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Abstract

:

Halophilic archaea inhabit hypersaline ecosystems globally, and genetically similar strains have been found in locales that are geographically isolated from one another. We sought to test the hypothesis that small salt crystals harboring halophilic archaea could be carried on bird feathers and that bird migration is a driving force of these distributions. In this study, we discovered that the American White Pelicans (AWPE) at Great Salt Lake soak in the hypersaline brine and accumulate salt crystals (halite) on their feathers. We cultured halophilic archaea from AWPE feathers and halite crystals. The microorganisms isolated from the lakeshore crystals were restricted to two genera: Halorubrum and Haloarcula, however, archaea from the feathers were strictly Haloarcula. We compared partial DNA sequence of the 16S rRNA gene from our cultivars with that of similar strains in the GenBank database. To understand the biogeography of genetically similar halophilic archaea, we studied the geographical locations of the sampling sites of the closest-matched species. An analysis of the environmental factors of each site pointed to salinity as the most important factor for selection. The geography of the sites was consistent with the location of the sub-tropical jet stream where birds typically migrate, supporting the avian dispersal hypothesis.
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1. Introduction


Halophilic archaea dominate the Earth’s many hypersaline environments such as salt lakes, underground salt deposits, and solar salterns [1,2,3,4,5]. These microorganisms live at low water activity and can tolerate sodium chloride brine at saturation, even in fluid inclusions of salt (halite) crystals [6]. In fact, several studies point to the possibility of the survival of halophiles over geologic time scales in halite [2,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21]. Not only can halophilic archaeal species survive inside halite crystals, they also can likely survive space conditions: Halorubrum chaoviator thrived in culture following space exposure experiments [22,23,24]. One key to their ability to persist in extreme conditions is that haloarchaea are polyextremophiles, tolerating not only salinity, but also desiccation and high levels of ultraviolet (UV) irradiation [25]. Indeed, haloarchaea have a suite of genetic capacities that include the ability to survive high osmotic stress [26,27] as well as robust DNA repair and photoprotection mechanisms [25,28,29,30].



Cultivation approaches have identified members of the class Halobacteria, which are characterized by containing carotenoid-pigments and being aerobic or facultative anaerobic and are represented by at least 47 genera and 165 species [31]. Two genera, Halorubrum and Haloarcula, are overrepresented in culture studies [32,33] and each has a significant number of species [4,31]. Halorubrum [34] has 25 species known at this time [31] and a wide distribution around the globe in modern and ancient salt deposits or hypersaline aquatic environments [1,3,17,28,35,36,37,38]. Halorubrum is considered the most highly represented archaeal genus in many salterns after Haloquadratum [39]. In molecular analyses of 16S rRNA genes in saltern crystallizer ponds, Halorubrum makes up 4% to 17% of the microbial population [3,38]. A spatial study of Halorubrum species surveying salt mines and ponds in China discovered 29 strains of with nineteen lineages [37]. Halorubrum species, like other halophilic archaea, have high rates of recombination and horizontal gene transfer, and it is clear that these mechanisms can increase genetic diversity within the genus [35,40,41]. As a result, Halorubrum may represent the largest number of species grouping within the family of Halobacteriace [31,37]. For example, Haloarcula marismortui was discovered in the Dead Sea [42], Haloarcula japonica was isolated from a Japanese saltern [43], and Haloarcula hispanica was cultured from a Spanish saltern [44]. The genomes of both Halorubrum and Haloarcula populations, even in a single setting, can be altered rapidly through gene transfer or recombination events [41].



Halorubrum and Haloarcula species, among other haloarchaea, reside in the salt-saturated regions of Great Salt Lake (GSL), a natural hypersaline terminal lake in Utah [5]. These GSL haloarchaea remain relatively stable over time. In addition, they survive the fluctuation of temperature and salinity in GSL [45], desiccation inside halite crystals [28], and even desiccation in brine shrimp cysts [46]. A GSL Haloarcula strain was shown to adjust gene expression in response to stress [45], and a GSL Halorubrum strain was shown to be highly resistant to desiccation and UV light [28]. These observations suggest mechanisms that assist survival over time under sub-optimal growth conditions in the environment of GSL.



GSL is the largest lake in the western United States and the fourth largest meromictic lake in the world [47]. Thus, this enormous inland sea is a critical stop on the Pacific flyway; GSL hosts an estimated ten million water birds (around 250 species), making the lake the most important shorebird site in North America [48,49,50,51,52]. The avian population spends time in the haloarchaea-enriched waters as many birds eat the invertebrates, namely brine shrimp (Artemia franciscana) and brine flies and their larvae (Ephydra spp.) [53,54,55,56,57]. Other avian visitors do not eat from the lake but instead find GSL gives them solace from predators. This is the case with the American White Pelicans (Pelecanus erythrorhynchos; AWPE) on Gunnison Island in the north arm [50], which is isolated by a railroad causeway (Figure 1). Here the waters are rich with halophilic archaea [5].



As described above with the examples of Halorubrum and Haloarcula, haloarchaea species that are genetically similar have been found in hypersaline sites with global distribution [58]. Contemplating this biogeography of halophilic archaea, to explain spatial patterns of cultivatable microbial diversity, we considered GSL and its migrating avian population. We sought to test the hypothesis that birds could transport haloarchaea in salt crystals on their feathers from site to site reasoning that connecting patterns of migration [59] might explain how similar microorganisms appear over a long geographic distance. Migrating birds have been studied as potential (pathogenic) microbial vectors, which are usually a microorganism replicating within an avian host and being delivered to a new location via feces [60,61]. However, birds can also act as mechanical carriers, where the feathers of the animal serve to transport the microorganism [60,62,63]. Fungal spores, notorious for tolerating desiccation, were applied to feathers and found to survive for hours [63] or days [62], which are small time-frames compared to GSL microorganisms [28].



Since halophilic archaea can survive over geologic time in halite [2,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21], and these crystals would likely form on feathers of birds feeding in GSL waters, we decided to investigate the ability of halophilic archaea in halite to be carried mechanically by migrating birds. Birds as vectors for haloarchaeal dispersal have been suggested by some studies on geographic distribution [10,64,65] and shown by two: a Halococcus species was found in salt crystals collected from the nostril salt gland of a migratory bird [66] and a broad diversity of halophilic archaea were discovered on flamingo feathers [67]. In this report, we present evidence for the formation of halite crystals on feathers and their preservation of halophilic archaea. Specifically, we examined the haloarchaeal diversity of strains carried by AWPE, which live in the hypersaline north arm of GSL [50] and compared this to the microbial diversity of halite collected on a nearby shore of the lake. Examining the closest genetic relatives of the GSL strains, which were isolated around the globe, we present a distribution map and a model for avian dispersal and selection by hypersaline environments.




2. Materials and Methods


2.1. Collection, Cultures, and DNA Extraction


Chest feathers were collected from AWPE from the Gunnison Island breeding colony under the migratory bird permit MB105510-0, which allowed for salvage and scientific collection of feathers from migratory birds at GSL. Feathers were photographed with a Dino-Lite digital microscope (AnMo Electronics Corporation, New Taipei City, Taiwan) at 100× magnification. Three feathers were individually placed in 8 mL of 23% NaCl Modified Growth Media (MGM) [68], such that the feathers were submerged, for three weeks at 37 °C with shaking until cultures were turbid. Salt crystals were collected from the shore at Rozel Bay in the north arm of GSL and dissolved and cultured with shaking in 5 mL of 23% MGM for three weeks at 37 °C. Dilutions of each culture were spread on 23% MGM agar plates (three for each feather and salt crystal culture) and incubated at 37 °C for three weeks. Ten colonies per plate were randomly selected and sub-cultured, into 23% MGM liquid broth, from each plate. We extracted DNA from 1 mL of turbid culture with the FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). The kit protocol was followed by an ethanol precipitation to further clean the DNA.




2.2. PCR Amplification, DNA Sequencing and Genbank Comparisons


To amplify a partial sequence of the archaeal 16SrRNA gene, we used the Taq PCR kit (New England Biolabs, Ipswich, Mass) and the halophilic archaeal primers: 1HK (5′ ATTCCGGTTGATCCTGCCGG 3′) [69,70,71,72] and H589R (5′ AGCTACGGACGCTTTAGGC 3′) [45]. Initial denaturation was at 94 °C for 5 min followed by 45 cycles of denaturation (94 °C for 30 s), annealing (58 °C for 60 s), and elongation (72 °C for 60 s). The final elongation phase was 72 °C for 5 min [46,70]. Amplification of this ~550 bp product was observed by analysis on a 2% agarose gel, utilizing a tris acetate buffer. For successful amplifications, the PCR products were cleaned with a QIAquick PCR Purification Kit (Quiagen, Venlo, Netherlands) and then submitted to the Center for Integrated BioSystems at Utah State University for DNA sequencing, using the 1HK primer above for the sequencing reactions. Sequence data (deposited in GenBank, accession numbers MH746823-MH746869) were analyzed by the Basic Local Alignment Search Tool (BLAST) using the GenBank database [73]. Using these sequence data from the 16SrRNA gene segment, matched species were logged for each isolate.




2.3. Geographic and Climate Data


Closest-matched species were surveyed for sampling site locations, including longitude, latitude, and elevation. This information on previously deposited sequences was detailed in either Genbank, the supporting literature, and/or cell culture catalogs: the American Type Culture Collection (ATCC, Manassas, VA, USA); the Biological Resource Center (NBRC/JCM, Kyoto, Japan), the Leibniz Institute DSMZ (DSM, Braunschweig, Germany), and the All-Russian Collection of Microorganisms (VKM, Moscow, Russia). References for each strain match are included in Table 1 and Table 2. For each site location, we collected data on the Köppen Climate Classification (KCC) categories [74], and other environmental parameters [75]. The KCC system identifies the main climate groups with the first letter: A (tropical), B (dry), C (temperate), and D (continental). The second letter represents seasonal precipitation subgroup: m, monsoon; w, wet savanna; S, steppe; W, desert; f, rainforest; s, dry savanna. The third letter represents a temperature pattern subgroup (for all groups other than those in the A group): a, hot summer; b, warm summer; c, cold summer; d, very cold winter; h, hot; k, cold.




2.4. Statistical Methods


To address the question of parameters involved in selection of strains at each location, we analyzed environmental conditions of all sites. Statistical analyses were carried out using the R package stats version 3.5.0 (The R Foundation, Vienna, Austria). The average temperatures and annual precipitations among geographic sites of the closest-matched species (Table 1, Table 2, n = 50) were combined and compared to those of GSL using one-sample t-tests, with each µ corresponding to the GSL value (11.0 °C and 393.2 mm, respectively). These averages are reported in the text as 95% confidence intervals. It should also be noted that these sample data do not constitute a random sample.





3. Results


3.1. Great Salt Lake American White Pelicans, Feathers, and Halite Crystals


GSL boasts the second largest breeding colony of AWPE in the world [50,51] on Gunnison Island (Figure 1), which is protected as a refuge for the colony by the State of Utah [76]. These birds must travel to obtain fish since this food is not available in the lake waters surrounding their breeding grounds; therefore, it was generally assumed that they did not spend time in the salt-saturated water. Recently, however, this activity was caught by a motion-activated camera that we installed on Gunnison Island, in conjunction with Great Salt Lake Ecosystem Program (GSLEP) at the Utah Division of Wildlife Resources [77]. A number of our images indicate AWPE do indeed spend time in the brine e.g., (Figure 2a,b). Furthermore, we observed baby pelicans coated in salt crystals (Figure 2c) during the AWPE nestling banding effort [78]. These birds are present at GSL while breeding, March through September [79], then migrate south to Mexico, and some taking an inland path through the Southwestern U.S. [80]. They also move back and forth to freshwater lakes in the Western U.S., and GSL is a “clear central hub of the western population” (R. Norvell, personal communication, citing unpublished data from the State of Utah).



Since migrating AWPE do spend time in water teeming with halophilic archaea [5], we wondered if the feathers from adults contained halite crystals that might preserve, and potentially disperse, the microorganisms. We collected then photographed AWPE chest feathers and found small halite crystals (1–2 mm width) associated with each feather tested (Figure 3a). We harvested larger halite crystals (1–3 cm) (Figure 3b), from the north arm shore (Figure 1) typical of hopper salt crystals that are prevalent in the fall, when the water temperature decreases and salt precipitates. This halite would serve as a control to assess preserved microbial diversity in GSL crystals not associated with feathers, allowing us to look at the commonality of microbial communities of lake halite versus that which may be carried on the pelicans.




3.2. Halophilic Archaea Diversity of American White Pelican Feathers and Halite Crystal Cultivars


To investigate the possibility of microorganisms living on the feathers or in the halite on the feathers, we incubated AWPE feathers in salt broth media and then plated cultures on solid media (Figure 4a). Colonies from these plates were sub-cultured and DNA was extracted from isolated strains. We amplified a partial 16S rRNA gene sequence for each isolate, which resulted in PCR products the expected size as predicted by primer location (Figure 4b). DNA sequencing of the amplification products confirmed the microorganisms were halophilic archaea (Table 1).



Each 16S rRNA gene partial DNA sequence was compared in BLAST searches, and the closest-matched species were recorded. All isolates aligned with the Haloarcula genus according to homology in this segment of the gene. Table 1 lists the most similar GenBank BLAST hits for these related species of each cultivar. We also recorded the sampling location of each matched strain in the database to gather data on geographic distribution of strains similar to our GSL strains isolated from the AWPE feathers (Table 1).



We repeated this procedure for the shore-collected halite crystals (Figure 3b), from which we cultivated dozens of halophilic archaea. The closest matched species for each GSL halite isolate were logged (Table 2). The halite-derived strains were classified as either in the Haloarcula genus, as with the feather-derived strains, or in the Halorubrum genus. We investigated the sampling locations of these related species as well, and these sites are presented in Table 2. Clearly, both genera are capable of surviving in halite crystals and can be cultured from them, in contrast to the cultivation experiments with AWPE feathers where only Haloarcula cultivars were obtained (Table 1).




3.3. Geographic Distribution Patterns of Closest-Matched Strains


How do related Halorubrum and Haloarcula strains exist in environments separated by large distances around the planet? To create a model, we first plotted the geographic distribution of the strains matching our GSL feather and halite isolates. Figure 5 shows the sampling site location of these closest-matched strains as indicated by the referenced studies (Table 1 and Table 2). The distribution of these similar halophilic archaea strains indicated a pattern of two belts around the Earth, aligned with the (north and south) sub-tropical jet stream, demarked with bold latitude lines on the map projection (Figure 5). Moreover, the strains matched to the GSL feather isolates showed a similar distribution to the those of the GSL halite isolates.



A microorganism’s molecular signature evolves over time due to selection by various environmental adaptations along with genomic diversity. Environmental factors such as temperature, pH, and concentrations of individual ions were shown to give rise to adaptations in halophilic archaea [116]. Potential environmental parameters that could enable the selection of microorganisms may relate to climate. To examine commonalities in climate among the geographic sites corresponding to each closest-matched species (Table 1 and Table 2), we classified each site by its Köppen climate category (Figure 6). The Haloarcula and Halorubrum species favored dry (52%) and temperate (32%) climates, with the most frequent classification being cold semi-arid (BSk; 22%), which is the same category as GSL.




3.4. Environmental Factors as Variables in Distribution and Selection


Additionally, we collected data for the average annual precipitation, and average temperature, and elevation at the geographic sites corresponding to each closest-matched species (Table 1 and Table 2) in order to evaluate climate parameters more specifically and compare them to GSL. The average annual precipitation among the sample sites (365.5 ± 108 mm) was not significantly different from GSL (393.2 mm; p = 0.6). In contrast, the average temperature (19.6 ± 1.9 °C) was significantly different from GSL (11.0 °C; p = 9 × 10−12). Elevation among the sample sites showed a high degree of variability (min = −999 m; max = 4500 m; median = 10.5 m) and was not statistically compared to GSL (1280 m). We should note that GSL experiences significant seasonal temperature variation, from 0.5 °C in January to 26.7 °C in July [117] and up to 45 °C in the shallow margins [118] due to its elevation and arid setting.



Beyond climate, a key environmental variable common to all sampling sites was salinity: all sites contained either brine at salt-saturation, crystalline halite, or saline soils. Therefore, this suggests that salinity is a significant driver for selection of Halorubrum and Haloarcula strains, not unexpected since these species are defined by their salt requirement.





4. Discussion


To explain the vast diversity of microorganisms and their overlapping geographic distributions, Baas-Becking famously postulated that “everything is everywhere, but the environment selects” [119]. Others, such as Finlay, supported this model, suggesting that, due to microorganisms’ small size, abundance, and metabolic plasticity, they could truly exist in many environments, dormant and in small numbers, making them difficult to detect until conditions selected for their growth e.g., [120]. More recent studies, using molecular techniques, have disputed this idea of cosmopolitanism and suggested mechanisms of distribution, such as active propulsion, atmospheric deposition, or traveling by mechanical carriers, to explain the biogeography e.g., [121,122,123,124]. In either case, microbial diversity studies reveal that environmental parameters influence biogeographical patterns [125,126].



How does this relate to the Halorubrum and Haloarcula genera with globally-distributed species which are genetically related? Which environmental parameters are important in selection? Halophilic archaea are metabolically flexible with respect to temperature, pH and desiccating conditions. A survey of all studied halophilic archaea suggests that these cells have broad pH and temperature ranges [127]. Siroosi and coworkers noted that Halorubrum sp. strain Ha25 grew and produced protein over a range of temperature (30–55 °C) and over a pH range (6.0–8.0) [128]. A Haloarcula strain from Great Salt Lake, which was studied under temperature and salinity stress outside of optimal ranges, adjusted to changing environmental changes by gene regulation, which may provide some insight into the mechanisms of its flexibility with environmental conditions [45]. Under space exposure conditions, in which the temperature ranged from −24.6 to +49.5 °C, Halorubrum chaoviator survived and grew vegetatively when it was returned to the laboratory on Earth [23]. Thus, it may not be surprising to observe a Halorubrum species surviving the cold temperatures of a Tibetan Plateau and another of the same genus in the warmth of Baja, California (Table 2).



In continuing to think about selection, we applied statistical analyses to compare the climate and environmental parameters of each site location of our closely matched strains (Table 1 and Table 2). Here, we were not asking a question about dispersal mechanisms, but instead looking for commonalities among isolation sites for these halophilic archaea. As shown in Figure 6, dry and temperate conditions were favored, but the broad distribution of climate classifications points again to the flexibility of these species. As expected, given the climate classification results, a statistical analysis of elevation, rainfall and temperature data showed a large range across all of the sites. When we compare this environmental factor analysis of sites to our primary site of GSL, we see that GSL matches the most frequent (cold semi-arid) Köppen Climate Classification of BSk, and the rainfall at GSL is not significantly different from the average of the other global sites. However, the average temperature at the GSL site is distinct from that averaged from all of the other sites. Our data, and numerous other studies [e.g summarized in 127], indicate that high salinity is necessary for these archaea to thrive and is most certainly the most important environmental parameter for selection.



Were dormant cells already in existence before a salt lake, halite evaporite, or solar saltern was formed? Or is it more likely that these cells could hitchhike by wind, water, or animal and thrive in high salt areas in which they were deposited? We certainly would expect more divergent and distinct populations than we observe if these sites were physically isolated from one another [129], which suggests there is a vector, or dispersal mechanism, between the sites. A study comparing Haloquadratum walsbyi strains, using 16S rRNA gene clone libraries, showed that despite the large geographical distance separating the salterns in which they each dwell, there are only minor sequence differences [64]. However, we may not see true phenotypic diversity among the same species when analyzing only this partial 16S rRNA gene. Studies on the halophilic bacteria, Salinibacter ruber, demonstrated three separate geographic populations based on a study of metabolites in addition to gene sequences [130]. In addition, 16S rRNA gene analyses are limited in biogeography studies since the slow rate of evolution that makes this gene a powerful tool across genera [131] can be problematic at the subgenus-level where few changes are detectable [132]. There is a special caveat for some Halobacteriaceae, for example Haloarcula, that have multiple divergent copies of the 16S rRNA genes, which have DNA sequence differences that approach that expected from distinct genera [133,134,135,136,137].



The study presented here demonstrates that feathers of AWPE can harbor small halite crystals and also halophilic archaea, in particular Haloarcula species. The control shore-collected halite demonstrated the presence of both Halorubrum and Haloarcula, which are both overrepresented in culturing experiments [32,33]. Also, both of these genera persist in salt over geologic time [17]. Since our work relied on cultivation in both cases, we certainly suspect there are many more genera present than we cultured, as past studies have indicated [138]. We are curious about why only Haloarcula were cultured from feathers. Is this simply artifactual, based on the small number of feathers tested? Or is this because the associated halite crystals are relatively small in size, with tiny fluid inclusions, limiting preserved cells by size or shape? Haloarcula are flagellated triangular-shaped cells with in the size range of 2–5 µm × 0.3–0.5 µm [139,140]. We have observed their unique swirling swimming motion in dark field microscopy of our feather isolates (data unpublished). Although this genus was once considered nonmotile, the movement of these cells is now characterized [139,141]. Halorubrum are typically similar in size, but not in shape; they are usually pleomorphic rods, and their locomotion is very different [104]. Smaller halite crystals may have tiny fluid inclusions or channels and may select for specific cells based on locomotion and/or morphology.



The global biogeography of similar halophilic archaea e.g., (Figure 5) begs the question of dispersal mechanisms. Microorganisms could certainly travel by water as ocean water currents could move them around the planet and into more hypersaline areas (e.g., salterns or lagoons). Some researchers have explored the idea of seawater as a means of dispersal of halophilic archaea since some genera were detected in lower salinity environments such as marshes and marine sites despite their high salt requirement [2,142,143]. In such a model, microorganisms could travel via water but not thrive until they reached conditions with higher salinity, perhaps existing in some sort of metabolic dormancy [142]. Over geologic time, this could explain their prevalence in sites that were ancient seas, such as salt deposits, or inland lakes that formed originally from a seawater source e.g., [17]. And perhaps prehistoric halophilic archaea, trapped in ancient halite fluid inclusions, can even be released into the modern environment as deposits weather or come in contact with surface water.



Another potential dispersal mechanism involves the encysted embryos of the Artemia, which are collected by brine shrimp harvesters in the autumn months at GSL [56,144]. These cysts, which are only 0.2 mm in diameter, are buoyant and sticky, and they contain halophilic bacteria and archaea [46]. While GSL birds are feeding on shrimp in the brine, cysts may get lodged in feathers (although we did not observe them in our feather microscopy). In addition, cysts are picked up and deposited by wind as evidenced by their appearance on the upper shores of GSL. So Artemia cysts can travel by birds, water, and wind, but we should note they also travel by airplanes. The Artemia industry delivers GSL cysts around the world as a product used by aquaculture industries, and these cysts hatch in marine systems such as prawn farms in southeast Asia [144]. Thus, GSL microorganisms are delivered by cysts, via human transport, to various marine environments.



Aerial transport and dispersal are also possible for halophilic archaea as the desert ecosystems surrounding salt lakes and playa are prone to dust events [145]. Dust particles can create an “atmospheric bridge” between systems, assisting the deposition of microbiota downwind. Long-distance transport of microorganisms (spores) was demonstrated more than 60 years ago [146]. Perhaps more relevant here, halophilic bacteria were found in non-saline environments in Tokyo, Japan, suggesting they were transported from high saline environments elsewhere, based on air currents, likely from Inner Mongolia or salterns at the Yellow Sea or Japan Sea in Korea [147]. This study examined the directionality of storm patterns, which is suspected of delivering dust over 6000 km away [148]. Other studies have focused on the aerobiology of human pathogens reviewed in [149]. Even without birds, it is clear that microorganisms may travel on dust in the jet stream, but this does not negate avian carriers as an additional dispersal mechanism, especially for halophilic archaea since birds may travel directly from salty place, to salty place. This is the hypothesis we intended to shed light on with our work presented here.



Two observations led us to suspect birds as mechanical carriers for halophilic archaea: (1) ten million migrating birds visit GSL per year [48,49,50,51,52], and (2) halophilic archaea are resistant to desiccation [150,151]. In addition, birds as vectors for dispersal of halophilic microorganisms in halite crystals was demonstrated previously by the discovery of a Halococcus species in salt crystals associated with a migratory bird [66]. The biogeography of related Halorubrum and Haloarcula species (Figure 5) can be backed up by connecting migration routes of birds. For example, a GSL bird may travel the Pacific flyway to Mexico, and birds in Mexico may travel to South America, and birds in South America may fly across the Atlantic, leading to the other continents [152]. Our study highlighted the AWPE, a short-distance migrator, whose path follows GSL to coastal California, or inland down to Mexico [80]. However, a pattern of connecting overlapping migration routes for distribution, with the premise that halophilic archaea can hitchhike on one bird and be picked up at the next location by another, is plausible. The recent study on halophilic archaea transport by flamingoes underscores this principle [67]. Avian migration routes are typically within the flowing airspace of the troposphere where they travel 10–15 m/s, and the moving winds may even surpass this speed, impacting flightpaths [153,154]. The biogeography of genetically similar haloarchaea strains (Figure 5), shows a pattern, a double belt around the planet (between latitudes 45° N and 45° S). This correlates with the north and south (sub-tropical) jet streams, which represents strong eastern winds (25–70 m/s) in the upper portion of the troposphere. Migrating birds typically fly approximately 1000 m above the Earth below in this band of strong winds e.g., [152].




5. Conclusions


The AWPE, an avian visitor to GSL spends time in the salt-saturated north arm of GSL (Figure 2), and their feathers may harbor halite crystals (Figure 3a) and halophilic archaea (Figure 4). A number of strains from two genera, Halorubrum and Haloarcula, were found in GSL halite and on feathers, and these strains have genetic relatives around the world (Figure 5; Table 1 and Table 2). An examination of climate conditions for these sites (Figure 6) pointed primarily to salinity as the defining selection parameter. Plotting the location of related strains revealed a correlation with the jet stream in the troposphere, a zone of bird migration patterns (Figure 5). Although there are a number of models for the dispersal of such microorganisms, and all may be at play, this study supports the model of avian mechanical carriers in the global distribution of halophilic archaea.
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Figure 1. Map of Great Salt Lake depicting the location of the north arm sampling sites: the American White Pelican breeding colony on Gunnison Island (left, blue) and the location of Rozel Bay where halite was collected (right red). The island is a restricted access site as the breeding birds are protected by law. Since the elevation of Great Salt Lake fluctuates over time, we have indicated the high-water line and the historic low elevation. The railroad causeway that separates the hypersaline north arm from the south arm is shown, and the lake’s islands are also indicated. The causeway length is 19 km, which provides scale for this image. Image credit: Great Salt Lake Institute. 
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Figure 2. Gunnison Island American White Pelicans (AWPE). (a) and (b) Images from a motion-activated trail camera showing AWPE in contact with Great Salt Lake north arm hypersaline water, image credit: PELIcam sponsored by Great Salt Lake Institute at Westminster College and the Utah Division of Wildlife, Great Salt Lake Ecosystem Program. (c) A baby AWPE on Gunnison Island, coated in salt crystals, image credit: Great Salt Lake Institute at Westminster College. 
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Figure 3. Halite crystals from Great Salt Lake. (a) A tiny halite crystal on a feather from an American White Pelican from the breeding colony on Gunnison Island, scale bar is 1mm. (b) Hopper halite crystals collected from Rozel Bay, scale bar is 1 cm. 
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Figure 4. Evidence for microorganisms associated with the feathers of American White Pelicans. (a) Cultures generated by incubating feathers in salt media broth were plated on the same media in solid form; one such plate is shown. These colonies represented mixed species of halophilic archaea, and we selected ten randomly from each plate by quadrants for analysis. (b) Representative PCR amplification of the 16SrRNA gene from isolated species of halophilic archaea from feather cultures. The marker (100 bp DNA ladder, New England Biolabs) is in lane one, and the arrow indicates the migration of two lengths of DNA combined: 500 bp and 517 bp. Amplification with haloarchaeal primers resulted in the estimated range of 550–560 bp bands. expected for this segment of the 16S rRNA gene in halophilic archaea. Negative controls, PCR reactions with no template DNA, showed no amplification product. 
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Figure 5. Geographic distribution of halophilic archaea species/strains matched by16S rRNA homology to Great Salt Lake isolates. Red circles indicate matches from cultivars isolated from feathers (Table 1) and blue circles indicate those from shore halite (Table 2). The darkened lines indicate the boundaries of the Subtropical jet streams (North and South). Image credit: Great Salt Lake Institute at Westminster College using map projection available from Creative Commons. 






Figure 5. Geographic distribution of halophilic archaea species/strains matched by16S rRNA homology to Great Salt Lake isolates. Red circles indicate matches from cultivars isolated from feathers (Table 1) and blue circles indicate those from shore halite (Table 2). The darkened lines indicate the boundaries of the Subtropical jet streams (North and South). Image credit: Great Salt Lake Institute at Westminster College using map projection available from Creative Commons.



[image: Diversity 10 00124 g005]







[image: Diversity 10 00124 g006 550] 





Figure 6. Köppen climate classification (KCC) categories [74], see methods, for geographic sites from where each Halorubrum and Haloarcula closest matched species (Table 1 and Table 2) was sampled. 
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Table 1. Halophilic archaea isolates cultured from Great Salt Lake American White Pelican feathers. For each isolated cultivar, we have listed the closest-matched species/strain and percent similarity (% Sim) in the partial 16S rRNA gene sequence. For the sampling sites of matched strains, we have indicated the geographic location and reference for the study, Köppen Climate Classfication (KCC) [74], EL, Elevation Level (EL) in meters above sea level; Average Rainfall (AR), and Average Temperature (AT). DNA sequence information is available in the GenBank database, under accession numbers MH746823-MH746869.
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	Matched Strain
	% Sim
	Location [Reference]
	KCC
	EL (m)
	AR (mm)
	AT (°C)





	Haloarcula amylolytica
	99
	Kachchh Salt Pans, Gujarat, India [81]
	BSh
	5
	753
	27.3



	Haloarcula amylolytica
	99
	Xinjiang, China [82]
	BSk
	408
	514
	13.2



	Haloarcula argentinensis
	99
	Leh-Ladkh, Rohtang Pass, India [83]
	Dwd
	3978
	27
	3.75



	Haloarcula argentinensis
	99
	Salinas Chica, Chubut, Argentina [84]
	BSk
	−20
	206
	13.5



	Haloarcula hispanica
	99
	Santa Pola, Alicante, Spain [44]
	Csa
	10
	66
	26



	Haloarcula japonica
	99
	Noto Peninsula, Japan [85]
	Cfb
	438
	180.016
	13.75



	Haloarcula marismortui
	99
	Mumbai salterns, India [86]
	Am
	14
	242.2
	27.2



	Haloarcula marismortui
	98
	Dead Sea, Israel [87]
	Csa
	−430.5
	50
	25.5



	Haloarcula quadrata
	99
	Kachchh Salt Pans, Gujarat, India [81]
	BSh
	5
	753
	27.3



	Haloarcula quadrata
	99
	Salada, Murcia, Spain [88]
	BSk
	4
	297
	18.6



	Haloarcula quadrata
	99
	Sebkha Gavish, Southern Sinai, Egypt [89]
	BWh
	13
	40
	24.4



	Haloarcula salaria
	99
	Kachchh Salt Pans, Gujarat, India [81]
	BSh
	5
	753
	27.3



	Haloarcula salaria
	99
	Thailand (Thai fish sauce) [90]
	Aw
	0
	1184
	25.6



	Haloarcula tradensis
	99
	Thailand (Thai fish sauce) [90]
	Aw
	0
	1184
	27.3



	Haloarcula sp. strain SP2(1)
	100
	Kachchh Salt Pans, Gujarat, India [91]
	Am
	14
	242.2
	27.2



	Haloarcula sp. strain I.C6
	100
	Isla Cristina, Southern Spain [92]
	Csa
	11
	612
	17.8



	Haloarcula sp. strain D21
	100
	Chott Melrhir, Algeria [93]
	BWh
	−40
	160
	22.8
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Table 2. Halophilic archaea isolates cultured from Great Salt Lake shore halite crystals. For each isolated cultivar, we have listed the closest-matched species/strain and percent similarity (% Sim) in the partial 16 S rRNA gene sequence. For the sampling sites of matched strains, we have indicated the geographic location and reference for the study, Köppen Climate Classfication (KCC) [74], EL, Elevation Level (EL) in meters above sea level; Average Rainfall (AR), and Average Temperature (AT). DNA sequence information is available in the GenBank database, under accession numbers MH746823-MH746869.
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	Matched Strain
	% Sim
	Location [Reference]
	KCC
	EL (m)
	AR (mm)
	AT (°C)





	* Haloarcula argentinensis
	100
	Salinas Chica, Chubut, Argentina [84,94]
	BSk
	−20
	206
	13.5



	*Haloarcula hispanica
	99
	Santa Pola, Alicante, Spain [44]
	Csa
	10
	66
	26



	Haloarcula hispanica
	100
	Santa Pola, Alicante, Spain [95]
	Csa
	10
	66
	26



	*Haloarcula japonica
	100
	Noto Peninsula, Japan [85]
	Cfa
	438
	180.016
	13.75



	*Haloarcula marismortui
	100
	Dead Sea, Israel [87]
	Csa
	−430.5
	50
	25.5



	*Haloarcula quadrata
	100
	Sebkha Gavish, Southern Sinai, Egypt [89]
	BWh
	13
	40
	24.4



	*Haloarcula salaria
	99
	Thailand (Thai fish sauce) [90]
	Aw
	0
	1184
	27.3



	Haloarcula sinaiiensis
	100
	Sebkha Gavish, Southern Sinai, Egypt [96]
	BWh
	−999
	60
	26.5



	*Haloarcula tradensis
	100
	Thailand (Thai fish sauce) [90]
	Aw
	0
	1184
	27.3



	Haloarcula vallismortis
	100
	Death Valley, CA, USA [97]
	BSk
	−86
	60
	27.2



	Halorubrum arcis
	100
	Tibetan Plateau, China [98]
	BWk
	4500
	43
	4.8



	Halorubrum californiense
	100
	Balearic Islands, Spain [99]
	BSk
	13
	449
	18.2



	Halorubrum californiense
	100
	Newark, California, USA [100]
	Csc
	6
	368
	15



	Halorubrum chaoviator
	100
	Santa Pola, Alicante, Spain [33]
	BSh
	6
	317
	18.2



	Halorubrum chaoviator
	100
	Saharan Saline Syst., Southern Tunisia [101,102]
	Csa
	−22.5
	100
	20



	Halorubrum chaoviator
	99
	Yuli, Bayingol, Xinjiang, China [103]
	BWk
	900
	30
	11



	Halorubrum chaoviator
	100
	Baja California, Mexico [36]
	Csb
	660
	116.8
	18.2



	Halorubrum ejinorense
	100
	Lake Ejinor, Inner Mongolia, China [37,104]
	BSk
	1065
	391
	6.4



	Halorubrum ezzemoulense
	100
	Sebkhet ez Zemoul, Oum el Bouaghi, Algeria [105]
	BSk
	850
	382
	14.5



	Halorubrum ezzemoulense
	100
	Sfax solar saltern, Tunisia [106]
	BWh
	0
	212
	19



	Halorubrum litoreum
	99
	Xiuyu, Fujian, China [107]
	Cfa
	21
	1178
	20.9



	Halorubrum tebenquichense
	100
	Patagonian salt flat, Argentina [108]
	BSk
	175
	685.8
	19.5



	Halorubrum tebenquichense
	100
	Atacama saltern, Chile [109]
	BWk
	2339
	7
	17



	Halorubrum terrestre
	100
	Ashgabat, Turkmenistan [110]
	BSk
	219
	228
	15.4



	Halorubrum terrestre
	100
	Gyaur-Kala, Turkmenistan [110,111]
	BWk
	252
	124
	14.8



	Halorubrum trapanicum
	99
	Turkmenistan [110]
	BWk
	281
	124
	14.8



	Halorubrum xinjiangense
	99
	Xiao-Er-Kule Lake, Xinjiang, China [112]
	BWk
	4475
	105
	11.5



	Halorubrum sp. strain SP9-2
	98
	Red Sea [113]
	Csa
	−400
	41.9
	26.1



	Halorubrum sp. strain spIB11
	98
	Isla Bacuta and Isla Cristina, Huelva, Spain [92]
	Csa
	8
	467
	17.8



	Halorubrum sp. strain SS13-13
	98
	Samut Sakhon, Thailand [114]
	Aw
	7
	1330
	27.8



	Halorubrum sp. strain Y122
	99
	Yunnan Salt Mine, China [115]
	Cwb
	1892
	570.7
	15.2



	Halorubrum sp. strain Y62
	99
	Yunnan Salt Mine, China [37]
	Cwb
	1892
	570.7
	15.2



	Halorubrum sp. strain YC-11
	98
	Yuncheng Salt Lake, Shanxi, China [37]
	BSk
	353
	74.7
	14.05







* These strains are similar or identical to the ones isolated from feathers shown in Table 1.
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