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The perennially ice-covered Lake Enigma,
Antarctica supports unique microbial
communities
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Northern Foothills of Victoria Land, Antarctica contains numerous hydrological formations, ranging
from small surface streams and ponds fed by glacial or snowmeltwater to permafrost lakes containing
briny pockets. Here we describe the discovery of a massive body of unfrozen stratified oligotrophic
water in Lake Enigma, a permanently ice-covered lake previously thought to be frozen from top to
bottom. A remarkable feature of the Lake Enigma microbial ecosystem is the presence, and
sometimes even dominance, of ultrasmall bacteria belonging to the superphylum Patescibacteria, a
group apparently absent fromAntarctic lakes in thewell-studiedMcMurdoDry Valleys. Cyanobacteria
are virtually absent from Lake Enigma ice and water column although they are well represented in its
extensive and diverse benthic microbial mats. Collectively, these features reveal a new complexity in
Antarctic lake food webs and demonstrate that in addition to phototrophic and simple chemotrophic
metabolisms, both symbiotic and predatory lifestyles may exist.

Limnologically studies of perennially ice-covered freshwater Antarctic lakes
including physical, hydrological, geochemical, and microbiological inves-
tigations have been conducted primarily in two ice-free desertic regions: the
McMurdo Dry Valleys (MDV), located in the southern part of Victoria
Land (77.7°S; 162.6°E), and the Untersee Oasis (UO), located in Dronning
Maud Land (71.3°S; 13.5°E). The MDV contains over 20 perennially ice-
covered lakes andmanymore meltwater streams and ponds that have been
intensively studied since 19571–11, whereas the UO contains two large
hydrological formations, Lake Untersee and Lake Obersee, systematically
studied since 198812–15. Studies of MDV lakes have shown that their major
propertiesare a functionof several factors including thepermanentpresence
of an ice cover that prevents wind mixing and atmospheric exchange,
geochemical and biogeochemical activities in the ice, water column, and
sediments that form distinct and highly stable chemical gradients, and
variations in water supply and types16–20. Similar relations were found in
Lakes Untersee and Obersee21,22. Strong physical and chemical gradients
within MDV and UO ice-covered aquatic habitats create a unique
microbial-dominated ecosystem that is both complex and diverse14,19,22–33.

In this study, we focus on Lake Enigma (74°42’55”S 164°01’19”E), a
perennially ice-covered lake positioned between Boulder Clay and
Amorphous Glaciers in the Northern Foothills (Northern Victoria Land)
of Antarctica (Fig. 1). While some Antarctic lakes, like Lake Vanda,
maintain relatively warm bottom water temperatures1,2 others like Lake
Vida (Victoria Valley, MDV) are frozen from top to bottom34. Well-
studied MDV lakes such as Lakes Bonney, Hoare, and Fryxell, and UO
lakes Untersee and Obersee have subzero water columns under a per-
manent ice cover25,27, and Lake Enigma falls into this category. Collec-
tively, these lakes provide an exceptional environment formicrobial life in
with temperatures hovering near 0 °C and where shifts in density of bulk-
phase H2O can affect cellular systems35. Thus, knowledge of the simila-
rities and differences in the microbial communities of these lakes is
foundational to understanding biology in Antarctica, a primarily micro-
bial continent.

Lake Enigma36 is irregularly lobate-shaped and elongated between its
northwest and southeast edges and fills a depression with an area of about
140,000m2. The average annual air temperature in this region is –14 °C
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(maximum +9.6 °C; minimum –40.7 °C) and mean annual precipitation
about 250 kgm−2 per year (www.climantartide.it). Ice melt in Lake Enigma
occurs only in the summer season and only by a few decimeters in the
shallower parts of the lake37–39. Prior ground-penetrating radar (GPR) sur-
veys have shown that this region contains numerous frozen saltwater bodies
with characteristic lake-ice blisters40,41. Lake Enigma is the largest hydro-
logical formation among them and received its informal name from the
presence on the surface near its center of a peculiar thin veneer of debris and
ice-cored debris cone formed from the glacial drift that characterizes the
Boulder Clay area39,42.

Based on a GPR survey carried out by Lozej et al43., the bottom of Lake
Enigma was described as dipping gently from NW to SE and up to 10m in
depth, with a likelihood that the water columnwas completely frozen to the
bottom; this conclusion is consistent with results from drilling adjacent to
the ice-cored debris cone,which reportedno liquidwater down to a depth of
4.3m depth42. The veneer of debris has an irregular elliptical shape that
varies from a few centimeters to one decimeter in depth and is composed of
angular and sub-angular granitoid, diorite, and metamorphic clasts up to
1m in diameter. Additional drillings have shown that this large frozen
mound contains an ice core beneath a shallow surficial debris cover38,42,43.
This suspended arrangement of the ‘debris cone’ separated from the lake
bottom can best be explained by upward accretion of basal ice beneath the
lake ice sheet, resulting in the gradual uplift of debris from the lake bottom38.
Such a process of ascending lake ice formation almost certainly requires the
periodic influx of liquid water from beneath, the origin of which is yet to be
discovered.

In addition to low precipitation and intense solar evaporation, ice in
Lake Enigma experiences strong sublimation from katabatic winds that
blow for more than 100 days a year at speeds up to 135 km h−1 39,44. Due to
such harsh climatic conditions, it is estimated that Lake Enigma should lose
70,000–200,000m3 of ice annually and its ice surface dropby 50–150 cmper
year39,44. From over 60 years of aerial photography data, the area of Lake
Enigma has fluctuated significantly, with a maximum lake ice cover of
141,000m2 recorded in 198538,39 (Supplementary Fig. 1). Given the aridity
and low snowpack of the Northern Hills region, precipitation alone is
insufficient to recharge Lake Enigma at the rate of estimated annual sub-
limation losses, and hence some form of drainage system must exist.
However, noneof thedrillings undertakenprior to our researchhas revealed
liquid water, leading previous researchers to conclude that the Lake Enigma
ice sheet extends to an undetermined depth36,38.

Our objective in this work is to explore the geochemistry and micro-
biology of Lake Enigma and compare these with the limnology and
microbial diversity of MDV lakes10,16,23,27–32. During the XXXV Italian
Expedition to Antarctica (November 2019–January 2020), we drilled
through the ice cover at several points selected from a GPR survey. Using a
clean-access and compliance approach to sampling Antarctic subglacial
aquatic environments45, a massive body of unfrozen stratified oligotrophic
water covered by up to 11m of ice was discovered and sampled. The height
of the present-day water column under the ice cover reaches at least 12m
but may be even deeper. In our study, several geochemical properties were
assessed that showed that the lake basin is tightly isolated from the atmo-
sphere and is meromictic, with a pronounced thermocline and chemocline.
The composition of microbial communities sampled from surface ice,
various layers of the stratified water column, and well-developed benthic
microbial mats, was also characterized. Analysis of these communities
demonstrate that Lake Enigma supports a phylogenetically diverse and
high-biomass microbial ecosystem that stands unique among Antarctic
perennially ice-covered lakes.

Results and discussion
Discovery of unfrozen water masses in Lake Enigma
Our GPR survey conducted on Lake Enigma consisted of a grid of 12
profiles, oriented ENE/WSW, i.e., perpendicular to the major axes of the
lake, and five profiles, oriented NNW/SSW for a total of about 40 km
(Supplementary Fig. 2A). The reflectivity of GPR signals depends on the
contrast in the dielectric constant of the materials through which the radar
wave passes. The strongest contrast generates a high-energy reflected wave,
and this behavior allows assumptions to be made about materials and their
physical state. In particular, the ice/rock–ice/water interface varies con-
siderably, suggesting the presence of liquid phases such as a subglacial lake,
pond, or thin film over the bedrock. Three GPR profiles from Lake Enigma
(Supplementary Fig. 2B) exhibited a powerful specular reflection due to the
strong change in reflectivity compared with that observed along the shores
of the lake where the contact between ice and rocks occurs. The returned
energywashigh enough to generate up to three reflections in thefirst layer of
ice. The amplitude’s increment of reflected waves often exceeded 11 dB
corresponding to a transition from an ice/bedrock to an ice/water
interface46. In addition, the presence of a thick layer of water led to strong
attenuation of radar signals preventing significant reflection from the lake
bottom.

Fig. 1 | Investigation area, the Lake Enigma ice thickness and positioning of drilling points performed. Ice thickness points were interpolated by kriging method (linear
variogram). Base map Geoeye−1 mosaic image (Data provided by the European Space Agency). Coordinates are reported in UTM58S projection (WGS84).
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Based on the above soundings, a total of six lake sites were identified as
candidates for drilling operations andwere named drilling points DP#1 to 4
and DP#C21 to 22 (Supplementary Table 1). The selection of drilling
locations was aimed at intercepting the various interfaces identified from
GPR data analysis (presence of potential ice/water and/or ice/rock inter-
faces, as well as ice blisters/bubbles). Drilling operations at DP#1, DP#3 and
DP#C21 sites ceased at ice depths of 6, 12 and 9m, respectively, when drill
penetration was blocked due to significant amounts of clay (DP#1), sand
(DP#3) and small stones (DP#C21). The estimated lake depth estimated by
the GRP survey at DP#1 and DP#3 matched the achieved depths and
confirmed that the lake was frozen to the bottom at these two locations. By
contrast, GPRdata showed that the lake depth atDP#C21was> 20m.Thus,
the fine rock deposits encountered during drilling were considered to be an
intermediate layer,whichpreventeddrilling frombeing completedusing the
thermal head penetration method.

Liquidwaterwasdiscovered inDP#2,DP#4andDP#C22. Ice thickness
at these sites according to extrapolation of the GPR data varied from a few
meters to about 16m. Drilling operations confirmed these estimates,
showing an ice depth of 6.3m at DP#2, 8.4m at DP#4 and 11.0m at
DP#C22. The total lake depth (including ice cover)measured at these points
was thus 9.3, 23.0, and 22.5m, respectively. It should be noted that, starting
from 480m on the C-C′ section, GPR data revealed a topographical
depression of unknown depth with a steep rise at the end, thus closing the
lake basin. Underwater camera video taken at the bottom of DP#C22
confirmed the presence of such a depression southeast of the drilling site,
suggesting that the lake is indeed much deeper than previously suspected
(SupplementaryVideo 1). These data place Lake Enigma among the deepest
lakes in Victoria Land behind the MDV Lakes Bonnie, Hoare, Joyce, and
Vanda47.

Water column stratification of Lake Enigma
Using field multi-sensor measurements, profiling of key chemical and
physical parameters was initially performed in situ. A comparative analysis
of the data obtained from the deepest drilling points DP#4 and
DP#C22 showed that the geochemistry of thewater columnof Lake Enigma
resembles that of a meromictic lake. The main water body of the lake at a
depth of more than 12.5m had a near-zero temperature with subzero
temperatures observed near the bottom at DP#C22 (Fig. 2). The upper
layers of the Lake Enigma water column had a higher pH than lower layers
(pH 10.0–10.2 versus 9.5–9.7 at the 6m-thick metalimnion). When
approaching the hypolimnion, pH values gradually decreased more from
8.8 to 8.2 near the lake bottom at DP#4 and DP#C22, respectively. The
metalimnion, located at a depth of 12.5 to 18m, was additionally char-
acterized by relatively stable and extremely high concentrations of dissolved
oxygen (up to 50mg L−1) and total salinity of 1.05–1.12 g L−1. Marginally
higher salinity (up to 1.50 g L−1) with a simultaneous decrease in both dis-
solved oxygen concentration and pHwas observed in the deepest part of the
Lake Enigma hypolimnion. According to all analyzed profiles and taking
into account different depths at all three drilling points, the water columnof
DP#2accurately reproduced the characteristics of the epilimnionof both the
water columns of DP#4 and DP#C22 (Fig. 2). Thus, it is likely that the
stratifiedwatermasses discovered andmeasured at locations separated by a
distance of 245 to 300m are actually interconnected and thus parts of a
single hydrological entity—the body of Lake Enigma (Supplemen-
tary Fig. 3).

Geochemistry of the Lake Enigma water column and sediments
Total dissolved solids (TDS) as determined in the laboratory were sig-
nificantly higher than those measured in situ using the YSI multiprobe
sensor (Supplementary Table 2). These corrected values increased from the
ice surface to the lake bottom from 91.5 to 1802mg L−1, indicating that the
Lake Enigma hypolimnion can be considered brackish, according to
Rusydi48. The overall chemical composition was dominated byNa+ and Cl−

(Fig. 3A),which representedonaverage 68%of total cations and71%of total
anions. This composition is in agreement with the literature data recently

reviewed by Porcino et al49. for Terra Nova Bay lakes. On average, the
predominance ofmajor cations and anions in Lake Enigmawas in the order
of Na+ > Ca2+ > Mg2+ > K+ and Cl− > SO4

2- > HCO3
−+CO3

2-. The
measured Na+/Cl−molar ratios in the lake water samples (from 0.77 to 1.3;
Fig. 3B), lower than those recorded in ice samples (ca. 1.8), were in agree-
ment with those reported for ground ice from Amorphous Glacier (from
0.79 to 2.2650) but lower than those fromBoulder ClayGlacier (from 1.98 to
1150). Accordingly, lake water replenishment in Lake Enigma likely occurs
from the Amorphous Glacier. A more detailed description of Lake Enigma
hydrochemistry is presented in Supplementary Text.

The lithology of the Northern Foothills region is composed primarily
of granite, granodiorite, and metamorphic rocks, best described as
muscovite-bearing monzogranites with characteristic microcline- and
quartz-plagioclase mineral assemblages37,51,52. Accordingly, the spectro-
chemical analysis of sediments collected at all drilling points revealed a
predominance in the bedrock of the silicate-rich minerals albite, kaolinite,
muscovite and quartz (Supplementary Fig. 4). Silicate weathering under
closedhydrological conditions, i.e. where no replenishment ofCO2 from the
atmosphere canoccur, likely contributed to the alkalinepHvaluesmeasured
in the lakewater body, aspreviouslyproposed forLakeUntersee53.Generally
speaking, Br (in mg L−1) and As, B, Li and Rb (in μg/L) mimicked those for
Na and Cl, with the highest concentrations found below the depth of 13m.
This would suggest a common source for both the main and trace solutes.
No further information can be obtained by NO3

− and NH4
+ since their

content is often slightly over or below the instrumental detection limit (0.1
and 0.01mg L−1, respectively).

Theδ18OandδDvalues obtained from the analysis of samples collected
from Lake Enigma are reported in Supplementary Table 3 and Fig. 3C. The
lake water samples showed δ18O values ranging between−27.6 to−24.6‰
vs. V-SMOW whilst those of δD varied from −212 to −193‰ vs.
V-SMOW. All of them did not have a typical refreezing slope, but are
distributed on or near the Global Meteoric Water Line (GMWL:
δD ¼ 8× δ18Oþ 1054) and align along the local meteoric water lines
defined by Masson-Delmotte et al.55 and Fernandoy et al.56, i.e. AMWL
(δD ¼ 7:75× δ18O� 4:93) and LMWL (δD ¼ 7:83 × δ18O� 0:12),
respectively.Unlike lakewater, the surface layer of theLakeEnigma ice sheet
was isotopically much heavier (δ18O =−18.4‰ vs. V-SMOW and δD=
−146‰ vs. V-SMOW) (Fig. 3C). Notably, epilimnetic lake waters showed
a slight enrichment in heavier isotopeswith respect to deeperwaters tending
towards the ice composition, possibly supporting the hypothesis of melt-
water inflow fromneighboring glacier(s) (Fig. 4). The adjacent BoulderClay
and Amorphous Glaciers display distinct isotopic compositions related to
their diverse origin: AmorphousGlacier was interpreted as pure continental
ice, whereas Boulder Clay was suggested to include a marine ice
component36.Ashighlighted inFig. 3C, themeasured isotopic compositions
determined in water samples were consistent with those reported for the
ground ice from surface and deeper layers of Amorphous Glacier (δ18O:
from−28.9 to−17.3‰ vs. V-SMOWand δD: from−224 to−139‰ vs. V-
SMOW) and lighter than those from Boulder Clay Glacier (δ18O: from
−22.3 to −7.82‰ vs. V-SMOW and δD: from −175 to −63.1‰ vs. V-
SMOW). Accordingly, and in agreement with evidence from geochemical
data, water isotopic data indicate that Lake Enigma is fed by subsurface
waters most likely originating from the Amorphous Glacier. This hypoth-
esis, however, assumes that subglacial water of Amorphous Glacier exists,
and perhaps only sporadically, in an unfrozen state.

Amongother anomalies concerning the bulk seawater components,we
observed more than 100-fold elevated F− anion contents in Lake Enigma
waters (Supplementary Table 4). For subglacial Lake Whillans, a trend
towards high F− concentrations has been explained as a potential influence
of subglacial volcanism in the upstream catchment57. Although this lake is
located in close proximity to the active volcanoes Mt. Melbourne
(74°21'06''S 164°41'50''E) and Mt. Rittmann (73°26'57.2''S 165°29'46.9''E),
the presence of geothermally active zones near Lake Enigma is not
documented58. Considering all these prerequisites, as well as the difference
in the altitudes of these hydrological formations (175m asl for Lake Enigma
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and 360 to 1100m asl for the Amorphous Glacier), an interconnected
cryptic drainage system, sealed from the atmosphere, may experience sig-
nificant hydraulic pressure on the lake bottom from a tightly closed hidden
drainage system of pressurized water flowing from Amorphous Glacier to

Lake Enigma. If true, this could explain twoof itsmost puzzling features: the
existence of a stable hydrological formation in the cold Northern Foothills
desert and theoccurrenceof ahugeboulder (that takes the formof bothahill
and an island) in the center of the lake, separated from the lake bottom.

Fig. 2 |Water column stratification of the Lake Enigma water column.Vertical profiling of temperature, dissolved oxygen, total salinity and pH across the water columns
measured in situ using YSI multiprobe sensor.
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Macroscopic observation of microbial life
The perennially ice-covered lakes of Antarctic cold deserts provide a stable,
low-disturbance environment that supports only microbial life19,26,27,30,59.
In the photic zone, the bottoms of these lakes are commonly covered
with complex three-dimensional microbial mats of varying
morphology14,28,29,31–33, reminiscent of microbial assemblages from Earth’s
early biospherewidespread in thermal regions and shallowmarine basins on
Earth today60,61. Thus, these lacustrine ecosystems of the Antarctic cold
desert have been considered by many to be suitable sites for early life on
planet Earth3,24,28,62,63.

Consistent with the above, underwater videos (Supplementary
Video 2, 3) taken at drilling points DP#2 and DP#4 showed the
bottom of Lake Enigma to be covered with microbial mats of two
different sympatric morphologies. At the bottom of DP#2 (depth
9.3 m), prostrate benthic microbial mats had a variable morphology
resembling a crumpled thick carpet, sometimes forming large
amorphous tree-like structures up to 40 cm high and up to 50 to
60 cm in diameter (Fig. 4A, B). In contrast, the prostrate benthic
microbial mats observed at DP#4 (23.0 m) were flat and very thin
( < 3 cm) with a congeneric distribution of vertically raised small

Fig. 3 | Geochemistry of the Lake Enigma ice and liquid water samples. Piper
diagram for the collected ice (circles) and liquid water (squares) samples fromDP#2
(black symbols), DP#4 (red symbols) and DP#C22 (blue symbols) sites collected
from Lake Enigma (A); Na/Cl molar ratio vs. TDS (mg L−1) diagram for ice (circles)
and liquid water (squares) samples fromDP#2 (black symbols), DP#4 (red symbols)
and DP#C22 (blue symbols) sites collected from Lake Enigma (B); δD-H2O vs.
δ18O-H2O (in‰ vs. V-SMOW) diagram for ice (circles) and liquid water (squares)
samples from DP#2 (black symbols), DP#4 (red symbols) and DP#C22 (blue

symbols) sites collected from Lake Enigma (C). The literature data from (i) lakes in
the Terra Nova Bay (grey triangles), including Lake Enigma (magenta triangles),
compiled by Porcino et al.49 and (ii) Boulder Clay and Amorphous Glaciers (green
cross and star symbols, respectively) from Gragnani et al.50 are also reported for
comparison. The Na/Cl molar ratios for seawater (0.86; blue dashed line), marine
aerosol (0.87; dark cyan dashed line) and halite dissolution (1; black solid line) are
also shown. The Global Meteoric (GMWL)54, the Local Meteoric (LMWL)55 and the
Antarctic Meteoric Water Line (AMWL)56 are also shown.
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elongated cuspate pinnacles ranging from 25 to 45 mm in diameter
and up to 50 to 100 mm in height (Fig. 4C, D). Both types of
microbial mats collected from drilling points DP#2 and DP#4 con-
sisted of a superficial filamentous green-brown layer covering a soft,
creamy (both in color and consistency) amorphous structure without
signs of lithification. Visual inspection of the surface laminae of these
prostrate microbial mats using epifluorescence and confocal micro-
scopy confirmed the absolute dominance of autofluorescent

filamentous cyanobacterial (oscillatorians) morphotypes, densely
grouped in agglomerated structures along with bacterial cells iden-
tified by both DAPI and CARD-FISH (Fig. 5). Mat samples were
initially analyzed by confocal laser scanning microscopy, and their
upper layers were found to have an absolute dominance of fila-
mentous cyanobacterial (oscillatorians) morphotypes. The dom-
inance of filamentous cyanobacteria in benthic phototrophic
communities in Antarctic perennially ice-covered lakes is well

Fig. 4 | Underwater and surface photography of Lake Enigma and its sur-
roundings.Underwater survey of the bottomof Enigma Lakemade at three different
drilling points: A, B DP#2 (depth 9.3 m); C, D DP#4 (depth 22.5 m); E, F, DP#C22

(sampling depth 22.0 m). Evidence of supraglacial meltwater inflow from Amor-
phous Glacier to the surface of Lake Enigma evidenced during the XXXV Italian
Antarctic Expedition on January 3, 2020 (G, H).
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documented29,31–33,64. No cells of Archaea were observed in microbial
mat samples using CARD-FISH. A similar morphology of microbial
mats with cuspate pinnacles, consisting primarily of cyanobacteria,
was found in ice-covered Lake Vanda (McMurdo Dry Valleys,
Antarctica)65,66. Their photosynthetic activity has been demonstrated
in microbial mats at depths of at least 40 m, suggesting that these
benthic communities are responsible for the bulk of primary pro-
duction in this highly oligotrophic lake67. In addition to high biomass
yield, intense oxygenic photosynthesis causes oxygen supersaturation
of unfrozen water, a phenomenon observed in many perennially ice-
covered Antarctic lakes68, including Lake Enigma.

The bottom of the DP#C22 site was observed as a steeply plunging
slope in a southeast direction. Located at a shallower depth thanDP#4, the
bottomofDP#C22was devoid ofmicrobialmats (Fig. 4E, F). This absence
of microbial mats is likely due to a combination of two factors that limit
light penetration of solar energy necessary for the development of pho-
tosynthetic microbial mats: a thicker ice cover and the aforementioned
presence of a huge field of boulders lying on the surface of the ice sheet in
the immediate vicinity of DP#22 and thus obscuring the bottom at this
drilling point.

Diversity estimation of Lake Enigma microbial communities
General characteristics of DNA obtained from a total of 19 samples are
summarized in Supplementary Table 5 and Supplementary Fig. 5. A total of
551,427 16S rRNA gene sequences were obtained, ranging from 16,485 to
76,343 sequences per sample, which belonged to a total of 1531 distinct
amplicon sequence variants (ASVs) (Supplementary Table 6). Consistent
with the approach used to characterize both prokaryotic and algal com-
munities in lacustrine and hydro-terrestrial environments of East
Antarctica69, filtered ASVs derived from eukaryotic organellar DNA
(chloroplast 16S rRNA sequences) were also analyzed.

A total of eighteen bacterial phyla and three eukaryotic phyla (all
unicellular phototrophs)were identified in the surface ice, layers of stratified
water column, and microbial mats. 16S rRNA gene sequences belonging to
Archaea were not detected, even in assays using archaea-specific primers.
Rarefaction curves with 99.9–100% coverage were obtained for each ASVs
library processed, indicating that a sufficient sampling ofmicrobial diversity
was obtained fromall threeLakeEnigma compartments.Despite the limited
number of drilling sites sampled, alpha andbeta diversity analyses revealed a
clear pattern of differentiation of microbial communities in various macro-
scale habitats of Lake Enigma. Both DP#2 and DP#4 showed an increase in
microbial biodiversity with depth, with the fewest number of identified
ASVs in the surface ice and thewater layer just below the ice (Supplementary
Table 6). At the DP#2 site, approximately 80 to 90 ASVs were detected at a
depthof 7.8mand just above themicrobialmat covering the lake bottom. In
contrast, despite the average similarity (90.7 ASVs in the corresponding
samples), in the more stratified water column of DP#4, large variations in
the number of ASVs were found—from 50 to 178 ASVs. The Inverse
Simpson, Shannon, and Chao1 indices showed comparable values, and
microbial biodiversity increased significantly in the deepest part of Lake
Enigma, especially in the benthicmicrobialmats atDP#2andDP#4; at these
sites, 245 and 278 ASVs were identified with indices of 116.59 and 75.90
(Inverse Simpson) and 4.84 and 4.98 (Shannon Diversity), respectively.

Beta diversity between samples collected from different depths and
matrices (surface ice,water column, andmicrobialmats)was analyzedusing
UniFrac (weighted and unweighted)70 and Jaccard and Bray−Curtis
distances71 as detailed in the Materials and Methods. The contributions of
the two selectedunweightedUniFracprincipal components todifferences in
microbial community compositions were 16.0% and 29.2 individually
(Supplementary Fig. 6). Beta diversity analysis separated Lake Enigma
microbial communities into four main categories: microbial mats, surface
ice, shallow water (up to 17m), and deep water as confirmed by an

Fig. 5 | Merged image of confocal laser scanning
microscopy (CLSM) of superficial photosynthetic
laminae of prostrate microbial mat collected from
the drilling point DP#2. Non-autofluorescent cells
stained with DAPI (blue), eubacterial cells identified
by both DAPI and CARD-FISH (green); auto-
fluorescent cyanobacteria (red). Bottom and right
panels show stratification of microbial aggregates.
Bar = 40 μm.

https://doi.org/10.1038/s43247-024-01842-5 Article

Communications Earth & Environment |           (2024) 5:741 7

www.nature.com/commsenv


ANOSIM test (Supplementary Table 7). Water sample DP#2-NEAR
represents a fifth category, positioning itself closer to the microbial mat
cluster than the water column groups. Considering that this sample was
collected only a few centimeters above the microbial mat surface, the pos-
sible migration/displacement of organisms from the mat cannot be ruled
out. Because most samples collected are grouped into distant clusters,
regardless of location, habitat type is themost important factor determining
themicrobial community structure of Lake Enigma. As shown by statistical
analysis using envfit and ordisurf functions in vegan (Supplementary
Table 8, 9; Supplementary Fig. 7), there are several important hydrological
factors in the stratifiedwater columnof Lake Enigma, such asfluctuations in
both pH and temperature, which likely shape the planktonic microbial
populations. The Mantel test using the R microeco package72 was further
applied to evaluate the correlation between physicochemical parameters
and structure of five target phyla: Cryptophyta, Actinobacteriota, Bacter-
oidota, Pseudomonadota, and Candidate Phylum Patescibacteria. Along
with pH and temperature, chemical factors that statistically influenced
variability in the composition of Bacteroidota, Actinobacteriota and Ca.
Patescibacteria included sodium and boron (Fig. 6 and Supplemented
Table 10). By contrast, ammonium, lithium and fluorine, although showing
a significant p value (0.03), have very low r values, indicating that their
variation does not significantly influence microbial population structure in
Lake Enigma.

Microbiome profiling
Bacteroidota, Actinobacteriota and Pseudomonadota (previously Proteo-
bacteria) were among themost abundant bacterial phyla in all Lake Enigma
habitats, accounting for nearly 60%of all taxonomically analyzed 16S rRNA
gene sequences (Fig. 7, Supplementary Fig. 8). However, already at the
phylum level, strong differences were found in the microbial communities
in ice, in thewater column, and inmicrobialmats.With the exception of the

bacterial phyla, all remaining 16S rRNA gene sequences (25.3%) recovered
from the ice were greater than 99% identical to chloroplast sequences
obtained fromvarious samples ofAntarctic glaciers andhigh-altitudeArctic
snows and were distantly related to chrysophytic (Heterokontophyta)
chloroplasts. Taken together, these data indicate extremely low diversity of
the ice-associated microbial community, and this contrasts with what has
been found in the ice cover of MDV lakes9,26.

The Lake Enigma water column was characterized by a high relative
abundance of 16S rRNA gene sequences from cryptophyte chloroplasts
(20.6% of all 404,704 water column sequences analysed). These photo-
trophic organisms were found predominantly in the water column and
represented by 65 distinct ASVs distantly related to Teleaulax amphioxea
(highest sequence identity of 98.87%). Their distribution in the water col-
umn was fairly uniform, with a slight preference for the warmest layers
(Fig. 8). The second phytoplankton-specific phylotype, represented by
Nannochloropsis-related species (Eustigmatophyceaea), was present at
almost 2% in all water column sequences. Unlike cryptophytes, the last
groupof phototrophic protistswas foundonly in thewater columnofDP#4.
Given the absence of cyanobacterial 16S rRNAgene sequences in any of the
water column layers analyzed—in contrast to MDV Lake Fryxell29—these
eukaryotic phototrophs may play a key role in carbon cycling in the Lake
Enigma water column, fixing inorganic carbon during austral summer. It is
worth noting that cryptophyte populations inhabiting MDV Lakes Vanda
and Bonney are able to supplement phototrophy with heterotrophy (bac-
terial grazing) and in this way maintain metabolic activity during the dark
polar winter73. Thus, the DP#4 group of phytoplankton may also play an
important role in carbonandnutrient cyclingduring thedark fall andwinter
seasons.

Cyanobacteria (Cyanobacteriota) are an important part of the photo-
trophic components of both planktonic and benthic communities in per-
manently ice-covered Antarctica lake14,28,29,74–76. However, in stark contrast

Fig. 6 | Correlation between target phyla and physiochemical parameters of Lake
Enigma assessed using the microeco package72. The coefficient of correlation (r)
represents the correlation between the two factors, the width of the line denotes the

level of the correlation, and the color indicates statistical significance based on 9999
permutations (p < 0.01, p < 0.05). Pearson’s correlation coefficient matrix shows the
relationships among dependent variables.
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to these ecosystems, cyanobacteria in Lake Enigma are only present in
benthic microbial mats (Fig. 8). Molecular analyses revealed 10 distinct
cyanobacterial ASVs in Lake Enigma microbial mats. Despite the macro-
morphological differences between the DP#2 and DP#4 microbial mats,
significant structural similarities were present in their cyanobacterial
composition (Supplementary Fig. 9). Additionally, there were two specific
ASVs that accounted for 44.51 and 2.46% of the relative cyanobacterial

abundance in the mat communities of DP#2 and DP#4, respectively.
Although we were unable to unambiguously assign them to any recognized
cyanobacterial phylotypes, both clustered with uncultured cyanobacteria
distantly related to the deeply divergent class Vampirovibrionia (order
Vampirovibrionales) (Supplementary Fig. 10), none of which are known to
be phototrophic77,78. Overall, the majority of assigned cyanobacterial ASVs
were closely related to environmental sequences, enrichments, and isolates

Fig. 7 | Circos-Chord diagram of microbial com-
munity composition in the ice, water column and
microbial mats of Lake Enigma. A All retrieved
taxa at the phylum level are represented according to
Illumina-sequencing read counts and habitat types
(upper hemisphere) and proportional to overall
Lake Enigma diversity richness (lower hemisphere).
B Proportional composition of microbiota at the
phylum level reconstructed from each Lake Enigma
habitat type. The relative distribution ofminor phyla
(presented in <0.1% of total Illumina-sequencing
reads) is shown in detail separately as bubble chart.
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from microbial mats from several Antarctic lakes, including MDV Lakes
Fryxell, Hoare and Vanda31–33,79,80.

In addition to the heterotrophic bacterial phyla of Bacteroidota,
Actinobacteriota and Pseudomonadota, there were eight other phyla
common to planktonic and benthic mat microbiota (Fig. 9, Supplemen-
tary Fig. 11). Four of them,Patescibacteria (5.99%),Chloroflexota (4.58%),
Verrucomicrobiota (4.39%) and Planctomycetota (2.72%), collectively
account for almost one fifth of taxonomically assigned Lake Enigma 16S
rRNA gene sequences. The phyla Acidobacteriota, Bacillota, and Gem-
matimonadotahad relative abundances greater than1% in their respective
microbial communities and were more abundant in microbial mats
compared with the water column, whereas the phylum Dependentiae,
althoughminimally represented, showed the opposite trend. This is where
the similarity at the phylum level between these two communities ends,
and, in addition to the already discussed phylum Cyanobacteria, the
remaining rare ( < 1% presence) phyla Armatimonadota, Bdellovi-
brionota, Chlorophyta, Myxococcota, Deinococcota, Desulfobacterota,
Fibrobacterota, Latescibacterota and Nitrospirota were specific to micro-
bial mats (Supplementary Fig. 11). Phylogenetic evidence for both N2-
fixing cyanobacteria and nitrite-oxidizingNitrospira species was obtained
but only from microbial mats. Moreover, the sixfold predominance of
nitrite-reducing Gemmatimonadaceae in mats compared to the entire
water column suggests that nitrogen cycling occurs primarily if not
exclusively in benthic mat communities.

The LakeEnigmamicrobiota is enrichedbyultrasmall bacteria of
the superphylum Patescibacteria
A remarkable feature of the Lake Enigma ecosystem was the presence and
sometimes even dominance (for example, constituting 54.3% of the com-
munity in the DP#2-NEAR water layer) of organisms belonging to the
superphylum Patescibacteria, also called Candidate Phyla Radiation (CPR)
(Fig. 10). Phylogenetic affiliation of 133 related ASVs showed a distribution
within at least 9 different classes of Patescibacteria, with only three similar
sequences found in the ice cover (4.8 m deep)81 and brine of Lake Vida
(MVD)82 and in benthic moss pillars of the fresh water Lake Hitoke-Ike
(Skarvsnes Forland, Antarctica)83. Although a diverse array of ultrasmall

bacteria were present in Lake Enigma, no clear phylogenetic link to source,
trophic state of the ecosystem, ambient temperature, salinity or the presence
of oxygen was observed (Supplementary Fig. 12).

These tiny bacteria, representing 5.53% and 8.84% of the total plank-
tonic and benthic microbial communities of Lake Enigma, respectively, are
extremely small cells (average diameter 200–350 nm) and contain highly
reduced genomes (average size 1 Mbp) and minimal cellular activities
including limited metabolic potential84,85. As a consequence, these bacteria
have adopted an obligate symbiotic or predatory lifestyle, relying entirely on
their respective prokaryotic host cells, either of Bacteria85–87 or Archaea88.
Species of CPR are phylogenetically diverse and ubiquitous but are parti-
cularly abundant in microaerobic and/or anaerobic zones of lakes, sedi-
ments, and groundwater89,90. This is because all known CPR species lack
genes encoding citric acid cycle and oxidative phosphorylation functions,
suggesting anadaptation to a strictly fermentative lifestyle84,86. Therefore, the
discovery of a relative high abundance of Patescibacteria in the hyperoxic
water column of Lake Enigma was surprising and hints at additional
metabolic capabilities of this group.

CPRs have been reported in hypoxic habitats in Antarctica such as
permafrost, desert soils90,91, and endoglacial hypersaline brines92. However,
before our study of Lake Enigma, CPRs had not been found in perennially
ice-covered lakes. One explanation for this may be a bias caused by the
commonly used ≥0.22 µm pore size filters to collect bacterioplankton; such
filters would allow the smaller CPR cells to pass through. To test this
hypothesis, additional filtration of 0.22 µm-penetrates of samples DP#4-
21.3m and DP#4-22.5m samples was carried out using a 0.1 µm filter. On
such filters, Patescibacteria were highly enriched (Wilcoxon signed-rank
test, P < 0.001) by 4.22 and 15.32 times compared to their recovery on
0.22 µm-filters (Fig. 10). This agrees with previous studies in which free-
living ultrasmall Patescibacteria cells were enriched using fine-pore
filters86,93,94. The significant abundance of Patescibacteria in the 0.22 µm-
filtered sample DP#2-NEAR ( > 50% of community) likely reflects cells of
Patescibacteria firmly attached to much larger host cells. That such cells
were recovered from Lake Enigma but not fromMDV lake waters is further
evidence of the novelty of the Lake Enigma ecosystem and the apparent
absence of ultrasmall bacteria from MDV lakes.

Fig. 8 | Vertical distribution of unicellular pho-
totrophs across Lake Enigma habitats. The abso-
lute count of Illumina-sequencing reads related to
these organisms is shown.
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Based on 16S rRNA gene sequence data (35,103 sequences tax-
onomically assigned to Patescibacteria and grouped into 133 different
ASVs), thehypolimnion andmicrobialmats of LakeEnigmahad thehighest
percentage of CPR classes; ‘Ca. Paceibacteria’, ‘Ca. Saccharimonadia’, ‘Ca.
Gracilibacteria’ and ‘Ca. Microgenomatia’ were the most abundant groups.
These findings are consistent with an extensive analysis of bacterioplankton
from 17 Eurasian lakes that showed that representatives of these classes are
more common in the hypolimnion, regardless of their trophic state95,96.
Because most Patescibacteria remain uncultured, it is difficult to make
assumptions about their specific hosts. However, some representatives of
the class ‘Ca. Saccharimonadia’ were successfully co-cultivated with an
actinobacterial host97–99, while members of the class ‘Ca. Gracilibacteria’
have been maintained in stable binary cultures with gammaproteobacterial
hosts87,100; both of these hosts are abundant in Lake Enigma. Thus, it is likely
that Patescibacteria are important components of the Lake Enigma
microbiome and may express unique metabolic traits in order to thrive
under hyperoxic conditions. This finding highlights the complexity and
diversity of food webs in Antarctic permanently ice-covered lakes, with
symbiotic and predatory lifestyles a possibility not previously recognized.

Conclusion
Perennially ice-covered freshwater ecosystems are hotspots of biodiversity
in Antarctica’s polar deserts, providing a year-round oasis for microbial
life. This study describes a unique example of these ecosystems by adding
the massive freshwater Lake Enigma, one of the deepest hydrological
formations in Victoria Land. The lake has an unusual geochemistry and
microbial diversity and is isolated from the external environment by a
permanent ice cover 9 to 11 meters thick. The ice overlies a highly stable,
pressurized, and chemically stratified water column of at least 12m, the
source of which is likely the nearby Amorphous Glacier. It is clear that
Lake Enigma contains distinct ice-associated, planktonic, and benthic
microbial communities. The ice-sealed planktonic and benthic micro-
biota of Lake Enigma likely represent persistent legacy biota that arose
from the lake’s ancient microbial ecosystem before the freeze-up. Overall,
Lake Enigma microbiota occupy different trophic levels within a simple
aquatic food web, ranging from primary production to ectosymbiosis and
predation. The ultrasmall Patescibacteria in particular may play unusual
roles in the lake’s ecosystem that do not play out in other ice-covered
Antarctic lakes.

Fig. 9 | Vertical distribution of abundant bacterial taxa across Lake Enigma
habitats. Absolute numbers of Illumina-sequencing reads are shown only for the
abundant bacterial groups, namely >2% of the total number of reads detected in the

surface ice, water column, and microbial mats, respectively. *According to NCBI
taxonomy,members of the phylumPseudomonadota have been divided intoAlpha-,
Beta- and Gammaproteobacteria classes.
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Materials and methods
Drilling activity using the ‘clean access’methodology
During the XXXV Italian Expedition to Antarctica (November 2019-
January 2020), three different approaches were successively used to drill
Lake Enigma: the initial phase of drilling to a depth of up to 3m using an
electric drill (StrikeMaster Combo 40 V 150mm, Rapala, USA) followed by
two different types of ‘thermal drilling’ for deeper penetration. The first
employed a custom-made thermal head melt drilling (THMD) system that
used thermal resistors integrated in the perforator head, similar to those
designed by Li et al. 101. The second employed hot water drilling (HWD) for
thermal penetration. To do this, the ice crumbs formed as a result of
mechanical drilling at the initial phase were collected, boiled, and hot water
was returned back into the drilled well. The THMD consisted of a 40 cm
long x 3.5 cm-wide stainless tube (3mm thick) connected to a 40 cm long
solid brass head containing 6 RS PRO cartridge-heating elements (200W,
220 V [RS Components MI, Italy]). The device can be used either tied to a
rope or securely screwed to a rigidly assembled guide system consisted of
modular stainless tubes (1.5m long) extending to the surface. Both THMC
andHWDreusewater obtained fromcrushed ice to create the access port to
the ice-sealed lake.As the returned drillingwater passes through the drilling
system at the surface, it is filtered, UV-treated and pasteurized to 100 °C
before being returned into the drilling well. THMD and HWD were used
individually or together depending ondrilling depth anddrilling difficulties,
such as deposits of ice-cemented rubble that did not allow mechanical
drilling using ice-specific tools. These thermal drilling approaches, are fully
compliant with the SCARCode of Conduct for Subglacial Research and are
known as ‘clean hot water drills’102.

Sampling procedures and field measurements
After access to the lake, redox potential, conductivity/total salinity, water
temperature, pH and dissolved oxygen were measured using a YSI model
6600 Environmental Monitoring System (multiprobe) sensor at regular
0.5-m depth intervals along each vertical profile in boreholes DP#2, DP#4
andDP#C22.After initial data analysis, thewater columnwas sampled from
the ice-water interface to the bottom, according to the identified

stratification. Between 2 and 5 L of lake water was collected from each
chosen layer using a peristaltic pump (Millipore C419, Merck, Italy) and
pre-sterilized tubing and polycarbonate bottles. The collected samples were
immediately transported to the Italian base Mario Zucchelli Station (MZS)
and processed in theMZS laboratory within 6 h after sampling for chemical
and biological analyses. From each sample, two unfiltered aliquots were
transferred to 125mL polyethylene bottles for the analysis of major anions
and water stable isotopes. One filtered (0.45 μm) and acidified (0.5mL
ultrapure HCl) aliquot from each sample was transferred to 50mL poly-
ethylene bottle for the analysis of major cations.

To analyze Lake Enigmamicrobiota, samples ofmelted surface ice and
lake water were filtered through 0.22 µm Sterivex filters (Durapore; Milli-
pore, Billerica, MA, USA) using a peristaltic pumping system. Filters were
then stored in lysis buffer (40mMEDTA, 50mMTris/HCl, 0.75Msucrose)
at −20 °C. Since the identified stratification was identical in the nearby
drilling wells DP#4 and DP#C22, a total of 15 samples representing the
shallow (DP#2) and deep (DP#4) compartments of Lake Enigma were
selected for further biomolecular analyses. To gain insight into the diversity
of ultra-small ( < 220 nm in size) bacteria, after filtering the deepest lake
water samples, DP#4-21.5m and DP#4-22.5m, the 0.22 µm penetrant was
further filtered using a 0.1 μm pore-size polycarbonate filters (type GTTP;
Millipore, Eschborn, Germany). All filters were stored at −20 °C until
processed for total DNA extraction in Italy. For community composition
analysis by CARD-FISH, aliquots (15mL each) were fixed with a for-
maldehyde solution (Sigma Aldrich; final concentration 1%). Before pro-
ceeding with the DNA extraction, the Sterivex filters were first thawed on
ice, then 400 μL of TE buffer (pH 8.0), containing lysozyme (5mgmL−1)
and proteinase K (0.2 mgmL−1, final concentrations) was added inside the
cartridges; the cartridges were then shaken for 5 s and incubated for 10min
at room temperature. A total of 1.6mL of QRL1 lysis buffer (containing β-
mercaptoethanol) was added inside the Sterivex cartridges and DNA
extraction was performed using a Qiagen RNA/DNA Mini Kit (Qiagen,
Milan, Italy) according to the manufacturer’s instructions. The DNA
samples were further concentrated using a microconcentrator (Centricon
100; Amicon, Millipore, Billerica, MA, USA). The quantity, integrity and

Fig. 10 | Vertical distribution of Patescibacteria across Lake Enigma habitats.The abundance of ASVs belonging to different Patescibacteria (CPR) classes is shown as the
absolute number of filtered and analyzed Illumina-sequencing reads. ASVs that constituted less than 1.0% of relative abundance in any CPR class were not added to the plot.
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purity of DNA was checked and evaluated using both agarose gel electro-
phoresis, and a NanoDrop® ND-1000 Spectrophotometer (Wilming-
ton, DE, USA).

As video recording showed, the lake floor at the drilling points DP#2
and DP#4 was completely covered with benthic microbial mats. For bio-
logical analyses, they were sampled from both boreholes using a modified
gravity coring approach.Due to the extremely soft composition ofmicrobial
mat spread on the rocky bottom, itwas not possible to recover intact benthic
samples using traditional gravity coring technology. To collect themicrobial
mat material, a pre-sterilized stainless-steel cylinder (25 cm long, 10 cm
wide and 4mm thick), sharpened from below, was inserted into the
microbial mat and the detached material trapped inside the cylinder was
lifted to the surface through a presterilizedone-inch diameter sampling tube
(Masterflex 96499 or Norprene®) tightly connected to the core using a
peristaltic pump (Millipore C419, Merck, Italy). The collected mat material
was immediately delivered to the MZS field laboratory, where it was cen-
trifuged at 2000 x g and 4 °C for 2min and divided into two sub-aliquots
(50− 100mL each): one was stored directly at−20 °C, while the other was
fixed with 50% ethanol (Sigma Aldrich) before storage at −20 °C until
further processing.

Epifluorescence and confocal microscopy
In order to visualize the 3D structure of the mat, Catalyzed Reported
Deposition - Fluorescence in situHybridization (CARD-FISH) was applied
as described previously103,104. Specific rRNA-target Horseradish peroxidase
labeled oligonucleotidic probes (Biomers, Ulm, Germany) targeted Bacteria
(EUB338 I-III), and Archaea (ARCH915). Cells were then stained with
DAPI solution, at room temperature in the dark for 15min, followed by a
second staining of 0.15mM Calcofluor-white (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany), at room temperature in the dark for 4min,
for Extracellular Polymeric Substances (EPS) visualization. The stained
mats were then observed under a confocal laser scanning microscope
(CSLM; Olympus FV1000). Both DAPI stained cells and EPS were excited
by 405 nm light and emitted at 430 to 470 nm (blue color). The hybridized
Bacterial cells were excited with the 488 nm line of an Ar laser (excitation)
and observed in the green channel from 500 to 530 nm (emission). Cya-
nobacteria were discriminated by their red autofluorescence. Cyanobacteria
were excited with the 543 nm line of a He−Ne laser and observed in the red
channel from 550 to 660 nm. The three-dimensional reconstruction of
CSLM images was elaborated by the software IMARIS 7.6 (Bitplane, Swit-
zerland) with 3D volume rendering mode.

Chemical and isotopic analyses of water samples
HCO3

− andCO3
2−were analyzed by acidimetric titration (HCl 0.01 N). The

main dissolved anions (Cl−, SO4
2−, Br−, F−) and cations (Na+, K+, Ca2+,

Mg2+) were analyzed by ion chromatography on Metrohm 761 and
Metrohm 861 chromatographs (analytical error <5%). Water samples
(100mL) were filtered (0.45 μm pore-size nylon filters) and acidified with
ultrapure HCl for dissolved inorganic nitrogen (DIN =NH4

+ +
NH3+NO2

−+NO3
−) determination. NO2

−+NO3
− were assessed on a

Bran + Luebbe autoanalyzer after the reduction of nitrate on a Cu-Cd
column.NH4

++NH3 and phosphate concentrations were estimated by the
salicylate method, as previously described104. To eliminate the interference
of silica, the pH of the solution was adjusted to 1. Water isotope ratios
18O/16O andD/1H, expressed asδ18O-H2OandδD-H2O in‰vs.V-SMOW,
were analyzedusing a FinniganDelta PlusXLmass spectrometer.Analytical
errors for δ18O-H2O and δD-H2O were ±1‰ and ±0.1‰, respectively.

High-throughput 16S rRNAampliconsequencing, bioinformatics
and statistics
Next generation sequencing was used to study the biodiversity of the Lake
Enigma study sites. The V3−V4 variable regions of the SSU rRNA gene
were amplified using the primer pair S-D-Bact-0341-b-S-17 (5’-CCTACGG
GNGGCWGCAG-3’) and S-D-Bact-0785-a-A-21 (5’-GACTACHVGGG-
TATCTAATCC-3)105. Amplicons were sequenced on an Illumina MiSeq

platform by FISABIO, Valencia, Spain (http://fisabio.san.gva.es/en/servicios).
Library preparation and Illumina sequencing were performed according to
standard protocols.106 Raw reads were cleaned of barcodes and primers, then
reads shorter then <150 bp or with ambiguous base calls, and with homo-
polymer runs exceeding 6 bp, were removed. Reads were imported in
RStudio package107 and analyzed using the DADA2 package (v 1.26.0)108 as
described in Cordone et al.109. Due to preprocessing by the sequencing
facility, reads were trimmed using modified filtering parameters (trun-
cLen=c(280,280), maxN = 0, truncQ = 0, rm.phix = TRUE) according to
Crisafi et al.110. A parametric error model, based on the convergence between
the estimation of error rate and the inference of the sample composition, was
applied to remove PCR biases108. Then paired-end reads were merged and
the amplicon sequence variants (ASVs) table was constructed.

After chimeric sequences were removed, taxonomy was assigned to
sequence variants using the naive Bayesian classifier method against the
Silva Database v138 (v138; https://www.arb-silva.de/documentation/
release-138/, and https://zenodo.org/record/4587955#.YgKJlb_MJH4).
Diversity analyses, asAlpha diversity for each sample analyzed (“Observed”,
“Chao1”, “Shannon”, “Simpson” and “Fisher” diversity index) and beta
diversity among the sampled areas (nMDSs usingUNIFRACbothweighted
and unweighted and Jaccard and Bray−Curtis distance) based on ASVs
abundance table obtained from DADA2, were processed using Phyloseq
andMicrobiome packages111,112. A Chord diagramwas performed using the
Jockergoo/Circlize package in R113. The R function envfit and ordisurf in
vegan were used to investigate the role of environmental factors in the
distribution of microbial diversity. The linearity of the correlation between
the rate of change in beta diversity and the variables identified as significant
by envfit was assessed by plotting the non-metric multidimensional scaling
(nMDS) axis against the respective variable. Additionally, the R microeco
package was used to perform a Mantel’s test applying the phylum abun-
dance table and the environmental variables72. The ASVs abundance table
obtained from DADA2 was used by PAST (PALeontological Statistics
V3.25; https://palaeo-electronica.org/) to calculate the ANOSIM test
(ANalysis Of SIMilarities)114 and SIMPER (Similarity Percentage) to assess
which taxa were primarily responsible for any observed differences between
groups of samples100 in order to elucidate abiotic factors that may be con-
tributing to the composition of microbial communities.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The sequencing dataset obtained in this study is freely available through the
European Nucleotide Archive (ENA)/NCBI under the accession number
PRJNA1109609.
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