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Abstract

:

To better understand differential sensitivities among fish species to the piscicidal compound Antimycin-A (ANT-A), we hypothesized that variations in amino acids at the ANT-A binding site may reflect toxicity differences. Protein sequences for six motifs comprising the ANT-A binding site were obtained and compared for invasive carp species (N = 515) and seven non-target species (N = 277); a consensus was delineated from each species. The carp species, Common Carp (Cyprinus carpio), Silver Carp (Hypophthalmichthys molitrix), Bighead Carp (Hypophthalmichthys nobilis), Grass Carp (Ctenopharyngodon idella), and Black Carp (Mylopharyngodon piceus), showed the same amino acids at the site; thus, it was termed the carp consensus motif sequence (CCM). Channel Catfish (Ictalurus punctatus) showed the most amino acid polymorphisms, with three motifs 96–100% different from CCM. Within a species, Bluegill (Lepomis macrochirus) and Fathead Minnow (Pimephales promelas) variation per motif was most dissimilar (46.7% and 21.6%, respectively). Organismal mortality data from the literature indicated Yellow Perch (Perca flavescens), Walleye (Sander vitreus), and American Gizzard Shad (Dorosoma cepedianum) to be most sensitive to the piscicide, Catfish least sensitive, and all others intermediate. The protein sequence variations of the binding site appeared to be in accord with organismal sensitivity categories when they differed from the CCM; the motifs in Gizzard Shad and Walleye were the same as in CCM. The physical/chemical nature of ANT-A is important to consider in organismal response comparisons. This cellular approach of studying ANT-A binding at its target enzyme is a non-destructive way to predict piscicidal efficacy of ANT-A against fishes of interest, informs management decisions in control efforts for invasives, and can be used to forecast effects on sympatric species.
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Key Contribution: Management may estimate levels of risk and tailor ANT-A applications in specific ecosystems where invasive carp occur with sympatric fish. With other invasive fish issues, ascertaining the amino acids per fish species at the six target sequences vital for ANT-A binding can inform an application approach.










1. Introduction


Reproductive capability, population densities, feeding habits, climate tolerances, mobility, and longevity are life history traits of invasive carp that underscore the ecological and economic concerns on behalf of the U.S. and Canada, especially when populations become established [1,2,3,4,5]. Of the carps native to Asia that have been introduced to the United States [4], four species of particular interest are Grass Carp (Ctenopharyngodon idella), Black Carp (Mylopharyngodon piceus), Bighead Carp (Hypophthalmichthys nobilis), and Silver Carp (H. molitrix). Grass Carp were initially imported into the U.S. as a means of biological control for nuisance aquatic vegetation and have established reproductive populations in the Lake Erie and Mississippi River basins [6,7]. Both diploids and triploids are widespread, considering the varying state laws surrounding permissions on commercially produced invasive carp [8] (Figure 1). Silver Carp and Bighead Carp feed at the base of the food chain [9,10]. They were introduced in the 1990s to reduce phytoplankton in sewage treatment ponds and enhance water quality in aquaculture ponds [3,11]. The first Black Carp from the wild was found on 26 March 2003 [12]. These benthic-feeding invertivores had been imported to control aquaculture pond snails, and since then, both fertile and functionally sterile individuals are established in parts of the Mississippi River Basin [13,14] (Figure 1b). They are feeding almost exclusively on mollusks and native freshwater mussels already in decline and may intensify that decline [5]. The latter three species are listed as injurious wildlife by the U.S. Fish and Wildlife Service under the Lacey Act (50 CFR §16) [15] (https://www.fws.gov/node/266035, accessed on 2 May 2023). The four invasive carp species are widespread nationally, particularly in the Mississippi Alluvial Basin.



Invasive carp eradication methods include physical removal, toxic baits, genetic technologies, and non-specific toxicant applications. The only successful integrated pest management strategy reported for an aquatic invasive species is the targeted toxicant 3-Trifluoromethyl-4-nitrophenol (TFM) used in controlling sea lamprey (Petromyzon marinus) in the Great Lakes [2,16]. A similar species-specific toxicant approach may be used to manage carp populations, perhaps in accordance with bio-acoustic tactics [17], feeding selective toxic baits [2,18,19], or waterway structure modifications [20]. Rotenone and Fintrol™ formulations (containing Antimycin-A; ANT-A) were two products registered by the United States Environmental Protection Agency (EPA) as piscicides for controlling bony fish [2,19], and in August 2017 the EPA registration expired for Fintrol’s use as a fish toxicant (https://ordspub.epa.gov/ords/pesticides/f?p=113:1::::1::) [21]. ANT-A is a mitochondrial inhibitor that interacts at a specific site in the series of proteins that make up the electron transport complex cytochrome bc1 or the ubiquinol:cytochrome c oxidoreductase membrane protein. With the binding of ANT-A, the enzyme is inhibited in its catalysis of electron transfer from ubiquinol to cytochrome c [22]. In that study of cytochrome bc1 structures of cow and chicken, the movement of an iron-sulphur protein was important in the electron transfer, with slight structural differences (e.g., transmembrane helix subunits), yet the binding site remained the same [22]. The amino acid sequence of cytochrome b among human to parasite species has been delineated in a study of mitochondrial respiratory chain inhibitors with the zebrafish model for mitochondria-linked disorders [23]. Cytochrome b is the only protein product of the mitochondrial genome that is a fully functional monomer and is used for developing markers for genetic stock identification, as a primary population genetic indicator in many fish species and for phylogenetic and taxonomic purposes, making it a pragmatic gene to study for a project such as this due to the amount of data already in the literature [24,25].



Thus, differences in the amino acid sequence of cytochrome b subunit Qi of complex III are functionally relevant for delineating differences among fish species at the target site of ANT-A binding. Using liver mitochondria of channel catfish (Ictalurus punctatus) and rainbow trout (Salmo gairdneri), a difference between species in the percent of inhibition by Ant-A concentrations was noted, with trout more affected [26]. Based on the literature and protein chemistry, the hypothesis in this study was that the amino acids of the binding site for ANT-A may be different among, but similar within, fish species. In support of implementing such goals of the Invasive Carp Action Plan as conducting research to provide accurate and scientifically valid information necessary for the effective management and control of invasive carps [4], the intent of this particular study was to identify the amino acids comprising the cytochrome bc1 binding site for ANT-A among invasive carp and some sympatric non-target species and to compile some published works regarding whole-fish lethality induced by various ANT-A exposure conditions (Table 1).
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Figure 1. (a) Map of historical invasive carp distributions by species in the U.S. [27]. (b) Map of historical captures of diploid and triploid Black Carp and Grass Carp in the U.S. [27]. 
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Historically, research has been performed at the level of the organism for obtaining deleterious effects from ANT-A exposure, typically by lethality measures. Studies identified trends in sensitivities, with ANT-A being more toxic to scaled fishes [28,35]. Three categories were revealed: extremely sensitive (trout, perch, herring, and white suckers); intermediately sensitive fish (northern pike, sunfish, bigmouth buffalo, stickleback, minnows, and carp); and fish exhibiting little sensitivity (freshwater catfish) [26]. Mined from some of the literature, the ranges were noted in ANT-A concentrations estimated for organismal lethality effect (Table 1). These variable results reported are supported by reasons directly related to the physical/chemical properties of the ANT-A compound itself. Parameters that influence ANT-A stability include temperature, water pH, alkalinity, ultraviolet light, dissolved iron, formulations of antimycin used (which include diluents with variable surfactants and other compounds such as acetone, nonoxynol-9 detergent, diethyl phthalate, and soy lipids) holding tank systems for exposures, presence of debris such as organics, times applied in the exposures (e.g., longer exposure times require lower concentrations), exposure routes (degradation occurs after ingestion; carrier differences have been noted via ethanol or corn oil), and body mass not being considered per dose [18,33,36,37]. Moreover, antimycin is composed of four major isomers and at least four minor compounds; thus, its manufacture, which includes fermentation and refinements, influences its isomeric compositional mix and quality [37,38]. Slight structural features, such as side chains on antimycin isomer 1, can influence binding [39]; however, this influence is measurable only at the atomic level and not relevant for considerations of ANT-A binding at a broader scale.



Gaining a greater understanding of species differences and potential sensitivities at the molecular level should shed light on reported variabilities in organismal mortalities and can point to further investigations in a more targeted methodology (Table 1). As with TNF used in an integrated pest management approach, ANT-A used in conjunction with other control efforts such as herding [40] and acoustic deterrents or attractants [17] may be considered for invasive carp management [41]. If ANT-A is to be considered for EPA re-registration as a water additive or for use in an oral delivery formulation [2], data at the cell and molecular level are relevant. Our hypothesis was that differences in organismal sensitivities to ANT-A among species—tested under consistent environmental conditions without interfering factors described—are related to the primary protein structure of the ANT-A binding site and that these amino acid sequences and subsequent protein conformational differences or similarities are relevant for ANT-A binding.



Like rotenone, ANT-A inhibits respiration in sensitive organisms, with both compounds believed to be rapidly absorbed from the water across the gills as the mode for entering the bloodstream [35]. Rotenone is a mitochondrial respiratory complex I inhibitor, and ANT-A is a complex III inhibitor [23]. The toxicity of ANT-A to fish is species-dependent and varies widely (Table 1) [29,35], likely because of subtle species differences in the protein sequences to which it binds [37]. The attribute of differential responses at different application rates and mechanisms allows ANT-A to be used as a selective toxin [37]. Antimycin-A interacts at the Qi subunit of cytochrome b located in the third mitochondrial protein complex in the series that comprises the electron transport chain in the inner mitochondrial membrane (Figure 2). The ANT-A molecule binds tightly to subunit Qi and prevents ubiquinol (also called coenzyme Q) from binding to cytochrome b, blocking the shuttle of electrons and halting ATP production.



This induces mitochondrial dysfunction and causes the bound oxygen to convert to superoxide that builds up at an accelerated rate, overwhelming the cell. Both the electron shuttle inhibition and the superoxide generation cause subsequent cell death [37,43]. Cytochrome b within complex III (cytochrome bc1 complex) is within the inner mitochondrial matrix of most cell types [23,43] but not in non-nucleated mammalian red blood cells.




2. Materials and Methods


Amino acid sequence records for the Qi subunit of cytochrome b were obtained from the protein database of the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/protein/?term=cytochrome+B+subunit+qi) (accessed on 21 May 2019 to 17 June 2019) [44], yielding multiple accession identifiers per species for Common Carp (Cyprinus carpio), Silver Carp (Hypophthalmichthys molitrix), Bighead Carp (Hypophthalmichthys nobilis), Grass Carp (Ctenopharyngodon idella), Black Carp (Mylopharyngodon piceus), Fathead Minnow (Pimephales promelas), Bluegill (Lepomis macrochirus), Channel Catfish (Ictalurus punctatus), Yellow Perch (Perca flavescens), Walleye (Sander vitreus), Nile Tilapia (Oreochromis niloticus), and American Gizzard Shad (Dorosoma cepedianum) (Supplementary Table S1). The compiled accession identification amino acid sequences were imported into Genomics Workbench 21 Software (QIAGEN; Redwood City, CA) aligned, and analyzed by the six sequence motifs that conformationally fold to form the 3-D protein structure in complex III, where ANT-A (CAS 1397-94-0) binds [23] (Figure 3).



Investigating the potential amino acid polymorphisms for the six motifs, both within and among species, illuminated similarities and variations. Some of the NCBI accession identifiers for individuals did not include all six motifs (the full complement of amino acids for all motifs); thus, the formulae defined below considered only accessions where the full complement of amino acids was presented. Within a species, a potential consensus of amino acids for all six motifs was investigated and derived and, if found, was termed a species-specific consensus motif sequence (SSCM). Because each of the carp species displayed the same amino acid sequences in each of the six motifs comprising the ANT-A binding site (Table 2), these motifs were collectively termed carp consensus motif sequence (CCM). This CCM was compared with the non-carp motifs, and the amino acids not matching CCM were noted (Table 2).




3. Results


Each species displayed an SSCM, which was the most frequently occurring amino acid sequence in the six motifs (Table 2). Some variation did occur simply due to individual accessions having a single amino acid variation, which can happen due to anatomical variation, laboratory methodology issues, a single undefined amino acid (denoted in NCBI as X; 16 amino acids in Common Carp, 1 Bighead Carp, and 1 Silver Carp), or possible human errors in editing original accessions. In this manuscript, because all carp species showed a consensus motif sequence, it is being defined as the carp consensus motif sequence, or CCM, as previously stated in the methods and used in the formulae. Intraspecies variation indicated whether protein sequences varied at the ANT-A binding site within a species, per the delineated motifs (Formula (1); Figure 4; Table 2). These data indicate the likelihood that all individuals of a species presented the same amino acid per motif. Among the 12 species, four of the six motifs showed within-species variation (Figure 4). Bluegill and Fathead minnow showed the highest levels of intraspecies variation, with 46.7% and 21.6% variation within a single but different motif, respectively (Figure 4).



Data from the NCBI accession identifiers were used in formulae to quantify similarities and differences in amino acid sequences for the Qi subunit of cytochrome b. The denominator term “complete motifs” indicates the number of sequences among the accession identifiers that included the full complement of amino acids. Delineation of the percent of variation within a species (intraspecies variation) per motif for the twelve chosen fish species (Figure 4) was calculated as Formula (1):


     P e r c e n t   o f   I n t r a s p e c i e s   V a r i a t i o n     p e r   m o t i f   p e r   s p e c i e s                 =     n u m b e r     o f   i n d i v i d u a l s   w i t h   a   m o t i f   d i f f e r e n t   f r o m   t h e   S S C M   t o t a l   n u m b e r   o f   i n d i v i d u a l s   w i t h   a   c o m p l e t e   m o t i f   f o r   t h a t   s p e c i e s     × 100     



(1)







Per motif among the twelve fish species, the percent of variation among species (interspecies variation) was calculated. Thus, this value reflected how much that motif varied in relation to the complete motifs delineated for all individuals among the twelve species (Figure 5) performed as Formula (2):


     P e r c e n t   o f   I n t e r s p e c i e s   V a r i a t i o n   p e r   m o t i f   p e r   s p e c i e s                 =     n u m b e r   o f   i n d i v i d u a l s   w i t h   m o t i f s   d i f f e r e n t   f r o m   t h e   C C M   t o t a l   n u m b e r   o f   i n d i v i d u a l s   w i t h   c o m p l e t e   m o t i f s     a c r o s s   a l l   s p e c i e s     × 100     



(2)







Which of the six motifs among all species displayed the most variation as compared to the CCM motif (Figure 6) was calculated as Formula (3):


     P e r c e n t   o f   V a r i a t i o n   p e r   m o t i f a c r o s s   a l l   s p e c i e s   c o m p a r e d   t o   C C M                 =     n u m b e r   o f   m o t i f s   d i f f e r e n t   f r o m   C C M   a c r o s s   a l l   s p e c i e s     t o t a l   n u m b e r   o f   c o m p l e t e   m o t i f s   a m o n g   a l l   s p e c i e s     × 100     



(3)







Which of the six motifs among non-carp species displayed variation as compared to the CCM motif (Figure 7) was determined by Formula (4):


       P e r c e n t   o f   V a r i a t i o n   p e r   m o t i f   p e r   n o n- c a r p   s p e c i e s   c o m p a r e d   t o   C C M                 =     n u m b e r   o f   m o t i f s   d i f f e r e n t   f r o m     C C M       n u m b e r   o f c o m p l e t e   m o t i f s   p e r   m o t i f   w i t h i n   a   n o n - c a r p   s p e c i e s )     × 100     



(4)
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Figure 5. Among-species comparison of individual motifs comprising the Antimycin-A binding target site in the mitochondrial cytochrome b subunit Qi of complex III. Percent of variation among species was obtained using Formula (1). Amino acids are denoted in the legend by their abbreviations, with sequences having been obtained from a National Center for Biotechnology Information (NCBI) Protein Blast search. The motif location within the collective protein sequence is delineated by the numerical values on either side of the motif abbreviation. Sample size (n) denotes the total number of individuals available to analyze per species. All motifs are shown in the key, even those that did not exhibit interspecies variation. 
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Figure 6. Per-motif variation from the carp consensus motif sequence (CCM) was generated for all sympatric species (Fathead Minnow (Pimephales promelas), Bluegill (Lepomis macrochirus), Channel Catfish (Ictalurus punctatus), Yellow Perch (Perca flavescens), Walleye (Sander vitreus), Nile Tilapia (Oreochromis niloticus), and American Gizzard Shad (Dorosoma cepedianum)). The percent variation was highest for the first of the six motifs that comprise the Antimycin-A-binding target site in the mitochondrial cytochrome b subunit Qi of complex III. Sequence location within the collective protein sequence is delineated by the numerical values on either side of the motif abbreviation. Sample size (n) denotes the total number of amino acids analyzed per motif. 
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Figure 7. Per-motif amino acid sequence variations within non-carp fish species compared to the carp consensus motif sequence (CCM) in relation to the total number of individuals within that species. Sample size (n) denotes the total number of individuals available and analyzed per species. All motifs are shown in the key, even those that did not exhibit sequence variation. 
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Interspecies variation indicated the number of amino acid polymorphisms per motif per species that differed from the CCM as compared to the complete number of motifs across all individuals over all species (Formula (2)). All individuals from Grass Carp, Black Carp, Walleye, and American Gizzard Shad showed no variability in any of the motifs that comprise the ANT-A binding site (Formula (2); Figure 5). Of all species, Channel Catfish showed the most interspecific variation; three motifs showed variability compared to CCM. Among all species, Yellow Perch displayed the most variation in a single motif at 5.8% in the first motif, which was also the motif displaying dissimilarity in 53.8% of the times (7 of 13) that variation across all species was noted (Figure 5).



Focusing on which of the motifs varied the most among the species researched, the percent of amino acid variation per motif was calculated as compared with CCM (Formula (3); Figure 6). The first motif along the protein’s progression of six amino acid sequence motifs in the mitochondrial cytochrome b subunit Qi of complex III making up the ANT-A binding site displayed the highest percent variation (15.7%), followed by the third motif (8.4%), the second (5.0%), and then the fifth motif (1.2%). The fourth and sixth motifs exhibited no variation in any of the individuals among the species analyzed (Figure 6).



Within non-carp species, variations per motif in relation to the CCM (Formula (4); Figure 7; Table 2) illustrated that Walleye and Gizzard Shad showed complete similarity with CCM. The other five species showed considerable variation, with Channel Catfish showing the most and with variability in the first 3 of the 6 motifs being dissimilar from CCM at 98% of the individual identifiers (Figure 7). See Table A1 for the locations of the amino acids in non-carp species that differed from CCM. See Supplemental Table S2 for a summary of specifics per species.




4. Discussion


Effective tools can help resource managers control invasive and nuisance fishes, often including overharvest, toxicants, and acoustic deterrents [45,46]. Although drawbacks of ANT-A use include adverse chemical residues remaining in fish and possibly the need for chemical detoxification of waterways after application and keeping the public away [45], its effectiveness, utility, and attributes suggest that the compound may warrant further detailed study in light of reregistration efforts. Managerial benefits of ANT-A use include that concentrations for cyprinid mortality are lower than that for rotenone [30,38], doses required to eliminate fish do not harm higher vertebrates or invertebrates [47], ANT-A is susceptible to decomposition and degrades rapidly [35,37], and fishes can voluntarily feed on impregnated bait [48].



In this study, both Walleye and Gizzard Shad showed species-specific consensus motifs identical to the CCM, indicating a consensus among the ANT-A binding site and thus suggesting similar susceptibilities to ANT-A as targeted invasive carp. In such cases, additional considerations for fish management strategies would be appropriate when desirable species occur in the same aquatic ecosystem. Further molecular investigations may reveal species differences, but if this deduced lethality response is predicted, some alternatives could be to capture fish at pre-treatment and or stocking/restocking efforts post-treatment.



Although models for ANT-A binding within cytochrome b have shown the importance of the formyl salicylic acid and dilactone portions of the molecule [49], investigations into amino acid polymorphism effects on mitochondrial function and resultant organismal toxicity have not yet been performed among fish species. Zebrafish (Danio rerio) embryos were used to test mitochondrial respiratory chain inhibitors, including ANT-A, so as to address human mitochondrial-linked disorders and antiparasitic drugs; complex III inhibitors induced mortality more quickly than the complex I inhibitors (e.g., rotenone), which induced more abnormalities in survivors [23]. The fact that abnormality inductions did not occur in early-life stages [23] might also be considered an asset of ANT-A use over rotenone. To provide context about the amino acid sequence similarity of cytochrome b (complex III) of humans compared with mice, zebrafish, fungi, and a protozoan species, variability ranged from 79%, 74%, 56%, and 41%, respectively [23]. The similarity among teleosts shown by our study would thus be expected to be much higher, and the variabilities more subtle than the between-taxon comparisons of Complex III inhibitors. Measuring respiratory effects directly on mitochondrial function in blood cells of target carp and sympatric fishes would be a direct measure of the effect that would occur prior to whole-body respiratory effects/lethality, with respect to consistent and repeatable experimental procedures with ANT-A. The mitochondrial electron transport complex of proteins is very similar across all species that utilize oxygen [37] and in the gene coding for cytochrome b [24,25]; thus, the actual amino acids comprising the ANT-A binding location must be evolutionarily conserved.



The challenging chemistry of the ANT-A compound has been a deterrent for in vitro studies, with many more being conducted at the organismal level (Table 1). As described earlier, several parameters influence ANT-A stability, including it decays exponentially over time with rates as a function of pH, temperature, and water hardness [37]. Most, if not all, field studies have not tracked and recorded such variables. According to these studies based on whole fish responses, the lethality of ANT-A varies from <1.0 µg/L for most trout and char (Salmonidae) to 25–200 µg/L for most freshwater catfish (Ictaluridae) [35]. Most minnows (Cyprinidae) and sunfish (Centrarchidae) were estimated to suffer mortality at 5.0–10 µg/L [29,35] (Table 1). ANT-A was estimated to be 1000 times more toxic to sensitive species than to resistant ones, in order of decreasing sensitivity: Rainbow Trout, Bluegill, Green Sunfish, Goldfish, Channel Catfish, and Black Bullhead [36]. In that study, the LC50s ranged from 50 ppb to 50 ppt for black bullhead and rainbow trout, respectively, in neutral pH waters. Because ANT-A degrades more rapidly in alkaline pH [36], future in vitro studies performed at neutrality could help in a variety of aquatic ecosystems with species of interest.



Looking at the variation among species and the six motifs comprising the binding site, the most variation was in the non-carp, whereby 54% of the NCBI database accessions were different (277 out of 515) (Figure 5). Because the first motif along the protein’s progression of six amino acid sequence motifs displayed the highest percent variation (Figure 6), future amino acid sequence searches might focus heavily on this region, as well as the other three that showed amino acid differences from the CCM. All carp, along with Walleye and Gizzard Shad, showed a low percent (Common, Bighead, and Silver Carp) to zero percent interspecies variation (Grass Carp, Black Carp, Walleye, Gizzard Shad) (Figure 5 and Figure 7). Catfish are known to be some of the least susceptible fish to ANT-A, especially in comparison to carp sensitivity [33]. Compared to the invasive carp CCM, the Channel Catfish motifs showed the highest level of amino acid variations and within the most motifs (Figure 7). This universal consensus of sequences derives from the criticality of the motifs in their function for cellular respiration. Because of this similarity shown in these seven species, upon in vitro testing, mitochondrial inhibitory responses to ANT-A concentrations may be anticipated to be consistent among individuals.



In examining the characteristic changes in amino acids that varied from the CCM within each species, the Fathead Minnow, Bluegill, Yellow Perch, and Channel Catfish variant displayed a change in polarity, whereas Nile tilapia did not (Table 3). Polar amino acids are hydrophilic in nature, and non-polar amino acids are hydrophobic; these characteristics, in addition to other secondary structure characteristics [50], contribute to protein structure and function and a loss or gain of polarity and/or charge in a protein’s structure will therefore influence the ability of ANT-A to bind. Channel Catfish and Yellow Perch are described as displaying the least and greatest susceptibility to ANT-A, respectively; both species’ variants showed polarity changes in the amino acids that differed from the CCM, with the highest number of different amino acids in catfish. A change to the primary structure of a protein can cause a conformational change in the secondary, tertiary, and quaternary structure of a protein and, therefore, affect protein structure and function.



Three-dimensional structures, which are in turn determined by their genetically encoded amino acid sequences, characterize the proteins structurally and functionally [50,51]. Amino acid variations that were deduced from nucleotides from PCR products of cytochrome b of Korean salmonids were used for distinguishing systematic relationships, as most of the nucleotide substitutions did not alter the amino acid sequence of the protein [24]. In this study, modeling potential tertiary protein structures for cytochrome bc by using databases and tools for protein predictions [50,51] would help in making connections with ANT-A’s ability to bind and, therefore, its effectiveness. Because the protein prediction tools typically do not include fish species outside laboratory models, a PCR-based approach to delineating nucleotides of cytochrome bc and then deducing amino acid sequences [25] for species of interest is a feasible approach for contributing data on the amino acid sequences for their binding motifs. The molecular characteristics of the amino acid variants from the CCM (Table 3) provide a weight of evidence to the hypothesis that ANT-A’s effectiveness is predictable by protein structure. Because Channel Catfish, Yellow Perch, Nile Tilapia, Bluegill, and Fathead Minnows have high percent variation from the CCM, this indicates that these species likely have different susceptibilities to ANT-A than carp, whereas Walleye and Gizzard Shad are unlikely to have differing sensitivities. The amino acid positions of variation in each of the non-carp species (Table 3) and the classification of both the CCM and the variable amino acids within non-carp species that are likely to have differing sensitivities (Table 3) will inform further investigations of ANT-A exposure results for each of these species. Thus, data generated at the cell and molecular level of this mitochondrial respiratory chain inhibitor can provide an additional basis by which to assess the efficacy of the ANT-A or its formulation, as well as organismal effects on sympatric species. This approach of determining amino acid positions vital to the binding of ANT-A can be considered in other fisheries management issues using this piscicide, such as for potential control of non-native smallmouth bass (Micropterus dolomieu) proliferation below the Glen Canyon Dam in the Glen Canyon National Recreation Area as a threat to humpback chubs (Gila cypha), for example. Regarding invasive carp and sympatric species, when more variation occurs in the CCM than in the non-targets, management may predict levels of risk or may tailor ANT-A applications in specific aquatic ecosystems where target invasive carp occur.




5. Conclusions


To better understand differential toxicities among fish species, we mined protein sequence data from the National Center for Biotechnology Information and compared the amino acid sequence data for the six motifs that comprise the ANT-A target binding site among and within invasive carp species and some non-targets. The carp species (Common Carp, Silver Carp, Bighead Carp, Grass Carp, and Black Carp) showed the same amino acids at the site; thus, it was termed the carp consensus motif sequence (CCM). Channel Catfish showed the most amino acid polymorphisms. Although the protein sequence data variations for the binding site appeared to be in accord with the organismal sensitivity categories, with ANT-A being more toxic to scaled fishes, the challenging chemistry of the ANT-A compound can interfere with organismal studies. Thus, such a comparative approach is relevant for delineating potential differences in the toxicity of ANT-A to fishes of interest.
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Table A1. Locations of amino acids in non-carp species that differed from the carp consensus motif (CCM) within the Antimycin-A binding site motifs are noted in bold. The CCM amino acid is provided.
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Fish

	
Amino Acid Position




	
Common Name

	
Scientific Name

	
16

	
19

	
38

	
197

	
198

	
219






	
Fathead Minnow

	
Pimephales promelas

	
Gly

	
Val

	
Gly

	
Leu

	
Leu

	
Ser




	
Bluegill

	
Lepomis macrochirus

	
Asp

	
Val

	
Gly

	
Leu

	
Leu

	
Leu




	
Yellow Perch

	
Perca flavescens

	
Asn

	
Val

	
Gly

	
Leu

	
Leu

	
Ser




	
Nile Tilapia

	
Oreochromis niloticus

	
Asp

	
Val

	
Gly

	
Leu

	
Ile

	
Ser




	
Channel Catfish

	
Ictalurus punctatus

	
Asn

	
Ile

	
Leu

	
Ala

	
Leu

	
Ser
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Figure 2. The series of proteins comprising the electron transport chain in the inner mitochondrial matrix. The target binding site for Antimycin-A is the Qi subunit within cytochrome b (complex III). Image by M. Martinez as modified from [42]. 
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Figure 3. Secondary protein structure of antimycin A1 in complex with cytochrome bc1 as created with Visual Molecular Dynamics molecular modeling and visualization software v. 1.9.3 (Urbana, IL). The Antimycin-A interaction (arrow) is at the ligands in the lower portion of the bc1 complex. 
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Figure 4. Within-species comparisons of the six amino acid sequences (motifs) comprising the Antimycin-A binding target site in the mitochondrial cytochrome b subunit Qi of complex III showed the percent intraspecies variation per motif. Motifs are denoted by their abbreviations, with sequences having been obtained from a National Center for Biotechnology Information (NCBI) Protein Blast search. Sequence location within the collective motif is delineated by the two numerical values on either side of the abbreviated name in the legend. Sample size (n) denotes the total number of accessions available and analyzed per species. All motifs are shown in the key, even those that did not exhibit intraspecies variation. 
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Table 1. Published a differential lethality effects of Antimycin-A on selected fish species investigated in this study.
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	Genus Species
	Common Name
	Family
	Concentration Range
	Effect
	Author





	Dorosoma cepedianum
	American Gizzard Shad
	Clupeidae
	0.06–0.8 μg/L
	Mortality
	[28]



	Cyprinus carpio
	Common Carp
	Cyprinidae
	0.04–100 μg/L
	Mortality
	[29]



	C. carpio
	Common Carp
	Cyprinidae
	4.0 mg/kg body weight
	LD50 (gavage)
	[2]



	C. carpio
	Common Carp
	Cyprinidae
	0.57 µg/L
	LC50
	[30]



	Pimephales promelas
	Fathead Minnow
	Cyprinidae
	0.025–20.5 μg/L
	Mortality
	[31,32]



	P. promelas
	Fathead Minnow
	Cyprinidae
	0.08–0.11 µg/L
	LC50
	[18]



	Hypophthalmichthys nobilis
	Bighead Carp
	Cyprinidae
	0.60 μg/L
	LC50
	[30]



	H. nobilis
	Bighead Carp
	Cyprinidae
	7.50 μg/L
	Mortality at 60%
	[33]



	H. molitrix
	Silver Carp
	Cyprinidae
	0.83 μg/L
	LC50
	[30]



	H. molitrix
	Silver Carp
	Cyprinidae
	7.50 μg/L
	Mortality at 20%
	[33]



	H. nobilis & H. molitrix
	Bighead & Silver Carp
	Cyprinidae
	2.50 μg/L
	No mortality
	[33]



	H. nobilis & H. molitrix
	Bighead & Silver Carp
	Cyprinidae
	5.00 μg/L
	No mortality
	[33]



	Ctenopharyngodon idella
	Grass Carp
	Cyprinidae
	1.00 µg/L
	LC50
	[30]



	C. idella
	Grass Carp
	Cyprinidae
	1 μg/L
	Mortality at 100%
	[34]



	C. idella
	Grass Carp
	Cyprinidae
	4–8 mg/L b
	Mortality at 100%
	[18]



	Mylopharyngodon piceus
	Black Carp
	Cyprinidae
	4 to >16 mg/L b
	Mortality at 100%
	[18]



	Ictalurus punctatus
	Channel Catfish
	Ictaluridae
	1.36–22 μg/L
	Mortality
	[29,32]



	I. punctatus
	Channel Catfish
	Ictaluridae
	9.00 μg/L
	LC50
	[29]



	Oreochromis mossambicus
	Tilapia Mossambica
	Cichlidae
	5 μg/L
	Mortality
	[29]



	Lepomis macrochirus
	Bluegill
	Centrarchidae
	0.0339–100 μg/L
	Mortality
	[29]



	L. marochirus
	Bluegill
	Centrarchidae
	0.14 μg/L
	LC50
	[29]



	Perca flavescens
	Yellow Perch
	Percidae
	0.06–0.66 μg/L
	Mortality
	[28]



	Oncorhyncus mykiss
	Rainbow Trout
	Salmonidae
	0.04 μg/L
	LC50
	[35]



	O. mykiss
	Rainbow Trout
	Salmonidae
	0.05–20.40 μg/L
	LC50
	[36]



	O. mykiss
	Rainbow Trout
	Salmonidae
	0.00003 μg/L
	Mortality
	[36]



	Salvelinus fontinalis
	Brook Trout
	Salmonidae
	1 μg/L
	Mortality
	[29]



	S. fontinalis
	Brook Trout
	Salmonidae
	0.035 μg/L
	EC50
	[29]



	Sander vitreus
	Walleye
	Percidae
	0.10 μg/L–0.60 μg/L
	Mortality
	[28]







a Data are exemplary, not all-inclusive. Effects may be influenced by time and route of exposure, water temperature, and more (see text). b Administration was by oral dosing in corn oil or ethanol with data obtained at 24 h and 96 h.
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Table 2. Details of amino acid sequence accessions for the Qi subunit of cytochrome b obtained from the National Center for Biotechnology Information (NCBI) protein database for selected fish species. The motifs column indicates the species-specific consensus motif sequence (SSCM) of each species. Amino acid abbreviations in bold, red, and italics are those that differed from the carp consensus motif sequence (CCM), where each of the six motifs for the carp was the same.
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Fish

	
Number of Accessions

	
Motifs

	
Similarity within Species (%)

	
Variation from the CCM (%)






	
Common Carp

Cyprinus carpio

(Cyprinidae)

	
203

	
1 15DALVD33

	
95.54

	
4.46




	
2 33GSLLGLC195

	
96.57

	
3.43




	
3 195HLLF203

	
100

	
0




	
4 203GSNN218

	
100

	
0




	
5 218SFHP226

	
100

	
0




	
6 226KDLL380

	
100

	
0




	
Bighead Carp Hypophthalmichthys nobilis

(Cyprinidae)

	
48

	
1 15DALVD33

	
97.87

	
2.13




	
2 33GSLLGLC195

	
100

	
0




	
3 195HLLF203

	
100

	
0




	
4 203GSNN218

	
100

	
0




	
5 218SFHP226

	
100

	
0




	
6 226KDLL380

	
100

	
0




	
Silver Carp

H. molitrix

(Cyprinidae)

	
122

	
1 15DALVD33

	
99.10

	
0.90




	
2 33GSLLGLC195

	
100

	
0




	
3 195HLLF203

	
100

	
0




	
4 203GSNN218

	
100

	
0




	
5 218SFHP226

	
100

	
0




	
6 226KDLL380

	
100

	
0




	
Grass Carp

Ctenopharyngodon idella

(Cyprinidae)

	
96

	
1 15DALVD33

	
100

	
0




	
2 33GSLLGLC195

	
100

	
0




	
3 195HLLF203

	
100

	
0




	
4 203GSNN218

	
100

	
0




	
5 218SFHP226

	
100

	
0




	
6 226KDLL380

	
100

	
0




	
Black Carp

Mylopharyngodon piceus

(Cyprinidae)

	
46

	
1 15DALVD33

	
100

	
0




	
2 33GSLLGLC195

	
100

	
0




	
3 195HLLF203

	
100

	
0




	
4 203GSNN218

	
100

	
0




	
5 218SFHP226

	
100

	
0




	
6 226KDLL380

	
100

	
0




	
Channel Catfish

Ictalurus punctatus

(Ictaluridae)

	
48

	
1 14NALID32

	
100

	
100




	
2 32GSLLLLC194

	
96.77

	
96.77




	
3 194HALF202

	
96.00

	
96.00




	
4 202GSNN217

	
100

	
0




	
5 217SFHP225

	
100

	
0




	
6 225KDLL380

	
100

	
0




	
Bluegill

Lepomis macrochirus

(Centrachidae)

	
20

	
1 15DALVD33

	
100

	
0




	
2 33GSLLGLC195

	
100

	
0




	
3 195HLLF203

	
100

	
0




	
4 203GSNN218

	
100

	
0




	
5 218LFHP226

	
53.33

	
53.33




	
6 226KDLL380

	
100

	
0




	
Fathead Minnow

Pimephales promelas

(Cyprinidae)

	
38

	
1 15GALVD33

	
78.38

	
78.38




	
2 33GSLLGLC195

	
97.37

	
2.63




	
3 195HLLF203

	
100

	
0




	
4 203GSNN218

	
100

	
0




	
5 218SFHP226

	
100

	
0




	
6 226KDLL380

	
100

	
0




	
Walleye

Sander vitreus

(Percidae)

	
71

	
1 14DALVD32

	
100

	
0




	
2 32GSLLGLC194

	
100

	
0




	
3 194HLLF202

	
100

	
0




	
4 202GSNN217

	
100

	
0




	
5 217SFHP225

	
100

	
0




	
6 226KDLL380

	
100

	
0




	
Yellow Perch

Perca flavescens

(Percidae)

	
41

	
1 14NALVD32

	
95.12

	
100




	
2 32GSLLGLC194

	
100

	
0




	
3 194HLLF202

	
100

	
0




	
4 202GSNN217

	
100

	
0




	
5 217SFHP225

	
100

	
0




	
6 225KDLL398

	
100

	
0




	
Nile Tilapia

Oreochromis niloticus

(Cichlidae)

	
49

	
1 15DALVD33

	
97.87

	
2.13




	
2 33GSLLGLC195

	
100

	
0




	
3 195HLIF203

	
100

	
100




	
4 203GSNN218

	
100

	
0




	
5 218SFHP226

	
100

	
0




	
6 226KDLL380

	
100

	
0




	
American Gizzard Shad

Dorosoma cepedianum

(Clupeidae)

	
10

	
1 15DALVD33

	
100

	
0




	
2 33GSLLGLC195

	
100

	
0




	
3 195HLLF203

	
100

	
0




	
4 203GSNN218

	
100

	
0




	
5 218SFHP226

	
100

	
0




	
6 226KDLL380

	
100

	
0
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Table 3. Characteristics of the amino acids in the non-carp species that varied from the CCM.
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CCM Amino Acid

	
Variant Amino Acid

	




	
Common Name

	
Scientific Name

	
Name

	
R Group

	
Name

	
R Group

	
Charge Characteristics






	
Fathead Minnow

	
Pimephales promelas

	
D: Aspartic Acid

	
CH2COOH

	
G: Glycine

	
H

	
Non-polar, was polar and negatively charged




	
Bluegill

	
Lepomis macrochirus

	
S: Serine

	
CH2OH

	
L: Leucine

	
CH2CH(CH3)2

	
Non-polar, was polar




	
Yellow Perch

	
Perca flavescens

	
D: Aspartic Acid

	
CH2COOH

	
N: Asparagine

	
CH2CONH2

	
Polar uncharged, was polar and negatively charged




	
Nile Tilapia

	
Oreochromis niloticus

	
L: Leucine

	
CH2CH(CH3)2

	
I: Isoleucine

	
CH(CH3)CH2CH3

	
Both are nonpolar




	
Channel Catfish

	
Ictalurus punctatus

	
D: Aspartic Acid

	
CH2COOH

	
N: Asparagine

	
CH2CONH2

	
Polar uncharged, was polar and negatively charged




	
V: Valine

	
CH(CH3)2

	
I: Isoleucine

	
CH(CH3)CH2CH3

	
Both are nonpolar




	
G: Glycine

	
H

	
L: Leucine

	
CH2CH(CH3)2

	
Both are nonpolar




	
L: Leucine

	
CH2CH(CH3)2

	
A: Alanine

	
CH3

	
Both are nonpolar
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