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SUMMARY

Species composition in high-alpine ecosystems is a useful indicator for monitoring
climatic and environmental changes at the upper limits of habitable environ-
ments. We used environmental DNA (eDNA) analysis to document the breadth
of high-alpine biodiversity present on Earth’s highest mountain, Mt. Everest
(8,849 m a.s.l.) in Nepal’s Khumbu region. In April-May 2019, we collected
eDNA from ten ponds and streams between 4,500 m and 5,500 m. Using multiple
sequencing and bioinformatic approaches, we identified taxa from 36 phyla and
187 potential orders across the Tree of Life in Mt. Everest’s high-alpine and
aeolian ecosystem. These organisms, all recorded above 4,500 m—an elevational
belt comprising <3% of Earth’s land surface—represents �16% of global taxo-
nomic order estimates. Our eDNA inventory will aid future high-Himalayan bio-
monitoring and retrospective molecular studies to assess changes over time as
climate-driven warming, glacial melt, and anthropogenic influences reshape this
rapidly transforming world-renowned ecosystem.

INTRODUCTION

High-elevation alpine, or high-alpine, and aeolian ecosystems are living laboratories that offer opportu-

nities to study life forms adapted to extreme environmental conditions. The alpine zone exists above

the tree line and contains an array of flowering plants and shrub species (Swan, 1992). The aeolian zone rea-

ches beyond the range of flowering plants and shrubs at the uppermost reaches of the biosphere. The

aeolian zone is composed of exposed rock and snow and may contain glacier-fed pools and streams.

This zone is populated with organisms such as mosses, and their nutrients are carried up and deposited

by the wind (Swan, 1992). Upward range extensions and contractions in response to ongoing climatic warm-

ing in these ecosystems have been documented in a number of taxonomic groups includingmicrobial com-

munities, plants, insects, and vertebrates such as amphibians, mammals, and birds (Grabherr et al., 2001;

Moritz et al., 2008; Pauli and Halloy, 2019; Seimon et al., 2006, 2017). This broad spectrum of taxa can be

utilized as indicators for long-term monitoring and studying biodiversity changes over time, and in turn,

can inform how mountainous ecosystems may change as global temperatures rise. The establishment of

baseline knowledge of species diversity and distributions coupled with continued monitoring is needed

to document these changes.

The Upper Khumbu region of Nepal is an ideal place to study high-alpine and aeolian biodiversity, partic-

ularly around Earth’s highest mountain, Mt. Everest (known locally as Sagarmatha and Qomolangma;

8,849 m above sea level (a.s.l.); all elevations hereafter are a.s.l.). The southern flank of the Everest massif

contains some of the highest lakes in the Himalayan range, while the subtropical latitude (�28� N) and

placement within the Hindu Kush Himalaya (HKH) mountain system yields precipitation from both warm-

season monsoonal flow and cold-season extratropical disturbances. Research to document animal life

above 5,000 m began as early as 1924 with R.W.G. Hingston (Hingston, 1925). Since then, seminal work con-

ducted in the Himalayas include biogeographical research with a focus on biodiversity, ecosystem services,

and ecology of insects, plants, and microbial species (Dobremez, 1976; Kumar et al., 2019; Mani, 1978;

Miehe, 1991; Schmidt et al., 2011; Swan, 1963, 1990; Troll, 1972; Xu et al., 2019). Despite this work,
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knowledge of the full breadth of biodiversity present in and around the high-alpine and aeolian zones has

been limited owing to the physical challenges of conducting fieldwork in these remote areas. Research on

species inhabiting these extreme environments, and their long-term response to climate change is even

more limited. To date, few studies have focused on documenting the taxonomic diversity in and around

the Mt. Everest region based on DNA sequence approaches. With the exception of microbial and some

plant studies, baseline genetic information or species references—particularly for eukaryotic life—in this

region are lacking (Gurung et al., 2009; Liu et al., 2006a, 2006b, 2007; Valcárcel et al., 2017; Villaverde

et al., 2015).

High-alpine regions are important models for studying the effects of climate change because they host

specialized species communities that have adapted to the dynamic habitat and landscape-driven changes

over hundreds of thousands of years including advancing and receding glaciers, warming and cooling tem-

perature, shifting water resources, and a high level of spatial and temporal heterogeneity (Pauli and Halloy,

2019; Seimon et al., 2006, 2017). This dynamic landscape of alpine water bodies also presents the oppor-

tunity to study ephemeral or recently formed species communities. Long-term biodiversity monitoring can

inform communities within the Khumbu region how their environment is changing in response to the warm-

ing regional climate. Critical baseline information is needed to document what taxa are present now to

measure future change. Our study is motivated by the question: What is the breadth of biodiversity in

the uppermost reaches of the biosphere on Earth’s highest mountain, and could application of advanced

biomonitoring technologies such as environmental DNA (eDNA) be used to establish a baseline inventory

of the diversity of life residing there?

Whereas traditional biodiversity surveys are onerous and require several months of fieldwork, eDNA sam-

ple collection, combined with DNA metabarcoding and other sequencing methodologies, offers a more

accessible, rapid, and comprehensive approach to increasing survey capacity for assessing biodiversity

in aquatic environments (Garlapati et al., 2019; Taberlet et al., 2012; Thomsen and Willerslev, 2015). To

assess the breadth of biodiversity present in high-Himalayan aquatic ecosystems, we set out to sample

some of the highest ponds and streams to compile a baseline genomic library of organisms living in

high-alpine and aeolian environments. Such data can help track trends in biodiversity as the environment

and water resources change over time.We show how the combined strengths of two genetic approaches to

cataloging biodiversity—DNA metabarcoding and whole genome shotgun sequencing—can improve our

ability to detect a breadth of taxonomic diversity. We also discuss how the scientific community can refine

the eDNA approach and the resulting genomic datasets to monitor changes in organism diversity and dis-

tribution, define taxonomy, reconstruct genomes, and supplement water quality biomonitoring and

ecosystem health assessments.

RESULTS

Area of study

The Khumbu region is an area undergoing marked environmental changes in response to a warming

climate. We investigated proglacial environments undergoing these changes, and how they relate to or-

ganism distribution. All sampled lakes, except the Lake South of Nuptse site, lie downstream of receding

glaciers and are likely of recent origin. Specific site locations and descriptions are provided in Figure 1 and

Table S1, respectively. To better understand the distribution and lake morphology, we compared compos-

ite satellite imagery taken in October and November of 2016 and 2001, to images taken in December 1984,

1969, and 1962 (Figure S1). All sampled lakes were identified in 1969 imagery. These lakes were also

discernible in the poorly resolved 1962 image (i.e., Above EBC, Kala Pattar Lake 2, Kongma La Lakes 1

and 2, and Lake South of Nuptse), indicating that these lakes have existed for a minimum of 52-58 years.

Four of the seven lakes (Kala Pattar Lakes 1 and 2, Lake Above EBC, and Kongma La Lake 1) have bright

coloration from glacial silt, indicating that they are directly fed by glacier melt water to the present day.

Current deglaciation trends in our field region have been examined in detail (King et al., 2020; Potocki

et al., 2022).

Taxonomic classification of organisms

Ten eDNA samples were extracted, processed, and analyzed using two DNA sequencing approaches: 1.

Whole genome shotgun (WGS) sequencing and 2. DNA metabarcoding targeting the mitochondrial cyto-

chrome c oxidase subunit 1 (CO1) gene. High-quality metabarcoding andWGS paired-end sequence reads

were obtained for all samples (Table S2). We focused organism identification on higher taxonomic levels
2 iScience 25, 104848, September 16, 2022



Figure 1. Map of Mount Everest’s southern flank, Khumbu region, Nepal, identifying sampling sites and major

water catchments visited for eDNA surveys. Scale bar = 1 kilometer.
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(kingdom, phylum, order) because species-level reference genetic sequence data are limited from the Mt.

Everest region of Nepal.

To assess bacterial diversity, WGS reads were analyzed using SingleM (Woodcroft, n.d.) and the Green-

genes microbial reference database (DeSantis et al., 2006; Kumar et al., 2019). Bacterial community struc-

ture differed between sites. More sequences from the Lake Above EBC, Kala Pattar Lakes 1 and 2, and

Kongma La Lake one samples were identified to bacterial order compared to the other sample sites (Fig-

ure 2). The bacterial community profiles of the nearby Kala Pattar Lake one and two sites were similar and

both contained bacterial sequences predominantly matching the orders Betaproteobacteriales and Flavo-

bacteriales (Figures 2A and 2B). Despite being further apart and separated by the Khumbu glacier, the

overall bacterial profiles from Kala Pattar Lake two and Kongma La Lake one outlet sites were also similar,

and both contained sequences from order Cytophagales. The Lake Above EBC contained the highest num-

ber of taxonomic orders (27), with sequences identified predominantly to order Opitutales. Kongma La

Lake three and Lake South of Nuptse had the lowest number of bacterial orders (3) and contained predom-

inantly Betaproteobacteriales and Sphingomonadales, respectively. Overall, 40 orders from nine phyla of

bacteria were detected from all sites combined. Asymptotic regression model analysis of the average num-

ber of duplicate samples required to achieve saturation (for the number of unique taxonomic orders de-

tected) shows we detected at least 95% of total orders estimated able to be detected using this method

(Figure 2C).

To assess eukaryotic and cyanobacterial microbial diversity, WGS reads were analyzed by Genewiz using

Kraken (Wood and Salzberg, 2014) and the RefSeq database (O’Leary et al., 2016). We found that Kongma

La Lakes 1 and 2, as well as the Kongma La Mountain Stream and Nuptse Glacier Mountain Stream had the

highest abundance of orders, comprising predominantly cyanobacteria (Nostocales, Chroococcales, and

Oscillatoriales) and organisms from the phylum Apicomplexa (Eucoccidiorida) (Figure 3). Very few reads

could be classified as viruses or archaea, and most of the virus-assigned reads were bacteriophage viruses
iScience 25, 104848, September 16, 2022 3



Figure 2. Diversity of bacterial microbes from WGS data

(A and B) Shown is a heatmap (A) and bar plot (B) of the number of sequence reads of bacteria identified and classified to

taxonomic order using SingleM and the Greengenes database from each site.
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Figure 2. Continued

(C) Asymptotic regression model of the average number of duplicate samples required to achieve saturation in the

number of unique taxonomic orders detected. The three red dashed lines represent the median (21), 90th percentile (38),

and total number (42) of unique orders that could be detected using this method.
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of the order Caudovirales (Figure 3). Kala Pattar Lake 1, Kongma La Lake one outlet, and both Kongma La

Mountain Stream and Nuptse Glacier Mountain Stream had bacteriophage sequences present. Overall, 41

orders from 15 phyla of microbial eukaryotes, cyanobacteria, and bacteriophage viruses, were identified

from all sites combined. Asymptotic regression model analysis of the average number of duplicate samples

required to achieve saturation (for the number of unique taxonomic orders detected) shows that saturation

was achieved with respect to the total number of orders estimated able to be detected using this method

(Figure 3C).

Metabarcoding and taxonomic classification targeting the CO1 gene

DNA metabarcoding analysis was performed targeting the CO1 gene, and again we focused our investi-

gation on higher taxonomic classifications such as phylum, class, and order. 571 contig sequences were

70-85% similar to GenBank references, and 158 contigs were >90% similar. After increasing filter stringency

to >80% identity, we analyzed a total of 667 mitochondrial CO1 contig sequences. From this metabarcod-

ing dataset, we recovered a range of taxa from four kingdoms: Animalia, Chromista, Fungi, and Plantae.

The complete results showing all matches from our metabarcoding analysis are available in Data S4. We

found that Kala Pattar Lake one and Kongma La Lake two had the highest diversity, with themajority of their

sequences classified as fungi (Umbelopsidales and Sporidiobolales). Organisms from the phylum Arthro-

poda (Ephemeroptera and Odonata) were found only in sites east of the Khumbu Glacier including the

Nuptse Glacier Mountain Stream (Figure 4). Contigs from seven of the ten sites had potential matches

to aquatic invertebrate species such as mayflies (order Ephemeroptera) and dragonflies or damselflies (or-

der Odonata). From Kala Pattar Lake 1 (TS17), we identified a 310 base pair (bp) contig matching 100% to

the reference for Fujientomon dicestum (order Protura), a hexapod of the family Fujientomidae, which has

only two known species, found in China and Japan (Dell’Ampio et al., 2011). Samples from Kongma La Lake

2 (TS24) and Kongma La Lake Mountain Stream (TS31) sites each had a 310bp contig with 100% match to

CO1 sequences from several species of the order Cupressales, which also includes the genus Juniperus.

Owing to the highly conserved nature of CO1 for Cupressales, we were unable to confirm the species of

these particular sequences.

Fifteen orders from nine phyla were identified by metabarcoding from all sites combined. Asymptotic

regression model analysis of the average number of duplicate samples required to achieve saturation in

the number of unique taxonomic orders detected shows we detected at least 83% of the total orders esti-

mated to be detected using this method (Figure 4C).

Using the whole genome shotgun database to extract and identify eukaryotic taxa using

reference genomes

Identification of eukaryotes from metagenomic WGS samples is challenging because they comprise a tiny

fraction of the dataset and there is limited genomic reference material. To experiment with the detection

ability for eukaryotic organisms in theWGS dataset and provide targets for future metabarcoding, wemap-

ped reads to a broad taxonomic range of reference genomes from species expected to inhabit the region

(Figure 5, and Table S3). From this analysis, we generated 7,070 contig sequences, and after filtering for

>85% identity (4,889 sequences), we identified 115 potential orders from 21 phyla (Figures 5A and 5B)

(Data S5). The majority of the sequences were represented by the orders Arthropoda (80.1% of listed en-

tities) and Streptophyta (9.1% of listed entities). A range of arthropod orders was present in the dataset,

including stoneflies (order Plecoptera), mayflies (order Ephemeroptera), butterflies, or moths (order Lepi-

doptera), true bugs (order Hemiptera), true flies (order Diptera), and beetles (order Coleoptera). Other

eukaryote animal phyla included: Rotifera (70-90% sequence similarity from the Adineta, Habrotrocha,

Macrotrachela, Philodina, and Rotaria genera), Tardigrada (93.6% sequence similarity and 98% query

coverage to the Hypsibius dujardini), Chordata (97% match to domestic dog, Canis familiaris and 100%

match to Tibetan snowcock, Tetraogallus tibetanus). Algal phyla were represented by Chlorophyta and

Rhodophyta. In our dataset, the orders in phyla Streptophyta included Pinopsida (gymnosperms), Magno-

liopsida (flowering plants), Bryopsida (mosses and liverworts), and Polypodiopsida (ferns). In Magnoliop-

sida, the dominant orders are Fagales, Asterales, and Asparagales; the remainder of the sequences match
iScience 25, 104848, September 16, 2022 5
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Figure 3. Diversity of single cellular eukaryotes, cyanobacteria, fungi, and viruses using Kraken analysis from

WGS data

(A and B) Shown is a heatmap (A) and bar plot (B) of the number of sequence reads of microbial eukaryotes, cyanobacteria,

and viruses identified and classified to taxonomic order using Kraken and the RefSeq database from each site.

(C) Asymptotic regression model of the average number of duplicate samples required to achieve saturation in the

number of unique taxonomic orders detected. The three red dashed lines represent the median (18), 90th percentile (33),

and total number (37) of unique orders that could be detected using this method.
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references to nine other orders (Caryophyllales, Ericales, Fabales, Lamiales, Liliales, Poales, Ranunculales,

Rosales and Sapindales).

In Pinopsida, three orders are represented: Cupressales, Pinales, and Araucariales. Consistent with results

from the metabarcoding data, we detected sequences from the order Cupressales in the WGS data with

>99% sequence similarity to Juniperus squamata, Juniperus indica, and Juniperus recurva at four sites:

Kongma La Lake 2, Lake South of Nuptse, Kongma La Mountain Stream, and Nuptse Glacier Mountain

Stream. The latter two sites were dominated by Juniperus cf. indica shrubs that were observed growing

around the streams we sampled from. Owing to the conserved nature of the genes detected in our dataset,

and the incomplete reference sequence for J. indica, identification to the species level could not be

confirmed.

Sequence similarities to each reference sequence can be found in Data S5. Asymptotic regression model

analysis of the average number of duplicate samples required to achieve saturation in the number of

unique taxonomic orders detected shows we detected at least 79% of total orders that are estimated

able to be detected using this method (Figure 5C). When modeling the distribution in the number of

unique orders identified using up to nine reference genomes, asymptotic regression model analysis indi-

cates that at least 23 different reference genomes would be needed to achieve 90% saturation using this

method (Figure S2B).

By combining the above results, we detected a total of 187 orders from 36 phyla across seven kingdoms

from ten sites and 20 L of water from the Khumbu region of Mount Everest (Figure 6). The number of orders

detected across samples and sites, as well as across analysis methods (Figure S3) is presented in Table S4

and Data S6.

DISCUSSION

Catalogs of organism assemblages from the upper reaches of the biosphere in high-alpine and aeolian

zones are informative for investigations on extremophile life and lay the foundation for further research

about how species are adapted to living at the elevational limits of what is considered habitable. For or-

ganisms to survive and live at these extreme elevations (4,500-5,500 m, abutting the aeolian nival zone),

they have to be adapted to living in environmental conditions that include hypoxic low pressure of the

mid-troposphere (�50% of mean sea level pressure at 5,400 m), low CO2, intense solar irradiation, low ab-

solute humidity, diurnal freeze-thaw cycles, sub-freezing temperatures reached nocturnally, as well as deep

snow and ice that can persist for half the year (Halloy, 1989; Pauli and Halloy, 2019; Spehn et al., 2010). Biodi-

versity inventories are still being developed for the HKH ranges, and new species are still being discovered.

For example, from 1998 to 2008, 353 new species were discovered in the Eastern Himalayas alone,

including 242 plants, 16 amphibians, 16 reptiles, 14 fish, two birds, two mammals, and 61 invertebrates

(World Wildlife Fund, 2012). Our study is the first to apply environmental DNA sequencing methods to

assess the breadth of diversity across the Tree of Life in the high-alpine ecosystem of the HKH ranges

andMt. Everest, where scientists have documented some of the world’s highest plants and animals (Halloy,

1989; Swan, 1963, 1990). However, there are two fundamental questions raised by our study and approach.

One is methodological: How do the eDNA and bioinformatic analysis methods perform in terms of iden-

tifying the local biota (i.e. taxonomic richness and composition)? Having constructed a snapshot of biodi-

versity present during expedition surveys, the second question asks: How does the estimated biodiversity

at the HKH sites compare to other high-alpine aquatic sites around the world? As there are no eDNA

studies across the Tree of Life that are directly comparable to high-alpine aquatic environments, this ques-

tion cannot be answered until more data become available and rigorous meta-analysis is conducted across

studies (King et al., 2010; Liu et al., 2006a, 2006b, 2009; Schmidt et al., 2011, 2018; Seimon et al., 2006; Vi-

mercati et al., 2019) for available taxa. We, therefore, discuss observations from existing research and share

lessons learned to help standardize eDNA collection and analysis approaches for future surveys.
iScience 25, 104848, September 16, 2022 7



Figure 4. Diversity organisms recovered using metabarcoding targeting the CO1 gene

(A and B) Shown is a heatmap (A) and bar plot (B) of the number of contigs obtained from primers targeting the

mitochondrial CO1 gene classified to taxonomic order from each site.

(C) Asymptotic regression model of the average number of duplicate samples required to achieve saturation in the

number of unique taxonomic orders detected. The three red dashed lines represent the median (8), 90th percentile (16),

and total number (18) of unique orders that could be detected using this method.
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Figure 5. Diversity of organisms recovered using WGS data and reference sequences

(A and B) Shown is a heatmap (A) and bar plot (B) of the number of sequence reads classified to taxonomic order per site from the WGS dataset. WCS data

from each sample were mapped to an array of reference sequences, and resulting contigs and sequences were identified based on the BLASTn search to the

NCBI reference database. The data were filtered to include BLAST results with >85% sequence similarity to GenBank references, >90% query coverage, and

>200bp alignment length between query and NCBI reference.

(C) Asymptotic regression model of the average number of duplicate samples required to achieve saturation in the number of unique taxonomic orders

detected. The three red dashed lines represent the median (73), 90th percentile (130), and total number (145) of unique orders that could be detected using

this method.
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Estimated diversity of organisms above 4,500m in the Mt. Everest region

In total, we identified 187 unique orders from 36 phyla in our survey of the Mt. Everest region above 4,500 m

(Data S6, and Figure 6). When compared to the estimated 1,150 global total orders (Mora et al., 2011), our

data suggest that the high-alpine ecosystem on Mt. Everest contains at least 16.3% of global taxonomic
iScience 25, 104848, September 16, 2022 9



Figure 6. Organisms detected across the Tree of Life from a high-alpine ecosystem

Number of Orders and Phyla recovered across seven kingdoms from all samples combined in the high-alpine elevational

bracket (4,500 - 5,500 m) on Mount Everest’s southern flank, Khumbu region, Nepal.
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orders. Our analysis identified: 19 of an estimated 500 Animalia orders; 28 of 115 Chromista orders; 29 of

160 Fungi orders; 51 of 200 Plantae orders (majority were algae); 17 of 60 Protozoa orders; and 43 orders of

Bacteria. Importantly, caution must be exercised when interpreting identified taxa from eDNA. For

example, some of the plant orders we identified through eDNA, such as Pinales, are not known to exist

above the tree line. The eDNA captured is presumably from pollen carried upslope by wind and deposited

in the water, which would lead to an overestimation in some orders (notably plants that travel as pollen) at

high-alpine sampling sites. Nevertheless, based on our modeling of the order richness curves for the bio-

informatic methodologies used to assess the number of organisms present, the estimate of 187 orders is

likely an under-representation and additional targeted analysis of our data may reveal more taxa. Further

analyses incorporating additional metabarcoding approaches to assess arthropod, bacterial, and viral di-

versity will provide us with a more holistic assessment of the community structure and ecological compo-

sition of species at a more detailed level among the different sites.
Differences in organism assemblages between the west and east side of the Khumbu Glacier

Based on WGS data analysis, we found the sites west of the Khumbu Glacier were richer overall in bacteria

than sites on the east side. Conversely, the eastern sites were richer in microbial eukaryotic organisms (Eu-

coccidiorida), cyanobacteria (Nostocales, Chroococcales, and Oscillatoriales), and fungi (Ascomycota)

than the lakes on the west side. Nostoc spp. and other cyanobacteria are known for colonizing biological
10 iScience 25, 104848, September 16, 2022
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soil crusts during the glacial retreat and surviving freeze-thaw cycles and cold temperatures at high eleva-

tions (Schmidt and Vimercati, 2019). Our results are also consistent with earlier studies showing that cyano-

bacteria including Chroococcus minutus (order Chroococcales) and Anabaena cf. laxa (order Nostocales)

exist in the Kongma La lake complex (Rai et al., 2010). Mining of theWGS data also revealed a higher abun-

dance of eukaryotic reads from the Kongma La complex and the Lake South of Nuptse sites, which also

included diatoms (Bacillariophyta), plants (Streptophyta), insects (Arthropoda), and rotifers (Rotifera).

Such differences likely relate to differences in the age of the lakes after they were formed through degla-

ciation. Satellite images spanning 1962-2016 show that the Lake Above EBC and Kala Pattar lakes on the

west side of the glacier emerged from melting ice as early as 1962, and are still fed by glacial melt and

sparsely vegetated around their margins. In contrast, the eastern lakes were already well downstream of

receding glacial ice by 1962 imagery, and presently have abundant plant growth around their margins.

These observations offer strong indications that, among the lakes we sampled, the eastern lakes are older

than those west of the Khumbu Glacier, and thus have had more time for more complex organism assem-

blages to develop. Similar successional patterns have been previously identified with fungi, nematodes,

and other microeukaryotes along increasing soil age of a receding glacier in the Peruvian Andes

(5,000 m) (Hu et al., 2021). Rates of richness increase for all eukaryotes from that study were higher than bac-

teria (although in contrast to this study bacteria did increase in richness as well), and the presence of plants,

and metazoans other than nematodes, were only found in the oldest soils (Hu et al., 2021).
Combination of DNA sequencing and analysis approaches yields more taxa

DNA metabarcoding has been used to survey organismal biodiversity from a variety of aquatic habitats,

including coastal and marine environments, as well as freshwater ponds, and lakes (Garlapati et al.,

2019; Lacoursière-Roussel et al., 2018; Majaneva et al., 2018; Stat et al., 2017). Primers are chosen to target

the amplification and sequencing of specific taxonomic groups. Although we were targeting vertebrate

and invertebrate taxa, these primers were successful in amplifying other types of eukaryotes. Species

detection using metabarcoding primers is limited by primer bias and insufficient cross-reactivity across

distantly related organisms. Applying DNA metabarcoding across the Tree of Life also requires the use

of multiple primer sets that target taxonomic groups across phyla, ensuring the gene targets chosen are

appropriate for assigning taxonomic rank. In contrast, the WGS method is capable of capturing a greater

breadth of taxonomic (i.e., micro and macro-organisms) and genomic (i.e., genes to genomes) information

that can also be used for genomic reconstruction and functional gene analysis. A trade-off is that the WGS

dataset’s larger, complex sequence composition requires intensive bioinformatic analyses and reference

databases for accurate processing and classification. Sequence abundance (as a proxy for taxon abun-

dance) is not directly comparable between datasets owing to methodological differences; however, the

combination of these methods provided a more comprehensive snapshot of the detectable biodiversity

present at our sites. In our study, DNA metabarcoding yielded 15 orders from nine phyla. By mapping

the WGS data to reference genomes, we increased our detection to 115 potential orders from 21 phyla,

of which 110 orders were unique to the WGS dataset and not found in the metabarcoding dataset. This

finding was not too surprising given our metabarcoding primers were designed to target a subset of

taxa (vertebrates and invertebrates), while the non-targeted WGS approach could detect a broader spec-

trum of bacteria, eukaryotic microorganisms, plants, and fungi.

Our dataset contributes to the available genetic sequences of organisms from the Khumbu region and

helps to refine targets for future surveys using eDNA, as well as comparison to genetic material from

voucher specimens collected from this region and in the HKH rangesmore broadly. For example, Juniperus

sp. sequences were recovered with 99-100% identity using both metabarcoding and chloroplast reference

mapping to WGS data. Although confirmation of the species level could not be determined, J. recurva and

J. indica are both known to be present in Sagarmatha National Park (Byers, 2005). Among the species of

Juniperus documented in the Himalaya, J. recurva is widely distributed between 2,500 and 4,724 m (Cubey,

2018; Li et al., 2013), and J. indica has been documented between 3,600 and 5,050 m in elevation (Farjon,

2013, n.d.). J. indica (above 4,050 m) and J. recurva (3,800-4,050 m) have been found specifically in Sagar-

matha National Park (Jha and Khanal, 2010). It is likely that the eDNA being picked up in our water samples

originated from pollen deposited by wind or other transport modes (i.e., by animals). We also found

matches to the plant orders—Fagales and Sapindales (woody flowering plants and trees), and Polypodiales

(ferns) —further indicating our water sampling method was able to detect shrubs and other plant pollen

likely deposited upslope in high-alpine lakes by aeolian transport prior to cold season ice cover formation.
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We identified sequences 100% identical to T. tibetanus (Tibetan snowcock), a species found in high-alti-

tude regions of the Himalayas that we observed visually during fieldwork. We also detected sequences

>96% identical to Baetis sp. (order Ephemeroptera). Mayflies are an ancient order of insects with evolu-

tionary origins dating more than 300 million years; they are found worldwide with about 3,700 currently

recognized species (Jacobus et al., 2019). Previous studies have also found mayflies from the family Baeti-

dae in the Gokyo wetlands (4,700-5,000 m) in Sagarmatha National Park (Sharma et al., 2010).
Biogeographic considerations of taxonomic richness

The alpine zone above the tree line occupies <3% of Earth’s surface, and species richness is generally

thought to decrease with rising elevation from sea level to high-alpine zones, with the exception of taxo-

nomic groups that have evolved to live in insular environments and have higher diversity before decreasing

near permanent snow cover or the nival zone (Körner and Spehn, 2002; Pauli and Halloy, 2019). Our results

reveal a wide breadth of biodiversity among taxonomic groups present on this one mountain within the

HKH range. This raises the question: Are the number of organisms detected at the highest water bodies

near Mt. Everest more diverse than would be expected? For example, would a similar sampling regime

and methodology detect more or fewer taxa in other high-alpine environments or protected areas at

different latitudes and elevations? To our knowledge, there are currently no comparable eDNA studies

that summarize diversity across the Tree of Life in high-alpine environments; other studies have applied

eDNA analysis to assess the breadth of biodiversity in ocean environments and in river systems (Deiner

et al., 2016; Stat et al., 2017; Zhang et al., 2020). As more data become available from future eDNA studies

that assess biodiversity across the Tree of Life, we will be able to assemble more complete datasets for

meta-analysis and cross-comparison. Taxonomy-free approaches such as OTU and ASV analysis, when

standardized, could also be a useful strategy when applied for routine biomonitoring (Apothéloz-Perret-

Gentil et al., 2017).

The promise of the eDNA sequencing approach is its potential to be used across diverse, under-studied,

and difficult-to-reach regions of the world such as the high-alpine aquatic environments we sampled.

eDNA sequencing will likely become a cost-effective approach for comparing biodiversity from similar eco-

systems across the world by applying standardized collection and bioinformatic protocols. The absence of

standardized methodologies for establishing the effective domain size sampled, such that species-area re-

lationships can be meaningfully established, currently complicates ecosystem biodiversity comparisons. In

our high-alpine case, each water body sampled has both an upstream watershed catchment and a much

broader ‘‘windshed,’’ from which aeolian transport may introduce additional organic material such as

leaves, pollen, and other windborne debris. The Global Observation Initiative in Alpine Environments

(GLORIA) network—including the GLORIA sites set up during the 2019 Everest Expedition (Mayewski

et al., 2020)—is one such effort to standardize long-term vegetation survey protocols in alpine environ-

ments (GLORIA-Coordination, 2015). Eventually, it will be possible to compare vegetation survey results

from the Mt. Everest region to those at the other GLORIA sites, which are now set up on six continents.

Given the challenges of performing fieldwork in these remote locations, we hope that continued efforts to-

ward eDNA methods standardization, such as the GLORIA network, will provide field-friendly options for

cross-comparisons of biodiversity around the globe.

There are many future applications for the sequence data generated in our study. The data can be further

mined to reconstruct microbial genomes and to extrapolate information about species composition or

ecosystem properties through functional gene analysis. Our catalog of present taxa can also be compared

to archived reference samples including historical voucher plants (including fossil pollen) and animal spec-

imens, plant and microbial remains from lake sediment, and ice core samples collected from the region.

Finally, our dataset can be used in combination with future surveys to track changes in organism diversity

and distribution with ongoing climate warming. For example, the environmental sensitivity of some mayfly

genera within the order Ephemeroptera make them good indicator species for biomonitoring water quality

and assessing ecosystem health (Brittain, 2008; Jacobus et al., 2019). Although species-level monitoring is

utilized for the purpose of understanding climate and environmental change, monitoring patterns of

change at higher classification levels (order, family, and genus) over time and across different ecosystems

may provide additional avenues for assessing ecosystem health and environmental change.

The taxon counts registered by our study, based on the eDNA analysis of just 20 L of water obtained from a

handful of water bodies in the alpine to aeolian transition on the southern slope of Mt. Everest, encompass
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187 unique orders (16.3% of global orders) from 36 phyla across the six kingdoms, and included at least one

bacteriophage virus order. These findings register Mt. Everest as iconic for reasons beyond its superlative

height and enduring fascination to humanity: It should be recognized as a target for sustained long-term

biodiversity monitoring of high-alpine taxa to complement bioclimatic monitoring and climate change

impact assessments. Combining sequencing approaches helped to expand our inventory of biodiversity

in the Mt. Everest region, but it remains incomplete. By providing this open-source dataset to the research

community, we hope to contribute toward the continued efforts to build up molecular resources to study

and track the shifts in biodiversity of Earth’s highest mountain.
Limitations of the study

An important consideration for future studies is the timing of sample collections for peak biological activity.

Our water sample collections were performed while lakes were covered in seasonal ice. Field studies

repeating an eDNA approach would, therefore, benefit from repeated sampling conducted after the

spring melt, during or shortly after the summer monsoon, and also during mid-winter to catalog seasonal

changes in biodiversity and eDNA detection over the annual cycle.

The taxonomic resolution from DNA metabarcoding is limited by the choice and specificity of primers to

distinguish among taxa of interest. The use of additional metabarcoding primers that better capture spe-

cific taxonomic groups may have revealed additional taxa in our dataset (Stat et al., 2017). The primers we

used were designed to be broadly reactive toward vertebrates and invertebrates, but picked up some taxa

including fungi and plants. Certain eukaryotic taxa—including Tardigrada, Rotifera, Amebozoa, Oomy-

cota, and several phyla from the Chromista and Plantae kingdoms—were missed in the metabarcoding,

and were instead picked up by mining the WGS database.

For all sequencing approaches, it was challenging to confidently determine taxonomic identity below order

level across kingdoms, due in part to the relatively low sequence read abundance of non-bacterial taxa in these

samples and the aforementioned lack of available referenceDNAsequence data from this region. Additionally,

high-throughput amplicon sequencing yields DNA sequences that may be too short to resolve taxonomic dif-

ferences at the genus and species level. Furthermore, compared to microbial reference sequence databases

(i.e., Greengenes and RefSeq), there is not yet a publicly available or ‘‘complete’’ genomic database for eukary-

otic taxa. Taxonomic classification with such a database would also require much more computationally and

time-intensive analyses, as eukaryotes have larger genomes than microbial species. For these reasons, we ex-

perimented with mapping to mitochondrial and chloroplast reference genomes, both to test its utility and to

mine the WGS dataset for eukaryote organisms. Although we chose reference genomes from a broad range

of taxonomic groups that included vertebrates (birds and reptiles), invertebrates (arthropods, rotifers, and tar-

digrades), andplants (Juniper) (Table S3 andFigureS2A), theWGSeukaryote referencemapping analysiswork-

flow is limited to detecting taxa based on the reference mitochondrial and chloroplast genomes chosen and

have room for improvement.Whenmodeling the order richness by the number of duplicate samples collected

or by the number of reference genomes used, it is evident that the expected number of taxa is underestimated

and has not reached saturation. This is an important consideration for how future researchers might refine this

approach to search for specific target eukaryotic taxa. Also, given that using nine referencegenomes took up to

48 hours of effort (or six work days) per reference to analyze (not including the time required to back-check and

perform quality control analysis of the results), the cost-benefit of applying such resources, if available, is a sig-

nificant consideration when using this approach. Thus, it remains an open challenge to identify eukaryotic taxa

morebroadly fromWGSeDNAsamples, and this iswhy some studies have focusedonusingDNAmetabarcod-

ing (Stat et al., 2017).

The sequencing approaches we used have distinct utility. DNA metabarcoding offers a focused survey of

specific taxa, which may be more practical for repeated monitoring over time or future studies of metaphy-

logeography using sequence variants (Antich et al., 2021). In contrast, WGS data can be used for functional

gene analysis, genome reconstruction, as well as for assessing diversity across all kingdoms (Stat et al.,

2017). Although estimating taxon abundance from aquatic eDNA sequence data is another challenge

for use in applied conservation research, (Beng and Corlett, 2020) the ability to detect the presence of

taxa in eDNA samples is sufficient for laying the foundations for long-term biodiversity monitoring studies.

Hopefully, this study will provide the baseline data with which future sequences can be compared and built

upon, along with information for refining sequencing, bioinformatics methods, and marker specificity in a

more targeted approach.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

eDNA samples TS13-33 (see Table S1, Document S1) This paper N/A

Critical commercial assays

QIAamp DNA Mini Kit Qiagen Inc. Cat# 51304

Pre-assembled filter-pak cartridges Smith-Root Inc. https://www.smith-root.com/edna/edna-filters

47mm 1.0 um pore filters GE Healthcare Whatman Cat# 7190-004

AmpliTaq Gold� 360 Master Mix Applied Biosystems� Cat# 4398790

ExoSAP-IT Express Applied Biosystems� Cat# 75001.200.UL

Qubit dsDNA BR assay kit Thermo Fisher Scientific Cat# Q32850

EZ-Amplicon NGS deep sequencing Genewiz Inc. https://www.genewiz.com/Public/Services/

Next-Generation-Sequencing/

Amplicon-Sequencing-Services/Amplicon-EZ

Whole Genome Sequencing Genewiz Inc. https://www.genewiz.com/en/Public/Services/

Next-Generation-Sequencing/Whole-Genome-Sequencing

Whole Genome Metagenomics Genewiz Inc. https://www.genewiz.com/en/Public/Services/

Next-Generation-Sequencing/Metagenomics-Solutions

Deposited data

RefSeq v76 O’Leary et al. 2016 https://www.ncbi.nlm.nih.gov/refseq/about/

Greengenes 16S DeSantis et al. 2006 https://greengenes.secondgenome.com/

NCBI database Federhen 2012 https://www.ncbi.nlm.nih.gov/nucleotide/

Raw data (https://www.ncbi.nlm.nih.gov/sra) This paper [BioProject PRJNA629845]: [Accessions:

SRR11700438- SRR11700405]

Oligonucleotides

Primer B-Forward primer (50-CCI

GAYATRGCITTYCCICG-30)

IDT Technologies N/A

Primer B-ForwardMOD primer (50-C

CIGAYATRGCITTYCCNCG-30)

IDT Technologies N/A

Primer R5-Reverse primer (50-GTRA

TIGCICCIGCIARIACIGG-30)

IDT Technologies N/A

Primer DegHCOI2198Mod (50-TA

AACTTCAGGGTGACCAAARAAYC

AGAA-30)

IDT Technologies N/A

Primer CO1_long - 6597 (50-AAGA

ATCAGAATARGTGTTG-30 )

IDT Technologies N/A

Adaptor ligation forward 50-ACACTC

TTTCCCTACACGACGCTCTTCCGATCT-30
Genewiz Inc. https://web.genewiz.com/amplicon-ez-faq?_

ga=2.102081345.1700467531.1653082033-

1572836208.1653082033#Submission

Adaptor ligation reverse 50-GACTG

GAGTTCAGACGTGTGCTCTTCCGATCT-30
Genewiz Inc. https://web.genewiz.com/amplicon-ez-faq?_

ga=2.102081345.1700467531.1653082033-

1572836208.1653082033#Submission

Software and algorithms

FastQC v0.11.8 Andrews, 2019 https://www.bioinformatics.babraham.ac.uk/projects

MultiQC v1.8 Ewels et al. 2016 https://multiqc.info/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Kraken v0.10.5-beta Wood and Salzberg, 2014 http://ccb.jhu.edu/software/kraken/

Jellyfish v1.1.1 Guillaume and Kingsford, 2011 http://www.cbcb.umd.edu/software/jellyfish/

jellyfish-manual.html

SingleM v0.13.2 Woodcroft https://github.com/wwood/singlem

Geneious Prime v2019.2.3 Geneious https://www.geneious.com/

BBDuk Bushnell 2015 https://jgi.doe.gov/data-and-tools/software-tools/

bbtools/bb-tools-user-guide/bbduk-guide/

BLASTn 2.6.0+ Altschul et al., 1990 https://blast.ncbi.nlm.nih.gov/Blast.cgi

Taxize v0.9.92 Chamberlain and Szocs, 2013 https://docs.ropensci.org/taxize/

BWA-MEM v0.7.15-r1140 Li, 2013 https://github.com/lh3/bwa

SAMtools v1.9 Li et al., 2009 http://samtools.sourceforge.net/

SPAdes v3.10.1 Bankevich et al., 2012 http://cab.spbu.ru/software/spades/

BBmerge v38.22 Bushnell 2015 https://jgi.doe.gov/data-and-tools/software-tools/

bbtools/bb-tools-user-guide/bbmerge-guide/

Other

Code for data analysis This paper https://github.com/marisalim/Everest-eDNA-

biodiversity-survey (https://doi.org/10.5281/zenodo.5149298)
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Lead contact

Further information and requests for resources should be directed to Dr. Tracie Seimon, Wildlife Conser-

vation Society, Zoological Health Program, 2300 Southern Boulevard, Bronx, NY, USA; tseimon@wcs.org.

Materials availability

This study did not generate new materials or reagents.

Data and code availability

d Raw sequence read data have been deposited at the NCBI Sequence Read Archive (https://www.ncbi.

nlm.nih.gov/sra) under BioProject: PRJNA629845 (accessions: SRR11700438- SRR11700405) and are pub-

licly available.

d All original code has beendeposited at https://github.com/marisalim/Everest-eDNA-biodiversity-survey

under https://doi.org/10.5281/zenodo.5149298 and is publicly available.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact (tseimon@wcs.org) upon request.
METHODS DETAILS

Historical imagery

The images were sourced as follows: Corona KH-4 taken the 15 Dec, 1962 at a resolution of 7.6 m; Corona

KH-4A taken the 18 Dec, 1969 at 5.2 m; Aerial Photography (Washburn), Wild RC-10 camera taken 20 Dec

1984 at 0.5m; IKONOS-2 taken 29 Nov, 2001 at 0.8 m, and WorldView-2 taken 29 Oct, 2016 at 0.5 m.

The Corona KH-4 and KH-4a images come from aerial photographs collected by the U.S. government from

1962-1969 using photographic cameras on satellites. They were used for reconnaissance and to produce

maps for the U.S intelligence agencies and were declassified in 1995. The 1984 images come from high res-

olution (0.5 m ground resolution) aerial photographs acquired by Bradford Washburn (Washburn, 1989),

using a Wild RC-10 camera, on behalf of the National Geographic Society. The Ikonos-2 and WorldView-

2 satellite images come from the digital archive imagery collections of DigitalGlobe, now part of Maxar.

All images were processed using Esri ArcGIS Pro software image analysis tools for monochrome or natu-

ral-color image presentation.
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Sample and field data collection

Field data collections from some of the highest elevation waterbodies on Mt. Everest were performed in

April through May 2019 as part of the National Geographic and Rolex Perpetual Planet Everest Expedition

(hereafter 2019 Everest Expedition) (Mayewski et al., 2020). Ten sampling sites for capturing eDNA were

selected from alpine lakes and streams between 4,500 m and 5,500 m within four sub-watersheds feeding

into the Dudh Kosi River on the southern flank of the Everest massif (Figure 1). Sites were chosen based on

accessibility in catchments where anthropogenic disturbance should be relatively minor both east and west

of the heavily disturbed Khumbu Valley trekking route to Everest Base Camp (EBC). We collected duplicate

1 liter samples for filtration from: three lakes on the west side of the Khumbu Glacier (Lake Above EBC, Kala

Pattar Lakes 1-2); four lakes on its east side (Kongma La Lakes 1-3, Lake South of Nuptse); and two streams

(Nuptse Glacier Mountain Stream, Kongma La Lake Mountain Stream). The Kala Pattar Lakes and the Lake

Above EBC sites occupy small cirques beneath hanging glaciers on the south and southeast faces of Pu-

mori (7,161 m), and are situated approximately 10 km west and 8.4 km west-northwest, respectively, of

the summit of Mt. Everest. About 10 km southwest of the Mt. Everest summit, the Kongma La Lake complex

lies downstream of the Kongma Glacier, which at present consists of remnant ice blocks detached and

ablating from the cirque headwall. The Lake South of Nuptse site is located about 9.25 km southwest of

the Mt. Everest summit on the southern slope of Nuptse (7,861 m), between a large lateral moraine of

the Nuptse Glacier and an unglacierized rock ridge. Cold conditions during fieldwork delayed the seasonal

melt-out of these high-alpine lakes, so samples were taken from holes chipped through ice or from partially

melted lake margins. During the sampling season, nocturnal temperatures frequently fell below -10�C;
along with recurrent snowfalls, this contributed to slow springtime green-up of alpine vegetation.

Duplicate 1 L samples (for a total of 20) were collected in sterile Nasco Whirl-Pak Easy-To-Close polyeth-

ylene sample bags (1064.7 mL) and filtered within 2 hours back at camp or at the water source (weather

dependent). All samples were filtered using single-use ANDe pre-assembled filter-pak cartridges contain-

ing a 47 mm cellulose nitrite 1.0 mm pore filter (Smith-Root Inc, Vancouver WA, USA), attached to Thermo

Scientific�Nalgene� Reusable Filter Holders with a 1 L receiver and a Nalgene� hand vacuum pump with

gauge (30 cc, with tubing) (Thermo Fisher Scientific, MA, USA). We used the 1.0 mm filters, as we knew the

ponds around Mt. Everest have a high degree of glacial silt which would clog smaller filters. For ponds that

were frozen with no liquid water access, we used an ice tool to break a small hole in the top layer of ice and

inserted the filter cartridge several centimeters into the water to filter one liter of water per cartridge. The

filter was then quickly removed from the cartridge with a sterile pair of single-use forceps and transferred to

a sterile 50 mL conical tube with 0.5 mL of 95% molecular grade ethanol to preserve DNA on the filters. The

filters were subsequently air-dried and stored at ambient temperature until they could be processed.
DNA extraction and sequencing

DNA was extracted from the filters using the QIAamp DNA Mini Kit (QIAGEN Inc., CA, USA). QIAGEN

extraction procedures followed the manufacturer’s protocol and the final extract was eluted twice with

50 mL DNase/RNase-free water into group A and B aliquots. DNA concentration for all aliquots was

measured by Nanodrop (Thermo Fisher Scientific, MA, USA). Samples were prepared for two sequencing

approaches: (1) DNA metabarcoding with cytochrome oxidase 1 (CO1) primers; and (2) whole genome

shotgun (WGS) metagenomic sequencing. The higher DNA concentration Group A aliquot was sent to

Genewiz for WGS sequencing (Genewiz, Inc. South Plainfield, New Jersey 07080, USA). There, the DNA

samples were re-quantified by Qubit and treated with RNase A to eliminate RNase contamination. DNA

concentration ranged between 10 and 850 ng/sample. We also included two control samples, TS34 (a blank

filter) and TS36 (a blank DNA extract without a filter), from which, compared to the water samples, DNA was

not detectable by Qubit and there was insufficient DNA for analysis. The sequence libraries for WGS were

sequenced on an Illumina HiSeq 4000 with 150bp paired-end reads.

Conventional PCR targeting the mitochondrial CO1 region was performed with 3 mL of DNA extracts from

the group B aliquots. Degenerate primers were purchased from IDT Technologies, Coralville, IA, USA. We

tested several published primers on a sequence alignment of 131 vertebrates and invertebrates that are

known to occur in the Everest region. Primers were chosen based on themaximumproduct size feasible (be-

tween 150 - 500bp) for the Amplicon EZ NGS platform (Genewiz, Inc. South Plainfield, New Jersey 07,080,

USA). For amplification of 358bp of the CO1 gene from invertebrates (macroinvertebrates and arthropods),

0.5 mL of 100 mM B-Forward primer (50-CCIGAYATRGCITTYCCICG-30) (Hajibabaei et al., 2012, 2019; Maja-

neva et al., 2018), 0.5 mL of 100 mM B-ForwardMOD primer (50-CCIGAYATRGCITTYCCNCG-30), and 1.0 mL
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of 100 mM of R5-Reverse primer (50-GTRATIGCICCIGCIARIACIGG-30) (Gibson et al., 2014) were added to a

50 mL reaction containing 3 mL of DNA template, 20 mL of DNase/RNase-free water, and 25 mL of AmpliTaq

Gold 360 Master Mix (2X concentration) (Thermo Fisher Scientific, MA, USA). For amplification of 353 to

469bp of the CO1 gene from vertebrate species, 0.5 mL of 100 mM B-Forward primer (50-CCIGAYATRGCIT

TYCCICG-30), 0.5 mL of 100 mMB-ForwardMODprimer (50-CCIGAYATRGCITTYCCNCG-30), 0.5 mL of 100 mM
of a modified version of reverse primers DegHCOI2198Mod (50-TAAACTTCAGGGTGACCAAARAAYCA

GAA-30) (Lorenz et al., 2005), and 0.5 mL of 100 mM of reverse primer CO1_long - 6597 (50-AAGAATCAGAA

TARGTGTTG-30) (Townzen et al., 2008) were added to a 50 mL reaction containing 3 mL of DNA template,

20 mL of DNase/RNase-free water, and 25 mL of AmpliTaq Gold 360 Master Mix (2X concentration). Samples

were amplified by conventional PCR using the following cycling conditions: 95�C for 5 min, followed by 50

cycles of 94�C for 30 seconds, 45 �C for 45 seconds, and 72�C for 45 seconds, followed by a final extension

step of 72�C for 5minutes. Positive PCR products from vertebrate and invertebrate PCR reactions (amplified

separately) were combined for each sample and enzymatically treated with ExoSAP-IT� (Affymetrix; Santa

Clara, California 95051, USA), and normalized to 20 ng/mL using Qubit dsDNA BR assay kit (Thermo Fisher

Scientific, MA, USA). PCR products were sent to Genewiz for adaptor ligation (forward sequencing read:

50-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-30, reverse sequencing read: 50-GACTGGAGTTCA

GACGTGTGCTCTTCCGATCT-30) and metabarcoding sequencing using their EZ-Amplicon NGS deep

sequencing service on an Illumina MiSeq with 250bp paired-end reads (Genewiz, Inc. South Plainfield,

New Jersey 07,080, USA). Raw data has been uploaded to the NCBI Short Read Archive under Bioproject

ID: PRJNA629845.
QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics

For both DNAmetabarcoding and WGS datasets, sequence adapters were removed by Genewiz and read

quality control was assessed with FastQC v0.11.8 (Andrews, 2019) and summarized with MultiQC

v1.8.(Ewels et al., 2016) The respective pipelines used to analyze each dataset are presented in Figure S3.

Two software pipelines were used to classify microbial taxa from the WGS reads. In the Genewiz pipeline,

WGS reads were taxonomically classified using Kraken v0.10.5-beta to align shotgun reads to their custom

k-mer indexed database, built on �60,000 genomes (archaea, bacteria, viruses, protozoa, and fungi)

compiled from RefSeq v76 using Jellyfish v1.1.1 for k-mer indexing (Figure S3B, Data S2) (Guillaume and

Kingsford, 2011; O’Leary et al., 2016;Wood and Salzberg, 2014). Classification results were then normalized

according to genome size with Genewiz custom scripts prior to downstream analyses. Kraken classifications

were summarized for cyanobacteria and eukaryotic microorganisms. For the Kraken analysis, we used a

threshold of 0, which corresponds to 95.43% precision for genus rank identification (Sensitivity 77.32%, F

score 85.43) (Kraken taxonomic sequence classification system, n.d.) Because genus-level rank has high

precision with Kraken, we felt confident using this threshold for assessing order-level rank.

For bacterial classifications, we used SingleM v0.13.2 (Woodcroft, n.d.) to classify bacteria by order and

phylumwith both the default set of single-copy ribosomal protein genes and theGreengenes 16S database

(McDonald et al., 2012). We generated operational taxonomic unit (OTU) tables for each sample with the

‘‘singlem pipe’’ command, and combined the results from the ribosomal and Greengenes analyses. The

OTU tables were filtered (Data S1) to remove repeated taxonomic identifications between markers and

hits with fewer than 10 reads. We also removed hits to eukaryotic taxa per author recommendation that

SingleM was not designed to assess the eukaryotic community.

There are several available pipelines for taxonomic classification of metabarcoding datasets. However, due

to the limited resolution of classification in our dataset and difficulty in validating taxon identifications for

our data using other methods, we developed a pipeline that allowed us to directly verify contig sequence

quality and taxon identity both visually and statistically (Figure S3C). Using Geneious Prime v2019.2.3,

metabarcoding reads were trimmed to remove reads with an average Phred quality score <20 and read

length <150bp with BBDuk (Bushnell, 2015). Next, paired reads were merged with the ‘Merge Paired

Reads’ option and primers were removed (allowing up to 5 mismatches). After trimming, reads >200bp

were kept for de novo assembly using the Geneious assembler. De novo assembly parameters were set

to ‘Custom Sensitivity’ with the following settings: a maximum of 1% gaps per read, a minimum overlap

of 100bp, ignore words repeated more than 200 times (ensure each contig will comprise only closely

related sequences), a maximum of 2%mismatches per read, and a minimum overlap identity of 98%. These
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parameters were selected to ensure contigs were comprised of highly similar sequences. Contigs with

quality score <90% (%HQ metric) were also removed. To classify taxon identity of the contig sequences,

we compared the resulting contigs against the full nucleotide NCBI database with BLASTn 2.6.0+ (Altschul

et al., 1990; Federhen, 2012).

The BLAST search was restricted to the top 10 hits with >70% sequence similarity and >80% query coverage

with respect to the NCBI reference. Taxonomic information (phylum, class, and order) from NCBI was

added with the R package taxize v0.9.92 based on genus and species matches from the BLAST results

(Chamberlain and Szocs, 2013). For downstream analysis, we removed short contigs (<200bp) and

increased sequence similarity stringency (>80%) to reduce non-specific taxon identifications. We also

removed off-target contigs that were not mitochondrial genes, as well as potential contaminant sequences

that were identified as human DNA. In the BLAST analysis of metabarcoding data, we obtained classifica-

tions for 15,833 contigs, made up of 358,810 reads. Out of these reads, 626 (making up 20 contigs) matched

90-100% to a human or primate reference sequence from GenBank from the following samples: TS13, 153

reads; TS14, 257; TS15, 97; TS16, 5; TS18, 2; TS19, 34; TS20, 2; TS21, 4; TS23, 3; TS24, 55; TS25, 8; TS26, 2;

TS27, 4. This makes up a small proportion of the classifiable reads (0.17%). These 20 contigs were removed

from downstream analysis, leaving 15,813 contig taxon identifications made up of 358,184 reads. There was

subsequent filtering to remove off-target non-mitochondrial sequences and matches of greater than or

equal to 80% sequence similarity. We did not determine the source of the human DNA, but it could be

from lab contamination or due to sample collection at sites where people were present. Finally, contigs

represented by one read were removed (singletons), such that all remaining contigs used for downstream

analysis were represented by >2 reads/contig, had >80% sequence similarity to the NCBI reference, had

>80% query coverage matching the NCBI reference sequence, and were >200bp long (Data S4). For

analyzing the metabarcoding COI sequences, we chose 80% as the threshold based on an internal valida-

tion study of COI sequence similarity thresholds at the intraspecific (99%), intragenus (85%), intrafamily

(83%), and intra-order (80%) levels for Arthropoda including Ephemeroptera, Plecoptera, and Trichoptera

(Uchida et al., 2020).

To extract eukaryotic taxa from theWGS dataset, we mappedWGS reads to reference genomes as a rough

method of reducing off-target sequences and especially removing bacterial sequences (Figure S3D). Since

eukaryote DNA is already in low abundance in this dataset, we mapped to mitochondrial or chloroplast

reference genomes as mitochondrial and chloroplast DNA are more abundant than nuclear DNA. We

chose nine references from NCBI for a variety of animal and plant species that span the range of eukaryotic

kingdoms to analyze against each sample. Note that a tenth reference (NC_023939.1) was also used as a

test to compare how two closely related references (NC_023939.1 and NC_040970.1, Tetraogallus tibeta-

nus and Gallus gallus) behaved in pulling out targets from a test sample (TS20) (Table S3).

Read mapping to reference genomes was conducted with BWA-MEM v0.7.15-r1140 (Li, n.d.). After map-

ping, SAM files were converted to FASTQ files with SAMtools v1.9 (Li et al., 2009) and mapped reads

were de novo assembled with SPAdes v3.10.1(Bankevich et al., 2012) to form longer contigs. We checked

taxon identity via BLAST search against the full NCBI nucleotide database. BLAST results were limited to

the top 10 hits per contig with >70% sequence similarity and >90%query coverage with respect to the NCBI

reference sequence (Data S5). If SPAdes failed to form contigs, we conducted the BLAST search onmerged

and unmerged reads that were processed with BBMerge v38.22 (Bushnell, 2015). For reads mapped to the

chloroplast reference genome (Juniperus recurva), we removed off-target non-chloroplast gene hits. We

also removed possible contaminants, including any matches to human DNA. For quantifying the phyla

and orders detected using this data, we further sorted the BLAST data table for >85% sequence similarity

to count unique phyla and orders (Data S6, Total phyla and order detected). Mapping the WGS data to

reference mitogenomes is an exploratory approach we applied to "fish out" additional DNA sequences

of potential eukaryotic origin. A similar mitogenomics approach was used to identify beetle species by

mapping WGS data to assembled mitogenomes associated with COI barcodes (Crampton-Platt et al.,

2015). Because this method relies on WGS data mapped to complete mitochondrial references, there

are limitations to this approach. Thresholds are likely to be different between taxonomic groups and

cannot be assumed to be the same for non-barcode regions. We tested various sequence similarity thresh-

olds using this method and found that using lower thresholds (70–80%) introduced implausible order iden-

tities. A threshold of 85% eliminated these outliers, leaving identifications more consistent with metabar-

coding results and with species that were observed in our sampling area vicinity. Thus, we found 85%
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served as an effective minimum threshold for preventing type I errors, based on manual checking of se-

quences extracted for this environment and study site.
Species richness curves

To assess how many potential orders could be detected by using eukaryotic reference genomes to initially

map WGS reads, we plotted a richness curve by modeling a non-linear asymptotic regression using the

mean number of orders detected with all possible combinations of the 1-9 reference genomes we utilized

in this study using a custom R script (Motulsky and Christopoulos, 2004). The position of the asymptote is an

estimate of howmany total potential orders could be present within ourWGS data, but this is likely an over-

estimate as each additional genome is likely to decrease the average phylogenetic distance between all

reference genomes, which could result in fewer additional sequences mapped to each additional reference

genome.

To assess how many potential orders could be detected using a certain method across the region, we

plotted richness curves by modeling asymptotic non-linear regressions using the mean number of orders

detected when using all possible combinations of the duplicates and non-merged duplicates from this

study. Results from merged duplicates are shown for all asymptotic regressions plots in each figure.
Defining OTU’s for heatmap analysis

We generated operational taxonomic unit (OTU) tables for each dataset (Data S1, Data S2, Data S3, Data

S5). TheOTU counts for replicate site samples were combined, but raw data are available in Supplementary

data files. We defined OTUs by taxonomic order, as this was the lowest taxonomic rank with the best res-

olution and representation across both datasets.

The WGS dataset taxon identifications for microbial eukaryotes are based on Kraken sequence read clas-

sifications from different regions of the genome. The outputs of the Kraken reports were used to derive the

number of sequences per taxa in each sample to generate the OTU table.

For the metabarcoding dataset, OTUs were defined from CO1 contigs identified to taxonomic order. We

chose taxonomic order to be consistent with the WGS dataset and because contig species identifications

are based on having >85% sequence similarity to the reference sequence. This threshold is not sufficient to

confidently determine family, genus or species identity. The OTU table was generated by counting the

number of contigs identified to a given order per sample.
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