cultured in a f/2 medium based on natural seawater with a salinity of 30 psu and temperature of 10 °C in 10 L glass flasks, kept lightly aerated with atmospheric air. Algal cultures were grown at an irradiance of ~120 µmol photons m−2s−1 with a 12:12 h dark/light cycle. Algal cultures were grown to a cell density of approximately 400,000 cells·mL−1 before use, and cultures were only used for experiments during their exponential growth phase, in an attempt to normalize the amount of toxin available in the cultures [37,38]. The time to reach the 400,000 cells·mL−1 was approximately 2 weeks.



At the time of the experiment, the proposed toxins (the prymnesins [38]), were unquantifiable [39,40]. Whether prymnesins are the sole toxins in a P. parvum bloom is debatable, so controlling for prymnesin content might confound the effects of other unknown toxins [7,8,40,41,42,43]. Significant variations in toxicity have been reported when exposing fish externally to P. parvum culture [8,40]. The P. parvum toxicity has been reported to vary with pH [7,43], temperature, adsorbents, oxidizing agents [43], and mechanical disturbance [44]. All of the above contribute to our choice to normalize the exposure to culture cell count and regulate environmental factors such as temperature and oxygen levels. Before exposing the fish to the algal culture, pH was measured (WTW pH meter, WTW, Weilheim, Germany) in the fish tank and in the culture bottle, and 10–15 min after mixing the algae culture into the fish tank, pH was measured again in the fish tank. The fish were exposed to a concentration of P. parvum of 4.32 ± 0.32 × 104 cells·mL−1 (pH 8.04 ± 0.12), with a P. parvum culture cell count of 40.4 ± 7.91 × 104 cells·mL−1 (pH 8.83 ± 0.41). The exposure concentration was established under pilot experiments, aiming for an exposure concentration leading to a PNR time of hours, allowing for physiological measurements.




2.7. Hemolysis


Much of the research on HABs use ex vivo hemolytic activity as a measure of toxicity [15,16,17,45,46], and P. parvum is known to induce hemolysis ex vivo [15,16,17]. To assess whether hemolysis occurs in vivo during P. parvum exposure, blood samples were collected from six of the exposed fish immediately after euthanization. The blood samples were transferred to hematocrit tubes and centrifuged at 559 g for 120 s for the blood to separate into serum and red and white blood cells. The hematocrit tubes were inspected for hemolysis, by observing the color of the serum, where positive hemolysis was noted if the serum was red-colored. Positive controls were completed with the addition of a drop of hypotonic water to blood samples during pilot studies, causing the red blood cells to hemolyze by osmosis.




2.8. Effects on Swimming


We attempted to use swimming respirometry [47,48] on fish that were exposed short-term (60–90 s) to P. parvum at the concentrations mentioned above. However, the fish were not able to swim in a swim tunnel. Instead, we set up a circular tank with a pump creating a water flow gradient. The water depth was 35 cm, and six square stones were put in the reservoir to create a flow refuge for the fish. This allowed the investigation, by video tracking the position of the fish using idTracker [49] or manually in ImageJ (imagej.nih.gov/ij/) in case of idTracker not tracking the fish, of the duration for which the fish were affected post-P. parvum exposure. The control fish were subject to the same handling, but in water without P. parvum.




2.9. Mode of Action


To illustrate the mode of action of P. parvum exposure on fish physiology, an adverse outcome pathway [50,51,52,53] was created based on the existing knowledge in the literature and results from this study.



Experiments were conducted in adherence with Danish Law, under the animal experimentation permit number (Dyreforsøgstilsynet, Ministry of Environment and Food of Denmark: 2012-15-2934-00657)




2.10. Statistics


Pre-exposure baselines of the continuous measurements (SMR, ventilation frequency (Vf), and R) were compared with average exposure levels using a two-tailed paired Student’s t-test. Linear regressions were performed on SMR, Vf, and R for culture cell count and pH, and exposure cell count and pH. All values reported in the result section are average ± SD.





3. Results


The SMR for the fish was established as 81.2 ± 15.7 mgO2·kg−1·h−1, whereas average oxygen consumption during algal exposure, until the point of no return, was found to be 98.2 ± 13.9 mgO2·kg−1·h−1. The paired samples t-test revealed a significant difference between pre-exposure and exposure levels in terms of oxygen consumption (t = −6.204, df = 11, p < 0.0001). After exposure to the algal suspension, MO2 increased and rose to a peak, and subsequently declined below SMR (Figure 1 and Figure 2).


Figure 2. Respiratory parameters. The mean (-) and standard deviation (shaded area) of the four measurements discussed in connection to P. parvum exposure of rainbow trout: (A) Cf: Coughing frequency; (B) Vf: ventilatory frequency; (C) MO2; (D) R: per breath oxygen consumption. The dashed line (--) represents the average pre-exposure level for each measure. The numbers of measurements were 15, 30, 45, 60, 75, and 90 with a 100% percent exposure time and were linearly interpolated to create the graphs.
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The average ventilation rate for the fish pre-exposure was established as 0.17 ± 0.03 Hz (10.0 ± 1.51 min−1). The average ventilation rate for the fish during algal exposure until PNR was 0.22 ± 0.06 Hz (13.4 ± 3.4 min−1) (t = 2.357, df = 10, p < 0.05). Maximum observed ventilation frequency occurred on average at 30% of the exposure time with a mean frequency of 0.35 ± 0.1 Hz (21.4 ± 6.4 min−1), being significantly different from Vf pre-exposure (t = 5.452, df = 11, p < 0.0001). Figure 2 shows the progression of the Vf during exposure.



The R (per breath oxygen consumption) for the pre-exposure fish was 0.14 ± 0.24 mgO2·kg−1 and was constant before exposure and during SMR determination. During the exposure of the fish to P. parvum, R showed a significant linear decrease (a: −0.46, b: 85.7, r2: 0.87, p: 0.002) (Figure 2). Before exposure of the fish to P. parvum, coughing was occurring in some fish, so the ratio of coughing to ventilation started at a value 0.31 at 20% exposure and finished at 0.14 at 100% exposure.



The critical survival time for continuous exposure (the beginning of exposure to PNR) was 6.9 ± 7.2 h for all fish, ranging from 1.3 to 24.8 h (n = 11). One fish LOE before oxygen consumption fell below SMR, explaining the lower sample size compared to the total. On average, LOE occurred 30.1 ± 9.5 min after PNR. Of the six fish investigated for hemolysis, one showed red coloration of the serum; the remaining five had clear serum.



Of fishes from the tracking experiment, all fish in the control group preferred habitats with higher flow than the exposed fish (Figure 3). Likewise, four of the six trout from the group exposed to P. parvum started to lose equilibrium within a day after reintroduction to clean water in the circular tank; the control group all maintained equilibrium for 48 h.


Figure 3. Behavioral tracking of rainbow trout in a circular flow tank. (A) A background image used for tracking the fish, with the arrow indicating the direction of flow. (B) One frame from one of the recorded videos. (C) Time-weighted average positions of tracked fish from each group (control, n = 6, white to green; P.parvum exposure, n = 6, blue to purple) for the first 12 h post-exposure. Control fish showed a clear preference for the area around the pump, characterized by a high flow rate, compared to positioning toward the center of the flow obstructing rocks as observed by the PP group.
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4. Discussion


The standard metabolic rate determined in this study (81.17 ± 15.7 mgO2 kg−1·h−1; the baseline pre-exposure level of MO2) was slightly higher than previously reported values using intermittent flow respirometry for a rainbow trout of the same size (150 g) and the same temperature of 10 °C (68.7 mgO2·kg−1·h−1 [54]). The determined value was closer to SMR values determined for rainbow trout in a swimming trial (82.5 mgO2·kg−1·h−1 at 15 °C, [55]), and those for brown trout (Salmo trutta) at 12 °C (90.7 mgO2·kg−1·h−1 [56]).



The telltale response of a gill irritant from the FATS literature is a sharp increase in coughing frequency co-occurring with an increase in ventilatory volume (Figure 2a,b). The observed drop and decoupling explain why the MO2 falls below pre-exposure levels to approximately 75% (Figure 2), indicating that the fish can no longer maintain the required oxygen uptake to maintain SMR. As the fish cannot maintain SMR, the fish must rely partly on anaerobic metabolism to survive [33], and it is only a matter of time before the fish will die [23].



The ventilatory volume is an effect of both decreasing oxygen uptake efficiency and an increased MO2, both acting together to create a requirement for a larger amount of water passing over the gills [18,19,20,57]. When the gills become increasingly insufficient, the positive trends in MO2, Vf, and coughing frequency (Cf) have negative trends, as the fish can no longer sustain a high metabolism due to the deterioration of the gills. Other toxicants (narcosis, decouplers, and Acetylcholinesterase inhibitors) have different responses, such as respiratory-decouplers that have MO2 as their primary determinants [20]. Exposing rainbow trout to P. parvum showed the same gill irritant telltale signs: a sharp increase in Cf (Figure 2), and a high MO2 (Figure 1 and Figure 2) and Vf (Figure 2) that subsequently decrease. Though not part of FATS, the average per breath oxygen uptake yielded results that are similar to the oxygen uptake efficiency [58,59]. The change indicates a small decrease in overall efficiency caused by the increasing volume ventilation due to high MO2 (Figure 2, 0–40% exposure). Then, as the gills become more insufficient (approximately 50% onward in Figure 2), R starts to decrease, likely because of the decreasing efficiency of the destroyed or clogged gills. Decoupling of ventilation frequency and oxygen consumption occurs, which no longer follow the same path.



Previously reported “survival time” values of fish exposed to P. parvum ranged from 38 to 180 min [8] and 120 to 140 min [41], under experimental conditions of P. parvum exposure with supernatant and diluted toxin, respectively. Thus, in contrast to the results obtained in this study that ranged from 1.28 to 24.80 h). In the case of P. parvum, studies showed that each strain of P. parvum likely produces slightly different types and amounts of prymnesins (A-, B-, and C-types), which are the substances suspected to be responsible for the ichthyotoxicity of P. parvum blooms [40]. This could explain why different strains of P. parvum express different toxicities [9] and could be the reason for the discrepancy between the results reported in this study (strain: UTEX-2797) and those previously reported by Bergmann et al. [41] for an unknown strain. Furthermore, observed P. parvum toxicity is sensitive to handling [44] and the composition of the aquatic environment [43]. Lastly, the material used in the experimental setup affects observed toxicity as well, as prymnesins readily bind to polymeric surfaces (log d = 3.4–5.2) [60]. Furthermore, contrary to what is suggested in the literature [7], short-term exposure of rainbow trout to P. parvum for the algal concentration used in the present study could not be considered reversible, as four of six exposed trout lost, and did not regain, equilibrium after short-term exposure to P. parvum.



The measurements based on respiratory physiology reported here support the suggestion that the P. parvum toxins act on the gills of the fish [7,37,61]. This suggestion is otherwise only supported by investigating visible tissue damage. The assumption that prymnesins are membrane reactive substances [62] seems appropriate. The fact that the respiratory response observed on rainbow trout corresponds to that of gill irritants using the FATS approach [20] suggests that the toxin is not likely to have any direct action on the inner physiology of the fish. Lastly, both the damaged gill epithelia, in connection with the increased ventilatory volume, will provide the fish with a severe osmotic challenge [63]. This osmotic challenge and its associated costs to the fish remains undetermined. HAB species could, by convergent evolution, have potentially developed different substances or strategies, such as micropredation [64], to target the respiratory system of their larger predators by means of gill destruction or occlusion. Without its gills, any gill-breathing animal will have to rely on anaerobiosis and will have a limited capacity for survival and activity in such situations. However, whether all HABs that are ichthyotoxic act on the gills as their primary site of action (Figure 4) remains a hypothesis that is open for future investigations using the proposed method.


Figure 4. Adverse outcome pathway for P. parvum exposure. The proposed adverse outcome pathway [50,51,52,53] for fish exposed to P. parvum. The numbers indicate evidence from literature (1: [6], 2: [13], 3: [8], and 4: [7]), and Δ indicates results from this study. The prymnesins excreted [40] by P. parvum possess some membrane activity that causes gill damage [6,7,8,13]. The gill damage elicits the FATS gill irritant syndrome observed via oxygen consumption and ventilation rate shown here.
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