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Freshwater bodies are key in supporting aquatic and terrestrial life. Ecological balance of freshwater habitats is very vulnerable, hence, often significantly disrupted by climatic changes and anthropogenic acts. In Israel, due to its relatively arid climate, many freshwater resources have been disrupted and still are under great pressure. The Sea of Galilee is the largest surface freshwater body in the Middle East and a habitat to unique populations of several fishes, including six cichlid species. Studies on the ecology of these fish and their conservation require effective monitoring tools. In this study, a simple and efficient molecular method was developed to identify the species of these lake cichlids using high resolution melting analysis of mini DNA barcodes. The species of an individual sample can be identified by a single tube PCR reaction. This assay successfully identified sequence differences both among and within species. Here, this method identified the species for 279 small cichlid fry that could not be morphologically identified, allowing to estimate relative species abundance and map their distribution in time and location. The results are key to understand not only the ecology of young stages but also their recruitment potential to adult fish populations and their sustainability. This method can be readily implemented in further ecological studies and surveys related to these species, in the lake and its surroundings, as a tool to enhance understanding and protection of these species.
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Introduction

The longstanding dependency of humans on water contributed considerably to the poor ecological state of freshwater resources all around the world and to depletion of natural fish faunas inhabiting these habitats (Dynesius and Nilsson, 1994; Sala et al., 2000; Dudgeon et al., 2006; Vörösmarty et al., 2010; Carpenter et al., 2011; Darwall and Freyhof, 2016; Reid et al., 2019). Effective management of freshwater habitats should be based on constantly monitoring changes in their biotic and abiotic elements to avoid irreversible disruptions, while considering priorities for balancing between anthropogenic needs and sustainability of other natural species (Frankham et al., 2014; Reid et al., 2019; Albert et al., 2021; Arthington, 2021).

The moderate to low rainfall characterizing Israel’s climate have made its freshwater habitats a precious national resource, yet a highly vulnerable one (Ben-Tuvia, 1981; Goren and Galil, 2005; Sternberg et al., 2015; Borovski et al., 2018). The Sea of Galilee (Lake Kinneret) is the largest surface freshwater body in the Middle-East and because of its prime role in freshwater supply for many years, its water level and quality are highly regulated (Serruya, 1978; Berman, 1998; Berman et al., 2014; Markel et al., 2014). Nevertheless, water levels of the lake have been fluctuating considerably depending on the balance between water demands and rainfall (Zohary and Ostrovsky, 2011; Zohary et al., 2014).

Situated in a historical continental bridge region, the fish fauna in the Sea of Galilee includes a mix of species of North-African, West-Asian and South-European origins. Yet, the Sea of Galilee is a relatively small habitat (surface area of ∼166.7 km2), isolated for over 10,000 years. Populations of approximately 18 native and eight non-native species are supported by this unique habitat. Native cyprinids (10 species) originated from the Middle East and Asia, whereas native cichlids (six species) from Africa (Goren and Ortal, 1999). These native species populations are unique, some are endemic and others are isolated and adapted to live at the edge of their distribution ranges (Ben-Tuvia, 1960, 1981; Goren and Ortal, 1999; Ostrovsky et al., 2014a; Tadmor-Levi et al., 2022). Changes in water surface level have dramatic effects on ecology of lakes and particularly, on shallow littoral zones (Adrian et al., 2009; Gaeta et al., 2014). Over the years, the Sea of Galilee underwent dramatic water level fluctuations (Berman, 1998; Zohary and Ostrovsky, 2011; Zohary and Gasith, 2014). During low water level periods, large sections of the shallow littoral zone dry off and taken over by land vegetation. When water levels increase back, these vegetated sections become inundated, forming a new habitat re-occupied by fish. Shallow waters serve as spawning grounds for cichlids and as nursery for first life stages of fry (Ben-Tuvia, 1960; Cnaani and Hulata, 2008; Cummings et al., 2017). At times of water level fluctuations, low levels in particular, spawning, and recruitment of young fish could be negatively affected and thus, the sustainability of fish populations could be compromised.

Native cichlid species in Israel are of an African origin. The Sea of Galilee is home to five Tilapine species: Sarotherodon galilaeus (Linnaeus 1758), Oreochromis aureus (Stiendachner 1864), Coptodon zillii (Gervais 1848), and the endemic Tristramella simonis (Gunther 1864), and Tristramella sacra (Gunther 1864). Haplochrominae is represented in the lake by the comparatively much smaller species–Astatotilapia flaviijosephi (Lortet 1883). The cichlids of the Sea of Galilee are important members of the lake’s food web and they hold economic and cultural importance for the local people (Ostrovsky et al., 2014a; Zohary et al., 2014). The cichlids provided alarming examples for vulnerability of fish populations in the lake and for the need of efficient population monitoring methods. S. galilaeus (also known as Galilee tilapia or St. Peter’s fish) was abundant in the lake, however, between 2005 and 2008, the annual commercial catch of S. galilaeus dramatically declined to less than 5% of its average before. Since then, concerns were raised regarding the sustainability of its population (Zohary et al., 2008; Gophen et al., 2015; Sternberg et al., 2015), also because the genetic variation of this population had recently declined (Borovski et al., 2018). T. sacra, an endemic cichlid, which had always been relatively rare, is now considered extinct (Goren, 2014).

Monitoring fish populations requires reliable and efficient tools that can provide spatial and temporal information on the distribution and abundance of different species. Fish populations in the Sea of Galilee are monitored by acoustic surveys, which provide information on abundance and distribution of pelagic fish shoals. Based on signal strength, size of fish can be estimated, hinting to conjectured species (Walline et al., 1992; Ostrovsky et al., 2014a,b; Zohary et al., 2014). Therefore, these surveys are monitoring primarily abundant and pelagic species like the native Bleak (Mirogrex terraesanctae). Another estimate for fish population size and distribution comes from commercial fishing landings.

DNA barcoding became an established molecular method to identify biological species, including fish (Hebert et al., 2003; Hajibabaei et al., 2007; Ratnasingham and Hebert, 2007; Ward et al., 2009). Fish DNA barcoding is mainly based on sequence of the 5’ part of the mtDNA encoded Cytochrome C oxidase subunit I gene (COI). With the advent of molecular tools, DNA barcoding has become more affordable and offers some advantages over morphological taxonomy such as: species identification at different developmental/morphological stages (Ko et al., 2013), surveying large numbers of specimens (Valentini et al., 2009; Kress et al., 2015) tracing species footprints in environmental samples (e.g., stool, water, and soil) (Pont et al., 2018; Ushio et al., 2018; Beng and Corlett, 2020) or in foods, enhancing food safety and preventing fraud (Galimberti et al., 2013; Maralit et al., 2013; Badia-Melis et al., 2015). Traditionally, barcoding involves DNA sequencing; however, barcoding efficiency and costs could be further improved to support more and larger ecological studies, not only by high-throughput metabarcoding of many parallel samples (Taberlet et al., 2012; Creer et al., 2016; Hebert et al., 2018), but also for fewer samples and more focused studies. One such method, named Bar-HRM, is based on analyzing the melting curves of shorter PCR amplicons (minibarcodes) by high resolution DNA melting (HRM) analysis (Ririe et al., 1997; Wittwer et al., 2003). A change in even one base pair between otherwise identical two DNA sequences could translate into difference in their melting curves, allowing their distinction by HRM analysis. This method should be tailored according to species of interest and was successfully developed to identify species of cyprinids, trout and a few more, based on sequence differences of specific mini COI barcodes (McGlauflin et al., 2010; Fitzcharles, 2012; Behrens-Chapuis et al., 2018). Much like DNA barcoding, this method could also be tailored for additional uses, for example, prevention of food adulterations was demonstrated in plants (Ganopoulos et al., 2012; Madesis et al., 2012; Anthoons et al., 2022) and fish (Tomás et al., 2017; Fernandes et al., 2018).

Identifying the species of samples by DNA barcoding requires comparisons against an established benchmark sequence database (Weigand et al., 2019), commonly established as part of the Barcode of Life (BOLD) Systems (Ratnasingham and Hebert, 2007). With the goal in mind of better monitoring its fish populations and enhancing ecological studies concerning the Sea of Galilee fish fauna, we have recently established a DNA barcoding database containing representative COI barcodes for the majority of fish species from the unique populations inhabiting this lake and its surroundings (Tadmor-Levi et al., 2022). Based on this barcoding information, in this study, we further tailored a cheap, fast and reliable Bar-HRM method to identify the cichlid species of the lake. As a proof of its utility, we have used this method to identify the species of small fry that could not be morphologically identified to the species level and mapped their distribution in terms of species, time and location during their first independent life stage in the littoral zone of the Sea of Galilee.



Materials and methods


Fish DNA samples

This study made use of DNA from fish belonging to six cichlid species: Oreochromis aureus (Blue tilapia), Oreochromis niloticus (Nile tilapia), Sarotherodon galilaeus (Galilee tilapia or St. Peter’s fish), Tristramella simonis (Short jaw Tristramella), Astatotilapia flaviijosephi (Jordan mouthbrooder), and Coptodon zillii (Redbelly tilapia). Although the pure species was not reported in the lake, O. niloticus was included in our study since it exists in Israel and since hybrids between O. niloticus females and O. aureus males were reported in the lake (Goren and Galil, 2005; Tadmor-Levi et al., 2022). O. niloticus × O. aureus fish will be identified as O. niloticus by our method, which detects maternally inherited mtDNA. This set of DNA samples was from adult fish that were morphologically identified for their species and their COI was sequenced as part of our previous studies (Borovski et al., 2018; Tadmor-Levi et al., 2022). Therefore, they were used to create a reference panel for developing the Bar-HRM identification method (see below).

In addition, we applied the Bar-HRM identification method to about 300 DNA samples, extracted individually from cichlid fry (body length < 10 cm) that could not be morphologically identified to the species level. These fish were collected as part of a different study, surveying site utilization by cichlids in areas with inundated vegetation of the Sea of Galilee (Cummings et al., 2017). DNA was extracted from fry collected from three shores, representing the eastern side of the Sea of Galilee: “Zacki”—located to the northeast of the lake (part of the “Beteha” region), “Tseelon” shore–located ∼8 km south to “Zacki” and “Sheizaf” shore–located to the southeast, ∼17 km south to “Zacki,” see map in Cummings et al. (2017). Fry were collected during two periods: 21/04/2014–21/05/2014 and 20/06/2014–10/07/2014. Since this study made use of DNA from fish collected for, and reported in other studies, details of permits for fish sampling and ethics procedures are given there (Cummings et al., 2017; Borovski et al., 2018; Tadmor-Levi et al., 2022).



DNA extraction

DNA from individual fry, stored in 99% Ethanol at –20°C, was extracted following the protocol based on salting out proteins (Martínez et al., 1998). In brief, about 5 mg of tissue was dried from ethanol and placed in 550 μL of cell lysis solution (50 mM Tris- HCl, pH 8.0, 50 mM EDTA, 100 mM NaCl). SDS solution was added to a concentration of 1% and cells were further lysed by incubation with 1 μL Proteinase K solution (20 mg/mL) for 2 h at 50°C. To precipitate the proteins, 300 μL of 5 M NaCl was added to the lysate and the sample was vortexed and centrifuged (13,000 rpm, 10 min). The supernatant liquid phase was mixed with 900 μL of freezer-cold 100% isopropanol, incubated for 2 h at –20°C and centrifuged (13,000 rpm, 5 min). The resulting DNA-containing pellet was washed with 700 μL of 70% ethanol, dried for 15 min and dissolved overnight in 100 μL of double distilled water at 4°C. DNA concentration and quality (Optical Density 260/280 ratio) was measured using NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, United States). DNA samples were diluted to a concentration of 25 ng/μL and stored at –20°C for further analysis.



Cichlid DNA barcoding information

Over 50 COI sequences of the six species were obtained from our previous work (Tadmor-Levi et al., 2022), and are now publicly available from BOLD systems (project name LKCOX1). The file was augmented by GenBank sequences of O. niloticus [GenBank accessions: gi-291002159 (GIFT strain), and gi-291002173 (Egyptian strain)] and O. aureus (GenBank gi-284177685). The O. aureus GenBank sequence was identical to the sequences we previously found in Israel. Sequences were aligned to the O. aureus reference using ClustalW algorithm and trimmed at uneven ends to create a 467 bp long multiple alignment file. Redundant COI haplotypes were filtered out from the file and an alignment of 11 different COI haplotypes remained (Supplementary Data Sheet 1). An unrooted species haplotype phylogeny was built based on the DNA sequence alignment using the Kimura two-parameter distances, Neighbor-Joining clustering and 1,000 bootstraps testing methods as implemented in MEGA7 (Kumar et al., 2016). This representation of the COI sequence variation was used for Bar-HRM assay design (see below).



Reference panel for Bar-HRM evaluation

In order to develop and evaluate the Bar-HRM assay, we chose DNA samples from adult fish that were morphologically identified to the species level and their COI sequences were available (Tadmor-Levi et al., 2022). This panel included 33 DNA samples representing the relevant COI variation of S. galilaeus, O. aureus, A. flaviijosephi, O. niloticus, C. zillii, and T. simonis (5–6 replicates per species). Since two COI haplotypes were identified for each A. flaviijosephi and T. simonis, samples representing this intraspecific variation were included in the reference panel. For S. galilaeus, Israeli fish all shared the same COI haplotype but fish from Ghana, Africa, had a different one. Although not found in Israel, due to the availability of DNA from Ghanaian fish, such samples were also included in the panel to better address the sensitivity of the Bar-HRM method developed in detecting intraspecific variation vs. inter-specific differences. O. niloticus samples included in the panel also had two COI haplotypes, representing two aquaculture strains (GIFT and Egypt). Finally, included was also a sample of O. niloticus × O. aureus hybrid (NxA) that represents what could sometimes be found in the Sea of Galilee. For method evaluation, HRM analysis was done in biological replicates (5–6 samples per species) and also in technical replicates (repeated reactions on the same panel).



High resolution melting analysis

As part of developing the Bar-HRM assay, several primer pairs were designed and tested, based on the O. aureus reference sequence. Primer design was done using the Primer3 web interface2 with the default settings. The final Bar-HRM assay includes two pairs of primers, which amplified amplicons of 200–300 bp (Table 1). PCR amplification followed by HRM analysis were carried out in a LightCycler-96 instrument (Roche, Basel, Switzerland). Analysis of the resulting HRM curves to determine the species of samples was done using the LightCycler-96 series software 1.1 with manual inspection of some random and questionable samples.


TABLE 1    Polymerase chain reaction (PCR) primers used for high resolution DNA melting (HRM) analysis.
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Polymerase chain reaction procedure

A DNA template of 50 ng was used in a total reaction volume of 20 μL. The rest of the PCR mix contained: 1.66 μM of each left and right primers, 2.5 mM MgCl2 (Applied Biosystems, Waltham, MA, United States), 1.66 mM of each of the four dNTPs (Larova, Jena, Germany), 2 μL 10× Taq buffer (Applied Biosystems, Waltham, MA, United States), one unit of Taq DNA polymerase, 1.3 μM of SYTO-9 (Thermo Fisher Scientific, Waltham, MA, United States) and PCR grade water to adjust to the final volume. SYTO-9 is a dsDNA intercalating fluorescent dye that upon dsDNA denaturation is released and its fluorescence drops down. The PCR profile used for amplification was: initial denaturation at 94°C for 2 min followed by 14 cycles with a touchdown profile of denaturing at 94°C for 30 s, annealing for 30 s, starting from 60°C and going down to 53°C with a 0.5°C decrease per cycle, and extension at 72°C for 30 s. The touchdown cycles were followed by additional 30 amplification cycles identical to the last one and a final elongation stage of 10 min at 72°C.



High resolution DNA melting procedure

The amplification cycles created a fluorescently labeled PCR product that was immediately analyzed by a following HRM segment with a profile of initial denaturation for 1 min at 95°C, followed by annealing at 65°C for 1 s and melting by a continuous increase of up to 97°C at a rate of 0.07°C per second.





Results and discussion


Variation in cytochrome C oxidase subunit I gene DNA barcodes among Sea of Galilee cichlids

The focus of this study were species relevant to the Sea of Galilee and its surroundings. To develop a Bar-HRM method for species identification, over 50 sequences of the mtDNA encoded COI gene for six species were aligned in one 467 bp long multiple alignment that allowed comparing the variation between and within the different species. Sequences of individuals of the same species were mostly redundant, attesting to the suitability of COI for DNA barcoding of these species. After exclusion of species-redundant sequences, an alignment of 11 variable sequences remained, which contained two different COI haplotypes for S. galilaeus, A. flaviijosephi, O. niloticus, and T. simonis, while only one for C. zillii and O. aureus (Figure 1). From these 11 haplotypes, two are of O. niloticus, a species not reported in the lake, one is of a O. niloticus × O. aureus hybrid (NxA), not native but could also be found in the lake, one is unique to S. galilaeus fish found in Ghana but not in Israel and seven are of fish native to the Sea of Galilee.
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FIGURE 1
Multiple alignment of the 11 COI haplotypes used for developing the cichlid species identification method. On the left are the species and haplotype names. Variable bases relative to the top sequence are shown by their letter. Underneath the alignment marked are name, position, and direction of the PCR primers. Red and orange small boxes show positions within and outside, respectively, the HRM primer amplicon that are polymorphic between haplotypes of the same species.


In this set of cichlids, a total of 112 polymorphic positions were identified in 467 bp of aligned sequence, which translates to one polymorphism every 4.17 bases or 24%, on average (Figure 1). This high level of polymorphism is concordant with differences among different genera. The final sequence alignment was used to construct an unrooted species phylogeny (Figure 2). Although COI variation could be found also within morphologically defined species (intraspecific), this was not a problem, since as can be seen in the haplotype phylogeny (Figure 2) and generally, interspecific divergence in COI sequences is significantly larger than intraspecific variation (Behrens-Chapuis et al., 2018). Thus, all species could be reliably separated based on these COI haplotypes.
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FIGURE 2
Unrooted haplotype phylogeny of the six cichlid species based on their COI haplotypes. Numbers next to splits are percent bootstrap support from 1,000 replicates. Next to branch tips are species names, haplotype number, and country of origin (Is, Israel; Gh, Ghana; Egypt and GIFT strain). Sample NxA was morphologically identified as a hybrid between Oreochromis niloticus and Oreochromis aureus.


The Cichlidae family includes about 1,700 known species and although only six are represented here, the phylogeny of these six (Figure 2) captures some of the complex taxonomic relationships existing within this species-rich family. In the phylogeny, A. flaviijosephi clustered separately, capturing the major separation between the Tilapiinae and Haplochrominae sub-families of African cichlids. Among the Tilapine species, C. zillii is as separated from other species of its group (O. aureus, S. galilaeus, T. simonis, and O. niloticus), as it is separated from A. flaviijosephi, which represents the other sub-family, Haplochrominae. The position of C. zillii in the phylogeny relative to the other species supports the recent change in its taxonomic affiliation from Tilapia to Coptodon. Taxonomic diversity and complexity in morphological features had occasionally led to changing genus and species affiliations of cichlids (Trewavas, 1983; Dunz and Schliewen, 2013; Nyingi et al., 2021).

Within Tilapines, O. aureus clustered more closely to S. galilaeus and T. simonis than to O. niloticus, despite their shared genus (Oreochromis) and their lower reproductive barriers, that resulted in the presence of a hybrid (NxA) in the lake (Tadmor-Levi et al., 2022). Moreover, hybrids between O. niloticus females and O. aureus males are commonly produced for aquaculture production by natural pond reproduction. In contrast, hybrids of O. aureus or O. niloticus with S. galilaeus or T. simonis were not reported in the lake and O. niloticus × S. galilaeus could be produced only by artificial reproduction (Agresti et al., 2000), suggesting higher reproductive barriers between the species of different genera, as might be expected. In addition, in terms of adaptation, among the four species, only O. niloticus is not native to the lake. Thus, it seems that the lower reproduction barrier is consistent with the common genus definition of the two Oreochromis species, whereas the COI variation places O. aureus closer to species of different genera (Sarotherodon and Tristramella), with which it shares adaptation to the lake habitat. These alleged incongruities among genetic similarity, reproduction barriers, adaptations and morphological taxonomy within the cichlids of the Sea of Galilee and its surrounding region reflect the taxonomic complexity of African cichlids in general.



Considerations for Bar-HRM development

Abundant COI sequence variation was identified among the six species (Figure 1). Although, intuitively, the identification method development should benefit from the many variants found among species, in practice, an efficient single-tube Bar-HRM method also requires similarities. We sought to design a primer pair that will commonly amplify multiple species, allowing a single-tube identification assay. Thus, several primers, yielding amplification products of various lengths, were designed on relatively conserved regions and tested for successful PCR amplification on the reference DNA panel representing the six species. Two pairs of primers were selected for the assay, LKCich_HRM1 and LKCich_HRM5 (Table 1). These primer pairs locate to regions with relatively less variation, while flanking a highly polymorphic region (Figure 1). PCR using LKCich_HRM5 amplified the corresponding sequence from five out of six species (excluding C. zillii), whereas using LKCich_HRM1 amplified all six. Furthermore, LKCich_HRM5 amplicons resulted in distinctive HRM curves for each of the five species. Therefore, by analyzing either the melting curve profile or the HRM difference plots, a single primer pair, LKCich_HRM5, could in practice positively identify five species and by a negative result also the 6th (Figure 3A). In order to positively identify C. zillii samples and avoid misidentification by unsuccessful PCR reactions, primer pair LKCich_HRM1 could be used on samples that failed amplification by LKCich_HRM5 to obtain a distinctive HRM curve also for C. zillii (Figure 3B). Furthermore, LKCich_HRM1 distinguished not only C. zillii, but also separated S. galilaeus, O. aureus and A. flaviijosephi from O. niloticus and T. simonis (Figure 3B), separations that second the results of LKCich_HRM5 assays.
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FIGURE 3
Bar-HRM analyses of the reference sample set of six cichlid species. In all panels, the melting curve profiles (fluorescence level as a function of melting temperature) are shown on the left and the differences plots (difference in fluorescence as a function of melting temperature) on the right. For each panel, curves of different species are shown in different colors as indicated in the panel legend. (A). Results obtained by primer pair LKCich_HRM5 for samples of all six species. Each line is an individual replicate. Note the difference in curve shape among species in contrast to the similarity among individuals of the same species even if they have different haplotypes. Coptodon zillii samples are not amplified as reflected by light blue flat lines on the left melting curve plot. (B). Results obtained by primer pair LKCich_HRM1 for samples of all six species. For these primers the most notable difference in melting curves is for C. zillii. More subtle differences could be found also between additional species, allowing independent verification for some species in addition to curves from LKCich_HRM5. (C). Results obtained by primers LKCich_HRM5 for samples of Astatotilapia flaviijosephi with different haplotypes that were both found in Israel (H1 Is and H2 Is). (D). Results obtained by primers LKCich_HRM5 for samples of Sarotherodon galilaeus with different haplotypes (H1 Is from Israel and H2 Gh from Ghana).


Furthermore, included in the reference panel were two haplotypes for S. galilaeus, T. simonis and A. flaviijosephi as indicated in the haplotype phylogeny (Figure 2). However, within the regions flanked by the two Bar-HRM primer pairs, intraspecific haplotype variation was found for S. galilaeus and A. flaviijosephi but not for T. simonis (Figure 1). Accordingly, Bar-HRM using LKCich_HRM5 primer pair resulted in distinctive HRM curves identifying intraspecific variation within A. flaviijosephi and S. galilaeus (Figures 3C,D, respectively).

The results of the reference panel confirmed the specificity and reliability of this single tube assay. The HRM curves obtained from replicate samples of the same species were very similar to each other, while considerably different from those of other species (Figure 3). These results were also consistent across technical replicates, analyzing again the same reference panel by both Bar-HRM primer pairs. Moreover, for LKCich_HRM5 primer pair, intraspecific variation that was detected did not interfere with detection of interspecific variation, consistent with the expectation that when variation between species is detected, it will be considerably higher than that within species, as evident here in DNA barcoding sequences of even closely related species.

In order for a single tube Bar-HRM assay to reliably identify different species, it should yield interspecific HRM differences, which will be larger and/or different than intraspecific ones. Therefore, the design principles of a single tube Bar-HRM assay, which will successfully identify different species, are essentially different from principles of the more commonly used HRM assays designed to identify the genotypes of a single DNA variant. Here, in order to separate multiple species using a single primer pair, the design must include successful amplification from multiple species of a region differing in sequence among the species, the combination of which will generate both inter- and intraspecific HRM differences. Generally, since the DNA melting temperature (Tm) depends also on amplicon size and not only on base composition, single base variations can be more easily detected within smaller amplicons, typically 50–100 bp in length (Liew et al., 2004). To meet the above requirements, the LKCich_HRM5 primer pair amplifies a 300 bp amplicon. In fact, the LKCich_HRM1 primer pair, which amplifies a 200 bp amplicon, neither separates all the species nor intraspecific haplotypes, despite sequence differences among all species and overlap in sequence with the successful LKCich_HRM5 amplicon (Figure 1). Other single tube Bar-HRM assays in fish amplified amplicons of 150–200 bp (McGlauflin et al., 2010; Fitzcharles, 2012; Behrens-Chapuis et al., 2018), smaller than our assay, but on the large side of the HRM method. Therefore, we recommend that, counter intuitively to design principles of a regular short HRM assay, a single tube Bar-HRM design should relax the amplicon length parameter and consider longer amplicons containing sufficient interspecific variants and possibly one or two intraspecific ones as well.



Identification of cichlid fry species

Having in hand the identification method, its utility was tested in estimating the distribution and relative abundance of cichlid fry in shallow inundated areas of the Sea of Galilee littoral belt. Altogether, 279 cichlid fry that were too small (<10 cm total length) to be morphologically identified to the species level were analyzed. HRM profiles identified 247 (88%), 30 (11%) and 2 (1%) samples as S. galilaeus, O. aureus, and O. niloticus, respectively. Analyzing the distribution of fry species revealed that the overall proportions were similar for both periods and for all three sampling sites (Figure 4). No significant difference in the proportion of the three species was found between sampling sites (χ2 = 1.733, df = 4, P = 0.7847) or periods (χ2 = 0.228, df = 2, P = 0.8925). Since the sampling sites represent the eastern shore of the lake (Cummings et al., 2017), this homogeneity in proportions likely reflects the overall situation there, indicating that S. galilaeus fry were by far the most prevalent in this side of the lake from April to July. Although there are no good population size estimates for lake cichlids, acoustic surveys and commercial fishing landings suggested that S. galilaeus had the largest population size among the lake cichlids (Ostrovsky et al., 2014a), and this was also the situation at the fry stage sampling. It is not surprising that we did not find fry of other species like T. simonis or A. flaviijosephi, since these species are considered to be far less abundant in the lake, hence, fry of these species are likely also rarer and might be found in other habitats or times.
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FIGURE 4
Distribution of fry by place, period and species as it was identified by the Bar-HRM method. Species are colored differently. On the Y-axis is the number of fry and on column tips, the proportion of each species in its place and period category.


In the same survey, in parallel to fry, also adult fish that were morphologically identified to the species level were captured. Interestingly, among the adult fish, about 2/3 were C. zillii and the rest were S. galilaeus and O. aureus (Cummings et al., 2017). This apparent disconcordance between abundance of adult and fry stage cichlids could reflect the little overlap in spawning times. S. galilaeus and O. aureus spawn earlier than C. zillii, likely resulting in a delay in time between spawning stage, when adults are present, and nursery stage, when independent fry are found in the littoral zone and adults return to deeper parts of the lake (Ben-Tuvia, 1960; Shefler, 1987; Bruton and Gophen, 1992; Cummings et al., 2017).

Two fry specimens, each sampled at a different period and location, were identified as O. niloticus, a species that is not native to the lake. Although unlikely, these might be mistaken identifications, placing the accuracy of the method at 99%. However, it is more likely that these were hybrids with maternal O. niloticus lineage, in addition to the NxA adult sample, which was also morphologically identified as such and included in the phylogeny (Figure 2). These are less likely be first filial generation (F1) hybrid fry that escaped aquaculture ponds and found their way into the lake, since these were small fry, and there are no aquaculture ponds next to the eastern part of the lake. Pure O. niloticus fish are not native to the Sea of Galilee, and thus, perhaps more likely is the case that these specimens were second or further generation progeny of an O. niloticus × O. aureus hybrid female crossed to such or to a pure O. aureus male, suggesting the possibility for such natural reproduction of hybrids in the lake. Although their proportion was low in the sample, in the overall fry and adult population numbers will scaleup to many potential hybrids in the lake. Being a mitochondrial gene, COI can only detect hybrids with an O. niloticus maternal origin. The reciprocal hybrid, if it exists, will be identified as the native O. aureus fish. Thus, the extent and prevalence of such hybrids might be even higher.




Conclusion

In this study, we have developed an efficient and accurate method based on DNA barcodes to identify the species of cichlids inhabiting the Sea of Galilee and its surrounding freshwater habitats. This is a PCR based, single tube, Bar-HRM assay that can even separate between different COI haplotypes of the same species. To maximize the coverage of the assay, the method was developed on a reference set of samples from adult fish, the species of which were identified morphologically, representing all the COI haplotypes identified previously in a larger set of samples from this region (Tadmor-Levi et al., 2022). The utility of this method was demonstrated in identifying young fry, the species of which could not have been successfully identified by morphological taxonomy. DNA-based identification allowed studying abundance and distribution of fry by species in their nursery habitat. Fry of S. galilaeus were much more abundant relative to fry of O. aureus and since this relative abundance did not vary by place or date, our findings probably represent the overall state of fry in this season. It is yet to be determined how fry will be recruited to form the adult population. Nevertheless, our results suggest that sections of the lake, which became inundated as a result of increased water levels, are nurseries to cichlid fry, and therefore, are important habitats to support the sustainability of populations in the lake, in particular that of S. galilaeus which only recently suffered from a drastic reduction in its population size. Notably, two fry samples were identified as O. niloticus, indicating the presence of notable numbers of NxA, and possibly AxN, hybrids that are probably reproducing in the lake. Although in its infancy, we see a promising future for this methodology in enhancing ecological research on the Sea of Galilee fishes and in protecting the sustainability of these unique fish populations of the region.
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Primer name Left sequence Right sequence Position* Product size (bp)

LKCich_HRM1 TTGGCCGGGGTATCATCTAT GGTTGTGTTTAGGTTTCGGTCT 5924-6124 200
LKCich_HRM5 ATCTGGAGTCGAAGCAGGTG TCGGTCTGTGAGAAGTATTGTGA 5815-6109 294

*Positions refer to the NCBI reference sequence: gi 284177685 ref NC_013750.1 (Oreochromis aureus mitochondrion, complete genome). These positions overlap the COI gene sequence.






