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ABSTRACT Winter conditions greatly alter the limnological properties of lotic ecosys
tems and the availability of nutrients, carbon, and energy resources for microbial 
processes. However, the composition and metabolic capabilities of winter microbial 
communities are still largely uncharacterized. Here, we sampled the winter under-ice 
microbiome of the Great Whale River (Nunavik, Canada) and its discharge plume 
into Hudson Bay. We used a combination of 16S and 18S rRNA gene amplicon analy
sis and metagenomic sequencing to evaluate the size-fractionated composition and 
functional potential of the microbial plankton. These under-ice communities were 
diverse in taxonomic composition and metabolically versatile in terms of energy and 
carbon acquisition, including the capacity to carry out phototrophic processes and 
degrade aromatic organic matter. Limnological properties, community composition, and 
metabolic potential differed between shallow and deeper sites in the river, and between 
fresh and brackish water in the vertical profile of the plume. Community composition 
also varied by size fraction, with a greater richness of prokaryotes in the larger size 
fraction (>3 µm) and of microbial eukaryotes in the smaller size fraction (0.22–3 µm). The 
freshwater communities included cosmopolitan bacterial genera that were previously 
detected in the summer, indicating their persistence over time in a wide range of 
physico-chemical conditions. These observations imply that the microbial communities 
of subarctic rivers and their associated discharge plumes retain a broad taxonomic 
and functional diversity throughout the year and that microbial processing of complex 
terrestrial materials persists beneath the ice during the long winter season.

IMPORTANCE Microbiomes vary over multiple timescales, with short- and long-term 
changes in the physico-chemical environment. However, there is a scarcity of data 
and understanding about the structure and functioning of aquatic ecosystems during 
winter relative to summer. This is especially the case for seasonally ice-covered rivers, 
limiting our understanding of these ecosystems that are common throughout the boreal, 
subpolar, and polar regions. Here, we examined the winter under-ice microbiome of 
a Canadian subarctic river and its entry to the sea to characterize the taxonomic and 
functional features of the microbial community. We found substantial diversity in both 
composition and functional capabilities, including the capacity to degrade complex 
terrestrial compounds, despite the constraints imposed by a prolonged seasonal 
ice-cover and near-freezing water temperatures. This study indicates the ecological 
complexity and importance of winter microbiomes in ice-covered rivers and the coastal 
marine environment that they discharge into.
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W inter conditions and seasonal ice cover profoundly alter the limnological 
properties of aquatic ecosystems, but the consequences for their microbial 

communities are poorly understood, especially for ice-covered rivers and streams. In 
winter, the water flow in non-regulated rivers is typically lower than at other times of 
year, reducing sediment transport and erosion (1). Temperatures are also lower, reducing 
microbial metabolism and growth rates (2). In addition, inputs from the frozen water
shed, exchanges with the atmosphere, and light availability in the water column are all 
reduced, acting to diminish substrate and energy supply to the microbial communities 
(3).

Winter under-ice pelagic microbial communities can differ markedly from those in 
summer open-water conditions (4, 5), with some microbial taxa that excel during winter, 
while others decrease their activity or enter into dormancy. Seasonal changes in bacterial 
communities can vary according to lifestyle, with evidence that free-living planktonic 
bacteria may have greater temporal stability and lower dissimilarity between seasons 
than particle-associated bacteria (6, 7).

Previous studies based on the identification of microbial community composition 
using amplicon sequencing have inferred that distinct metabolic pathways and energy 
acquisition mechanisms may be favored by winter conditions or maintained despite 
these conditions. For example, in the Saint-Charles River (southern Quebec, Canada), 
the dominant microbial eukaryotes had the potential for phagotrophy and phototrophy 
(8), while the bacterial community composition suggested active carbon, nitrogen, and 
iron cycles in winter (7). These biogeochemical cycles, along with sulfur cycling, were 
also presumed to be active under the ice of coastal lagoons along the eastern Alaskan 
Beaufort Sea, with low organic carbon inputs during winter and depletion of labile 
organic matter favoring chemolithoautotrophic taxa (9). In the same study, the microbial 
eukaryotic community was dominated by heterotrophic and parasitic taxa in winter, 
with little contribution from phototrophs (9). Metagenomic analysis in the same region 
further confirmed these inferences, with a greater abundance of genes involved in 
nitrification, methane metabolism, and chemoautotrophic carbon fixation in winter (10). 
However, the metabolic potential of winter microbiomes remains largely under-charac
terized, with few metagenomic studies to date, notably from Lake Baikal (11), temperate 
and boreal lakes (12), and permafrost thaw lakes (13).

In the present study, we examined the winter under-ice microbiome of a Canadian 
subarctic river and its plume on entry to the sea. The aim was to characterize both 
taxonomic and functional attributes of the winter microbiome. We sampled the Great 
Whale River and its associated plume in late winter when the river and coastal Hudson 
Bay are covered by their seasonally thickest ice. Size fractionation was used to differenti
ate the community composition between free-living prokaryotes and picoeukaryotes 
in a small size fraction (0.22–3 µm) from larger microbial eukaryotes and colonial, 
filamentous, and particle-associated prokaryotes in a large size fraction (>3 µm). We used 
amplicon sequencing to determine the community structure and used metagenomic 
sequencing to assess the metabolic and biogeochemical potential of the community. For 
the latter, we focused on identifying genes associated with nitrogen and sulfur cycles, 
carbon metabolism (carbon fixation and methane cycling), and phototrophic activity 
(photosynthesis and pigments). Additionally, the metagenomes were analyzed to assess 
the community capacity to degrade terrestrially derived aromatic carbon compounds. 
We focused on a set of marker genes for pathways involved in the breakdown of these 
compounds, specifically for pathways that were previously identified in the Canada Basin 
of the Arctic Ocean (14). We hypothesized that the proportional representation of genes 
associated with aromatic carbon degradation would be greater in the river, which is 
directly supplied by terrestrial inputs from the boreal forest-tundra, than in the offshore 
Arctic marine waters that is far from river source waters.
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MATERIALS AND METHODS

Study site and sampling

The Great Whale River is a 726-km-long subarctic river flowing across the Canadian 
Precambrian Shield and discharging into southeastern Hudson Bay, near Whapmagoos
tui and Kuujjuarapik villages, where it creates an extensive buoyant plume (15). The 
river is ice covered more than 6 months of the year [from approximately late November 
to mid-May; (16)]. During this period, the river discharge is reduced, with a minimum 
in April [200 vs 910 m3 s−1 at peak flow in June; (17, 18)]. The Great Whale River water
shed has been widely studied and is viewed as a model system for isolated/sporadic 
permafrost and a sentinel for global change (18). More recently, the microbial communi
ties of the river and its plume during the summer season (19, 20) have been examined, 
and these results showed strong gradients in community structure across the freshwater-
saltwater transition. A study on the winter coastal ice and underlying seawater (21) in 
this area indicated diverse bacterial communities but did not extend upstream or include 
metagenomic analysis.

To encompass a broad range of conditions, 12 samples were collected along a 10-km 
downstream transect of the Great Whale River and its plume into coastal Hudson Bay. 
Sampling was in late winter, from 25 February to 1 March 2019. At the time of the 
sampling, ice thickness ranged from 73 to 110 cm in the river and was 71 cm in the 
plume region (Table 1). Snow cover was variable on the coastal bay ice, and there was 
no snow on the ice where the plume was sampled. Snow depths ranged from 11 to 
53 cm at the river sites. At each site, holes were bored through the ice, and water 
was collected directly beneath the ice using a Kemmerer water sampler. The collected 
water was then transferred to 20 L acid-washed and sample-rinsed LDPE Cubitainers. 
The vertical salinity structure of the plume was determined before sampling, and more 
saline (termed brackish) water samples were collected from 4 m (Fig. 1a). Samples from 
similar habitats were grouped: the three upstream sampling points in the river that were 
characterized by a shallow under-ice water depth (<1 m) and were collected 5–10 m 
apart (RSh sites); the three river samples for which the water depth was greater were 
collected ~2 km apart (R sites); the three plume samples collected under the ice (PS 
sites) and the three brackish samples at 4 m depth (P4M sites; Fig. 1b; both groups were 
sampled from separate bottle casts in the same hole in the ice).

Physico-chemical profiling at each of the sampling sites was obtained with an RBR 
Concerto conductivity, temperature, depth (CTD) logger, and a YSI EXO2 multiparameter 
probe (salinity, temperature, and dissolved oxygen). The profiles were not measured 
for sites R.2 and R.3 due to logistical constraints. Water samples for chemical analy
ses were filtered and subsampled at the Centre for Northern Studies (CEN) research 

TABLE 1 Selected environmental properties along the Great Whale River and plume (mean with SD in 
parentheses; n = 3 unless stated otherwise)a

RSh R PS P4M

Temperature (°C) 0b 0b 0b −0.95b

Snow depth (cm) 46.3 (5.8) 22.7 (13.9) 0b 0b

Ice thickness (cm) 95 (8.7) 87 (20.1) 71b 71b

O2 (mg L−1) 15.65b 16.34b 16.73b 15.45b

Specific conductivity (µS cm−1) 51b 38b 682b 36,010b

DIC (mM) 0.11 (0.02) 0.07 (0.01) 0.09 (0.02) 1.56 (0.02)
DOC (mg C L−1) 6.2 (1.0)c 3.1 (0.1) 3.5 (0.1) 2.7 (0.3)
a320 (m−1) 19.6b 12.7 (0.01)c 12.7 (0.1) 6.3 (1.1)c

SUVA254 (L mg C−1 m−1) 3.93b 4.54 (0.12)c 3.99 (0.14) 2.80 (0.06)c

SR 0.89b 0.88 (0) 0.89 (0)c 1.01 (0.01)c

S289 0.02b 0.02 (0)c 0.02 (0) 0.02 (0)c

aRSh corresponds to shallow river sites (depth <1 m); R, deeper river sites (depth >1 m); PS, plume surface; P4M, 
plume at 4 m depth, DIC, dissolved inorganic carbon; DOC, dissolved organic carbon.
bn = 1.
cn = 2.
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station in Whapmagoostui-Kuujjuarapik within hours of sampling and then shipped to 
Laval University and INRS (Quebec City, Canada) for final analysis. Water was filtered 
until clogging onto pre-combusted, pre-weighed 47 mm GF/F filters (0.7 µm) for total 
suspended sediments (TSS) and onto 0.7 µm GF/F filters for chlorophyll-a concentrations. 
Water samples for dissolved organic carbon (DOC) and colored dissolved organic matter 
(CDOM) concentrations were filtered through pre-rinsed 0.2 µm cellulose acetate filters 
(Advantech MFS).

Laboratory manipulations and analysis

Total phosphorus (TP, detection limit 2 µg P L−1) and total nitrogen (TN, detection limit 
10 µg N L−1) concentrations were determined on unfiltered acidified (H2SO4, 0.1% final 
concentration) water samples using, respectively, the ascorbic acid colorimetric method 
(Standard Methods 4500-PE) and the hydrazine reduction-sulfanilamide colorimetric 
method (Standard Methods 12-107-04-1-E). Dissolved inorganic carbon (detection limit 
0.02 mM) concentration was determined on unfiltered acidified (HCl, 0.05 M) water 
samples using the headspace gas chromatography method. TSS concentration was 
determined by weighing dried filters (80°C for 44 hours). Chlorophyll-a was extracted 
with 95% MeOH, and the concentrations were determined by High-Pressure Liquid 
Chromatography (HPLC) as previously described (22). Technical duplicates of unfiltered 
water samples preserved in glutaraldehyde (1% final concentration) were used to 
determine bacteria and phytoplankton cell concentrations with a BD Accuri C6 flow 
cytometer (BD Biosciences) as previously described (20).

DOC samples were acidified and analyzed by high-temperature catalytic oxidation 
with non-dispersive infrared detection method using a Shimadzu VCPH analyzer 
(Standard Methods 5310 B). Two blanks consisting of filtered ultrapure water were 
analyzed along with the samples to correct for any DOC release from the filters. The 
mean value of the blanks was subtracted from the results. CDOM absorbance was 
measured in a LAMBDA 850 UV/Vis Spectrophotometer (Perkin Elmer). Before conver
sion to absorption coefficients, spectra were blank corrected using ultrapure water, and 
null-point adjustments were made using the mean value from 750 to 800 nm.

The absorption coefficient at 320 nm (a320, m−1) was used as CDOM concentration 
proxy, and the specific ultraviolet absorbance at 254 nm per unit DOC (SUVA254, L mg 

FIG 1 (a) Vertical profile of temperature (bottom x-axis), oxygen, and salinity (top x-axis for both) in the plume. The upper blue-shaded band corresponds to 

the ice cover and two gray bands to the depth strata that were sampled for microbial analysis. (b) Map of the sampling sites along the Great Whale River and its 

plume in Hudson Bay (Copernicus Sentinel-2 data 2019, processed by ESA).
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C−1 m−1) was used as a proxy for organic matter aromaticity (23). The abs_parms function 
of the staRdom package (24) for R was used to calculate CDOM spectral slopes [S; (25)]. 
Spectral slope for the wavelength interval 279–299 nm (S289) was used as an index of 
autochthonous carbon (25, 26) and the spectral slope ratio (SR, S275–285/S350–400) as 
an indicator of molecular weight (27). Some bottles were damaged during transport, 
and DOC data are therefore lacking for site RSh.1 and CDOM data for sites RSh.1, RSh.3, 
R.2, and P4M.1. The HPLC, physical, and chemical data are available in the northern 
environmental data repository Nordicana D (28).

Microbial sample processing and analyses

In the field laboratory, the samples for amplicon analysis were filtered sequentially 
through a 3-µm pore size, 47-mm-diameter polycarbonate filter (large fraction), and 
0.22-µm Sterivex filter unit (Millipore; small fraction) using a peristaltic pump. Samples 
for metagenomic analysis were directly filtered through a 0.22-µm Sterivex filter unit 
(Millipore). Filters were preserved in RNAlater solution (Invitrogen) and stored at −60°C 
for a week at the CEN research station and then at −80°C until DNA extraction. All
Prep DNA/RNA Mini Kit (Qiagen) was used to extract DNA as previously described 
(20). Sample-free controls were processed as regular samples to remove the potential 
contaminants from the final amplicon sequence variant (ASV) table.

Microbial community composition was determined on both size fractions by 
amplification and sequencing of the V4 region of the 16S rRNA and 18S rRNA genes. 
Primers E572F/E1009R (29) were used for microbial eukaryotes and 515F(Parada)/806R 
(Apprill) (30, 31) for prokaryotes (Bacteria and Archaea). Two-step PCR was performed 
to amplify the gene and to add a sample index and Illumina MiSeq adapters. Both PCR 
reaction mixes and PCR conditions were as previously described (20), except the first 
PCR for prokaryote samples from the 3-µm filter for sites R.1, PS.1, and P4M.1, for which 
3 µL of DNA template was used, instead of 1 µL, to ensure amplification. After each step, 
PCR products were purified using magnetic beads (sparQ PureMag Beads, Quantabio) 
after verification on a 1% agarose gel. Final PCR products were pooled equimolarly and 
purified, separately for 16S and 18S rRNA genes, after quantification on a Qubit 2.0 
Fluorometer (Life Technologies) and quality control on a Spark multimode microplate 
reader (Tecan). Sequencing was performed at the Plateforme d’analyses génomiques 
(IBIS, Laval University) on an Illumina MiSeq system (2 × 300 bp). The 3-µm filter sample 
of site R.3 was removed as the amplification was unsuccessful for both the prokaryote 
and microbial eukaryote primers.

To produce an ASV table, reads were imported into QIIME2 [v.2020.8; (32)] after a 
quality check using FastQC [v.0.11.8; (33)]. The denoising and merging of the reads, 
and chimeras removing were made using DADA2 (34). Taxonomic assignments were 
made using the Bayesian classifier implemented on Mothur [v.1.41.3; (35)] with the Silva 
database [v.138.1; (36, 37)] for bacteria and the PR2 database [v.4.12.0; (38)]) for microbial 
eukaryotes. For the final 18S ASV table, we removed ASVs identified as unknown, 
Embryophyceae, metazoa, and Rhodophyta. Unclassified eukaryote taxa were verified 
with the Silva database, and ASVs identified as bacteria were also removed. For the final 
16S ASV table, we removed ASVs identified as unknown, eukaryotes, mitochondria, and 
chloroplasts. Singletons were removed from both ASV tables. After the quality filtering, 
we retained 1,002,943 reads (43,606 ± 13,208, mean ± SD, reads per sample; n = 23) 
for prokaryotes (Bacteria and Archaea) and 426,447 reads (18,541 ± 5,758; n = 23) for 
microbial eukaryotes.

Metagenomic libraries were prepared on the 12 0.22-µm filter samples using a 
Nextera XT Library Kit (Illumina). These were pooled equimolarly and sequenced in two 
Illumina MiSeq (2 × 300 bp) runs at the Plateforme d’Analyses Génomiques (IBIS, Laval 
University). Data sets from the two runs were pooled by sample and quality filtered using 
Trimmomatic [v.0.39; (39)] after quality check using FastQC [v.0.11.8; (33)]. After quality 
filtering, we retained 90,341,424 reads (7,528,452 ± 1,339,597 reads per sample, n = 12). 
Analysis was then done using the SqueezeMeta pipeline [v1.5.1; (40)]. A co-assembly 
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of the 12 metagenomes was done using SPAdes (41) with kmer size of 21, 33, 55, 
77, 99 pb. Prinseq (42) was used to remove short contigs (<200 bps) and to obtain 
contig statistics. Open reading frames (ORFs) were predicted using Prodigal (43) with 
additional ORFs obtained by Diamond BlastX (44). Homology searching against GenBank 
(45) for taxonomic annotation and the KEGG database (46) for the functional annotation 
were done using Diamond (44). Read mapping against contigs was performed using 
Bowtie2 (47) and was used to estimate the abundance of genes in each metagenome. 
To account for possible bias in the coassembly, functional assignments of the reads 
were also performed using Diamond (44) against GenBank (45) and KEGG (46). Metabolic 
pathways, modules, and reactions in which our KOs (KEGG orthology) were assigned 
were determined using KEGG mapper [v.5.0; (48, 49)]. To be considered present, KOs had 
to be present in both data sets. KOs of biogeochemical cycles and metabolic pathways 
of interest (nitrogen, sulfur, and carbon metabolism; photosynthesis and pigments; and 
aromatic compound degradation) that were detected only through direct annotation of 
the reads are mentioned. Unless otherwise noted, all figures representing the metabolic 
potential of the community were made using the coassembly values. Raw sequen
ces are available at the NCBI Sequence Read Archive (https://www.ncbi.nlm.nih.gov/
bioproject) under the bioproject PRJNA999265 for the amplicon and PRJNA999354 for 
the metagenomes.

Statistical analyses

Statistical analyses were performed using R [v.4.2.0; (50)] in the RStudio environment 
[v.2002.2.2.485; (51)] and calculated separately for the microbial eukaryotes and the 
prokaryotes for the amplicon data sets. A total-sum scaling transformation was applied 
on the ASV tables prior to statistical analysis, except for alpha diversity, and on the KOs 
table obtained through direct annotation of the reads. KOs obtained through coassem
bly were normalized by dividing the number of reads for each KO by the number of 
reads assigned to the recA single-copy gene (K03553). Alpha diversity (Chao1 index) 
was calculated with the estimate_richness function of the phyloseq package [v.1.40.0; 
(52)] on ASV tables prior to the removal of singletons. To determine if Chao1 index 
differed by size fractions, Wilcoxon signed-rank test for paired samples was calculated 
with wilcox.test function (stats package) after the removal of sample R.3, as the large 
size fraction of this sample did not amplify. Ward hierarchical clustering (ward.d2 option 
in hclust function, stats package) based on Bray-Curtis dissimilarity [vegdist function, 
vegan package, v.2.6–4; (53)] was calculated at ASV level to visualize the taxonomic 
beta diversity among sampling groups and size fractions and, at KOs level, to visualize 
the functional beta diversity among sampling groups (from the reads and the coassem
bly). To evaluate if the microbial community composition differed by size fraction and 
by sampling group and if the community functional potential differed by sampling 
group (from the reads and the coassembly), a permutational multivariate analysis of 
variance was calculated (permutational MANOVA, 9,999 permutations, adonis2 function, 
vegan package) after the verification of the homogeneity of group dispersions (between 
size fractions and between sampling group, median based, function betadisper and 
permutest, 9,999 permutations, vegan package). To identify KOs that were differentially 
abundant along the river between the shallow and the deeper sites (RSh vs R), and in 
the vertical plume profile between surface water and brackish water at 4 m depth (PS 
vs P4M), a differential abundance analysis was calculated using the DESeq2 package 
[v.1.36.0; (54)] on the raw abundance of KOs from the coassembly (Wald test). KOs 
were considered differentially abundant if the adjusted P-values were ≤0.01 (Benjamini-
Hochberg correction). The z-score (standard deviation from the row mean, calculated 
from normalized gene abundance reads/recA reads) was calculated for KOs differentially 
abundant (Pa ≤ 0.01) that were involved in pathways, reactions, and modules discussed 
in the Results and visualized using ggplot2 [v.3.3.6; (55)]. Constrained ordinations (e.g., 
redundancy analysis) were not performed due to missing limnological variables for some 
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samples and high correlations among the remaining variables suggesting that they are 
confounding (Fig. S1).

RESULTS

Environmental characteristics

Along the river, the limnological variables (Table 1; Fig. 2) differed between samples 
collected at sites with shallow water under the ice (sites RSh.1 = 1 m depth, RSh.2 and 
RSh.3 estimated at ≤1 m; hereafter referred to as shallow river samples/sites) and those 
with deeper water (R.1 = 8.9 m, R.2 estimated at >1 m, and R.3 = 5.3 m; hereafter 
referred to as deeper river samples/sites). Shallow sites had higher DOC, CDOM (a320), TP, 
TSS, phytoplanktonic cell and chlorophyll-a concentrations, and slightly higher specific 
conductivity.

The vertical profile (Fig. 1a) in the plume revealed a transition from cold, fresh, river 
water to brackish, slightly colder, Hudson Bay water at 4 m depth. Limnological variables 
in the freshwater plume (hereafter referred to as plume samples/sites) were similar to 
those at the deeper water river sites, except for specific conductivity, TP, and bacterial 
cell concentrations, which were higher in the plume. The brackish Hudson Bay (hereafter 
referred to as brackish samples/sites) water had lower cell and CDOM concentrations. 
This CDOM had a lower molecular weight (as indicated by SR ratio) and aromaticity 
(SUVA254). However, TP, TSS, and chlorophyll-a concentrations were higher than those in 
the freshwater plume.

Community composition and diversity

Hierarchical clustering revealed that the community composition of prokaryotes (Fig. 
3a) and microbial eukaryotes (Fig. 4a) at the ASV level differed by size fraction and 

FIG 2 Means of selected limnological variables for each group of sites. RSh corresponds to shallow river 

sites (depth <1 m); R, deeper river sites (depth >1 m); PS, plume surface; P4M, plume at 4 m depth 

(brackish water). Circles correspond to individual values, and error bars are SD. n = 3.
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sampling group. Overall, the plume microbial community clustered with the deeper river 
site, while brackish and shallow river samples clustered with their respective replicates. 
Separation by size fraction (permutational MANOVA, prokaryotes R2 = 0.24, P < 0.001, 
microbial eukaryotes R2 = 0.12, P = 0.02; homogeneity of variance in the dispersion 
matrix, prokaryotes P = 0.12, microbial eukaryotes P = 0.74) and by sampling groups 
(permutational MANOVA, prokaryotes R2 = 0.27, P < 0.001, microbial eukaryotes R2 = 
0.59, P < 0.001; homogeneity of variance of the dispersion matrix, prokaryotes P = 0.43, 
microbial eukaryotes P = 0.97) was confirmed by a permutational multivariate analysis of 
variance.

The prokaryote community (Fig. 3b; Fig. S2) was dominated by Gammaproteobacteria 
(mostly Polynucleobacter and unclassified Gammaproteobacteria), Alphaproteobacteria 
(mostly SAR11 clade Ia and Planktomarina for the brackish samples and SAR11 clade 
III for all sampling groups), Bacteroidia (mostly Sediminibacterium and Fluviicola, for all 
sampling groups and unclassified NS9 marine group and Crocinitomicaceae for the 
brackish samples), Verrucomicrobiae (mostly Chthoniobacter and unclassified Verruco
microbiae), and Actinobacteria (mostly hgcI clade and unclassified Sporichthyaceae). 
Unclassified OM190 (mostly in brackish samples), as well as CL500-29 marine group, 
Cyanobium PCC-6307, and CL500-3 were also among the most abundant taxa. Archaeal 
ASVs represented less than 0.1% of prokaryote reads at most sites but accounted for 
0.78%–8.47% in brackish samples, mainly attributed to the genus Nitrosopumilus.

The microbial eukaryote (Fig. 4b; Fig. S3) community was dominated by Dinoflagellata 
for the brackish samples, while Ciliophora and Ochrophyta dominated the other sites 
with a greater relative abundance of the former in the shallow river sites and of the 
latter in the plume and deeper river sites. The most abundant taxa of the microbial 
eukaryote community also included, among others, the division Telonemia, Perkinsea, 
and Katablepharidophyta.

FIG 3 Prokaryotic communities in the Great Whale River and Plume. (a) Ward hierarchical clustering of the prokaryote community at the ASV level. Shapes 

correspond to the size fraction and colors to the sampling group (as identified in panel c). Sample identification corresponds to panel b. (b) Stacked bar graph of 

the read proportions of prokaryote ASVs at class level. Samples are ordered according to the hierarchical clustering in panel a. (c) Bar graphs showing the mean 

Chao1 index of prokaryotes for each sampling group and separated by size fraction (darker colors and circles correspond to large size fraction; lighter colors and 

triangles correspond to small size fraction). Shapes correspond to individual values, and error bars are SD. n = 3 except for R large size fraction (n = 2). Site labels 

are as in Table 1 and Fig. 2 legends. Sample R.3 (>3 µm) is missing as the PCR amplification was unsuccessful.
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Alpha-diversity (Fig. 3c and Fig. 4c) differed between size fractions for both the 
prokaryotes and microbial eukaryotes (Wilcoxon signed-rank test for paired samples, P < 
0.001 in both cases) and was greater for the large size fraction for the prokaryotes and 
the small size fraction for the microbial eukaryotes.

Metagenomic analysis

Metagenome coassembly resulted in 3,620,822 contigs with an N50 of 619 pb and an 
average read mapping of 74% (71.8% ± 1% for RSh sites, 80.7% ± 1% for R, 83.1% ± 1% 
for PS, and 63% ± 5% for P4M). A total of 4,965,927 open reading frames were identified 
with 1,828,305 coding DNA sequences annotated with the KEGG database resulting in 
12,773 KOs. Functional assignments of the reads without assembly resulted in 15,561 
KOs. Most of the KOs (73% for the coassembly and 72% for the reads) were present in all 
sampling groups. Hierarchical clustering of functional beta-diversity (Fig. S4) revealed the 
same general clustering as for the community composition, except one brackish sample 
that was more similar to the plume/deeper river group (permutational MANOVA by 
sampling groups, for the coassembly R2 = 0.67, P < 0.001, for the direct reads annotation 
R2 = 0.75, P < 0.001; homogeneity of variance of the dispersion matrix, coassembly P = 
0.23, reads annotation P = 0.16).

Overview of metabolic potential

The metagenomes were analyzed to evaluate the metabolic potential of the winter 
microbial community, with a focus on nitrogen, carbon, and sulfur metabolism, as 
well as photosynthesis (Fig. 5). Table S1 contains a list of all genes attributed to the 
pathways/reactions described below. Genes associated with these metabolic pathways 
that were significantly (Pa ≤ 0.01) differentially abundant between the two river sampling 
groups (shallow vs deeper sites, Fig. 6a; Table S2) and/or along the vertical plume profile 

FIG 4 Eukaryotic communities in the Great Whale River and Plume. (a) Ward hierarchical clustering of the microbial eukaryote community at the ASV level. 

Shapes correspond to the size fraction and colors to the sampling group (as identified in panel c). Sample identification corresponds to panel b. (b) Stacked bar 

graph of the read proportions of microbial eukaryote ASVs at division level. Samples are ordered according to the hierarchical clustering in panel a. (c) Bar graphs 

showing the mean Chao1 index of microbial eukaryotes for each sampling group and separated by size fraction (darker colors and circles correspond to large size 

fraction; lighter colors and triangles correspond to small size fraction). Shapes correspond to individual values, and error bars are SD. n = 3 except for R large size 

fraction (n = 2). Site labels are as in Table 1 and Fig. 2 legends. Sample R.3 (>3 µm) is missing as the PCR amplification was unsuccessful.
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(surface low salinity vs brackish, Fig. 6b; Table S3) were also identified. In this section, 
when genes are indicated to be differentially abundant in one of the sampling groups, 
we refer to these identified genes.

FIG 5 Means ± SD of the sum of normalized gene abundances (reads/recA reads) associated with pathways/reactions for carbon, nitrogen, and sulfur 

metabolism and for photosynthesis for each sampling group. The list of genes used is provided in Table S1. Bars with multiple pathways/reaction names consist 

of KOs shared between these pathways/reactions, except pmo-amoABC genes, which were added to the sum of reads for nitrification and methane oxidation. 

Significantly differentially abundant genes (adjusted P-values ≤0.01) between shallow and deeper river sites and between plume surface and brackish water are 

presented in Fig. 6a and b.
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FIG 6 (a and b) Z-score (SD from the row mean, calculated from normalized gene abundance reads/recA reads) of significantly differentially abundant genes 

(adjusted P-values ≤0.01) between shallow and deeper river sites (RSh vs R; panel a) and between plume surface and brackish water (PS vs P4M; panel b). The 

genes shown are restricted to those implicated in the reactions outlined in Fig. 5 for nitrogen, carbon, and sulfur metabolism and photosynthesis/pigment. 

(c) Bubble plot of the abundance (reads/recA reads; %) of marker genes implicated in the degradation of aromatic compounds. Marker genes are identified 

by their KEGG number and name of the degradation pathway. 3-Phenylpropanoate and 3-(3-hydroxyphenyl)propanoate* is short for 3-phenylpropanoate and 

3-(3-hydroxyphenyl)propanoate to 2-hydroxypentadienoate. Color represents different sampling groups [RSh, shallow river sites; R, deeper river sites; PS, plume 

surface; P4M, plume at 4 m depth (brackish water)].
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Many genes associated with the nitrogen cycle were identified. Nitrogen fixation 
genes (nifD, nifH, nifK, nifB, nifE, nifN, nifX, and nifZ) were present in some of the samples 
but at very low abundance. Nitrification genes (hao, amoA, amoB, amoC, nxrA, and nxrB) 
were detected in all sampling groups, with a greater abundance of amoB and amoC 
in the brackish sites. The presence of the genus Nitrospira in the amplicon data set 
and the taxonomic assignment to the phylum Nitrospirota of some of the contigs with 
genes encoding for hydroxylamine dehydrogenase and ammonia monooxygenase (Fig. 
S5a and b) suggested a potential for complete ammonia oxidation. Genes implicated 
in denitrification (including nirK, nirS, nosZ, norC, and norB) and in dissimilatory (nirB, 
nirD, nrfA, and nrfH) and assimilatory (nasB, nasC, narB, NR, and nirA) nitrate reduction to 
ammonium were widespread, and many were in greater abundance in the shallow river 
sites.

The KEGG database does not differentiate between genes encoding for methane and 
ammonia monooxygenase (pmoA-amoA, pmoB-amoB, and pmoC-amoC). However, some 
of the pmo genes were classified to the methanotrophic order Methylococcales (Fig. 
S5c), and the presence of other genes involved in methane oxidation (primarily mdh1, 
with mmoX and mmoC present in only some of the samples) indicated a potential for 
methanotrophy within the microbial community. Genes encoding for the methanogene
sis key enzyme methyl-coenzyme M reductase were detected in very few samples and 
only through direct annotation of the reads and not in the coassembly.

Several autotrophic carbon fixation pathways were identified in the metagenomes, 
notably the Calvin-Benson cycle, the Arnon-Buchanan cycle, the Wood-Ljungdahl cycle, 
the 3-hydroxypropionate bi-cycle, and the dicarboxylate-hydroxybutyrate cycle. All KOs 
identified as essential in the KEGG mapper were present in the coassembly data set, 
except K14467 for the dicarboxylate-hydroxybutyrate cycle. This KO, however, was 
detected in a few samples through direct annotation of the reads. Despite the differen
tial abundance of many genes associated with autotrophic carbon fixation pathways 
between our sampling groups, no pathway appeared to be preferentially favored in any 
of the groups.

Genes for sulfur metabolism were numerous, with the potential for oxidation and 
reduction of S-compounds including sulfides (oxidation: fccA, fccB, and sqr), polysulfides 
(reduction: hydA, hydB, hydD, and hydG), thiosulfate (oxidation: soxA, soxB, soxC, soxX, 
soxY, soxZ, TST, doxA, and doxD; reduction: phsA and phsC), tetrathionate (reduction: ttrA, 
ttrB, and ttrC), and sulfite (oxidation: soeA, soeB, soeC, sorA, and SUOX; reduction: asrA 
and asrB). Genes encoding for assimilatory (cysC, cysD, cysH, cysI, cysJ, cysN, cysNC, PAPSS, 
sat, and sir) and dissimilatory (aprA, aprB, dsrA, dsrB, and sat) sulfate reduction to sulfide 
were also present. In the river, most of the genes involved in thiosulfate oxidation were 
more abundant in the deeper sites. Deeper river sites also had greater abundance of a 
gene involved in sulfite oxidation (sorA), while the shallow sites had greater abundance 
of genes involved in assimilatory sulfate reduction (sir, sat) and in the oxidation of 
sulfides (sqr). The brackish water samples had a greater abundance of genes encoding 
for dissimilatory sulfate reduction (aprA, aprB, sat) and reduction of thiosulfate (phsA) and 
tetrathionate (ttrB).

There was evidence of photosynthetic potential with genes involved in photosystems 
I and II and genes encoding photosynthetic antenna proteins for the cyanobacterial 
pigments allophycocyanin (ApcA to ApcF), phycocyanin (CpcA to CpcG), and phycoer
ythrin (CpeB to CpeE, CpeS, CpeT, CpeU, CpeY, CpeZ). Genes for the photoprotective 
pigment beta-carotene were also present (ZDS, crtB, PDS, lcyB, crtISO, Z-ISO). However, 
most of the genes for the light-harvesting chlorophyll protein complexes I and II that are 
characteristic of green algae were absent from most samples. Key genes involved in the 
synthesis of (bacterio)chlorophyll (chlP/bchP, chlG/bchG), bacteriochlorophyll (bchX, bchY, 
bchZ), and bacteriorhodopsin (bop) were present in all samples, and so were the genes 
for anoxygenic photosystems I (pscC) and II (pufl, pufM). The shallow river sites appeared 
to have greater potential for photosynthesis, with a greater abundance of genes for 
photosystems I and II, allophycocyanin, phycocyanin, and phycoerythrin. In comparison, 
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deeper river sites had a greater abundance of genes involved in anoxygenic photosystem 
II and bacteriochlorophyll synthesis.

Potential to degrade aromatic compounds

Numerous marker genes for aromatic degradation pathways that have been previously 
identified in the Canadian Basin of the Arctic Ocean (14) were present in the metage
nomes (Fig. 6c). The most abundant were for the degradation of gentisate I (E1.13.11.4), 
salicylate I (E1.14.13.1), and 3-phenylproponate and 3-(3-hydroxyphenyl)propanoate 
(mhpA). Marker genes for the anaerobic degradation of gallate III (lpdC) and for the 
degradation of pinoresinol (pinA) and γ-resorcylate II (tsdB) were absent from our 
metagenomes. In the river, shallow sites had a greater abundance of the marker gene 
associated with the degradation of 4-methylphenol to protocatechuate (pchF), while 
the deeper river sites had greater abundances for degradation pathways of gentisate I, 
vanillin and vanillate II (vanA), γ-resorcylate I (graA), catechol to 3-oxoadipate (catA), and 
m-cresol (nagX). In the plume vertical profile, the brackish water community had greater 
potential for aerobic degradation of phenol I (E1.14.13.7) and anaerobic degradation of 
4-coumarate (hbaA).

DISCUSSION

The logistical challenges posed by winter sampling (56) and the previously held view 
of negligible biological activity during winter (57) have resulted in a scarcity of data 
and understanding about the structure and functioning of aquatic ecosystems during 
winter relative to summer. This is especially the case for seasonally ice-covered lotic 
environments (58), limiting our understanding of these ecosystems. In the present study, 
which extended a previous work characterizing the summer community composition of 
the Great Whale River and surrounding waters (20), we investigated the composition 
and metabolic capabilities of the winter under-ice microbiome of the Great Whale 
River and its discharge plume into Hudson Bay. We found substantial diversity in both 
community composition and functional capabilities, including the capacity to degrade 
complex terrestrial compounds, despite the constraints imposed by seasonal ice-cover 
and near-freezing water temperatures.

Microbial community composition and diversity

Microbial community composition and richness differed by size fraction, as is often the 
case (59, 60), reflecting community differences in lifestyle for the prokaryotes and in the 
size range of microbial eukaryotes. Although particulate organic and inorganic matter 
concentrations in the Great Whale River have been reported to be lower in winter (61), 
the richness of the prokaryote community was greater for the large size fraction. This 
indicates that particles continued to offer heterogeneous microhabitats and niches for 
bacteria in the water column under the ice as they do in open water (59, 62, 63), despite 
the reduced runoff from the watershed that result in lower particle concentrations and 
likely decreased heterogeneity among particles in terms of size and composition.

For microbial eukaryotes, the greater richness of the small size fraction contrasted 
with the previously reported richness pattern of the summer community, for which 
there were no differences between size fractions (20). This seasonal difference would 
be consistent with a better acclimation of picoeukaryotes to low light and temperature, 
favoring them during the winter season (64). It may also indicate seasonal transitions 
for certain microbial eukaryotes that exhibit size variations throughout various stages 
of their life cycle (e.g., gametes, vegetative cells, and spores). Processes such as asexual 
division or transition to a quiescent stage can also result in a decrease of cell size (65, 66).

Community composition also varied among the sample groups in association with 
changes in the limnological variables. For the river, these changes were related to the 
proximity of the sediments (riverbed) to the ice-cover, while in the plume profile, they 
were related to the transition to a different water mass with higher salinity. At the 
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shallow depth sites, the influence of resuspended near-bottom sediments, including 
bed load particles (67), was more pronounced, likely due to the faster flowing waters 
in the reduced water column between the lower ice surface and the riverbed. In these 
sites, there was a greater relative abundance of ciliates, including the suspension-feed
ing genus Vorticella, which commonly takes on a sessile form that attaches to various 
substrates (68). This suggests an increased immigration of benthic microorganisms into 
the pelagic community of shallow waters. In addition, many of the most abundant 
taxa that were in greater proportion in shallow sites are found in soils, sediment, or 
groundwater including the genus Candidatus Solibacter [Acidobacteriae; (69)] and the 
bactivorous genus Sandona [Cercozoa; (70)].

Coastal Hudson Bay is strongly influenced by river runoff, which creates buoyant 
freshwater plumes that spread out over the marine waters. During the winter season, 
the depth and extent of these plumes increase due to the presence of an ice cover that 
impedes wind-induced mixing with the underlying seawater (15, 71). At the time of the 
sampling, the vertical transition from the Great Whale River freshwater to the marine 
Hudson Bay water was around 4 m depth as indicated by the rapid increase in salinity 
which went from 0.3 PSU at 3.75 m to 24.3 PSU at 4.5 m depth. In a summer sampling 
of the coastal region of Hudson Bay near the Great Whale River, it was reported that a 
coastal site with a salinity (25.33 PSU) similar to the salinity of the bottom layer in our 
vertical profile (24.5 PSU) had a microbial eukaryote community composed entirely of 
marine taxa (19). Here, at 4 m deep, the community consisted of freshwater and marine 
taxa, indicative of the mixing of the two water masses. The prokaryote community 
was dominated by freshwater taxa, while the microbial eukaryotes were dominated by 
marine taxa, mainly Dinoflagellata but also MAST-1A and the ciliate Mesodinium, all 
commonly detected in the summer community of coastal Hudson Bay (19). Among the 
marine prokaryotes present in the brackish samples was the SAR11 clade Ia (Alphapro
teobacteria), a widely distributed and abundant clade in ocean surface waters that plays 
a major role in the carbon cycle (72, 73). Additionally, there were marine taxa that appear 
to thrive under winter conditions, as their relative abundances have been reported 
to increase in winter in some studies, such as the genus Planktomarina (Alphaproteo
bacteria), which is more abundant in the Ofunato Bay (Japan) during winter (74) and 
the ammonia-oxidizing archaeon Nitrosopumilus (75), which increases in abundance in 
winter in the west coast of the Antarctic Peninsula (76), in the Arctic Ocean (77), and in 
the coastal North Sea (78).

The abundance of prokaryotes (ranging from 3.6 to 9.7 × 105 cells mL−1) and especially 
phytoplankton (ranging from 0.3 to 2.5 × 103 cells mL−1, 0.06 to 0.86 µg chlorophyll-a L−1) 
was greatly reduced compared to the previously reported summer values [prokaryotes 
1.8 to 3.1 × 106 cells mL−1, phytoplankton 9.3 to 21.4 × 103 cells mL−1, chlorophyll-a 0.46 
to 1.22 µg L−1; (20)]. Photoautotrophic taxa were not dominant in the microbial eukaryote 
community. This was to be expected as snow covering the ice would greatly reduce the 
photosynthetically available radiation in the water column (79, 80). Punctual exposure 
to light was, however, possible for the microbial community due to the lack of ice over 
some sections of the river a few kilometers upstream of the shallow river sites and the 
absence of snow covering the clear ice in some areas of coastal Hudson Bay.

In lakes, winter blooms of cyanobacteria are reported in the absence of snow 
covering the ice [e.g., references (81, 82)], but the presence of an ice cover can suppress 
the growth of picocyanobacteria (83). In the Great Whale River, cyanobacteria, mainly the 
genus Cyanobium PCC-6307, accounted for a non-negligible part of the community with 
a relative abundance of up to 3%. This contrasts with the lower relative abundance in 
summer [up to 1% of the reads; (20)], although caution should be used when comparing 
relative abundance, as changes in one taxon may be due to changes in total population 
size of the overall community. The greater relative abundance of cyanobacteria in the 
shallow river sites determined by amplicon data was consistent with the metagenomic 
analysis showing a greater abundance of genes associated with cyanobacterial pigments 
such as allophycocyanin, phycocyanin, and phycoerythrin at the same sites. It is also 
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likely that the cyanobacteria were responsible for the higher concentrations of chloro
phyll-a and the greater abundance of genes associated with photosystems I and II in 
these sites. In Lake Tiefer (Germany), cyanobacterial abundance was lower in winter, but 
Cyanobium dominated the community with some ASVs specific to this season suggesting 
a cold-adapted lineage (84).

In the river, the microbial eukaryote community was predominantly composed 
of taxonomic groups such as Ciliophora and Chrysophyceae (Ochrophyta) for which 
mixotrophy and heterotrophy are common features (85, 86). Phagotrophy by these 
taxa would provide a competitive advantage under the low-light conditions encoun
tered in winter by providing alternative carbon and energy sources. Among these 
groups were the omnivorous ciliate Urotricha (87), the mixotrophic ciliate Askenasia 
(88), and Spumella, a colorless, heterotrophic chrysophyte (89). Additionally, predatory 
heterotrophs such as Telonemia (90) and Katablepharidophyta (91) were also relatively 
abundant in the community. Dominant taxonomic groups in the Great Whale River were 
similar to those reported in a seasonal study characterizing the microbial eukaryotic 
community of the Saint-Charles River (Quebec, Canada), in which higher proportions of 
Ciliophora, Chrysophyceae, and Telenomia were observed in winter [cold season; (8)]. 
In that study, the authors also reported a greater relative abundance of Cryptophyta 
and Dinoflagellata during the warm season (8). When comparing our winter data set to 
the previously published values for the summer community of the Great Whale River 
(20), we note a winter decline in the relative abundance of the Dinoflagellata (relative 
abundance ranging from 5% to 18% in summer, while up a maximum of 6% in winter) 
consistent with Cruaud et al. (8) for the Saint-Charles River. There was also a decrease for 
other taxa notably the parasite Perkinsea (up to 39% in summer but only up to 2.5% in 
winter), suggesting a seasonal variation of their host availability, and the heterotrophic 
Choanoflagellida (up to 19% in the summer compared to up to 2% in the winter), 
suggesting that not all heterotrophs are favored by winter conditions. Choanoflagellates 
were more dominant in winter in the sub-Arctic fjord Ramfjorden [Norway; (92)], but 
no seasonal difference was reported by Cruaud et al. (8), indicating that the decline 
we observed may be related to specific local conditions or different choanoflagellates 
community composition.

Many of the dominant bacterial genera in winter, including Sediminibacterium 
(Bacteroidia), the hgcI clade (also known as acI and Nanopelagicales; Actinobacteria), and 
Polynucleobacter (Gammaproteobacteria), were also dominant in the summer commun
ity (20). The latter two are also ubiquitous taxa in freshwater ecosystems that frequently 
constitute a significant proportion of the bacterial community (93–95). Their seasonal 
persistence and dominance likely reflect their ability to grow on both autochthonous 
and allochthonous carbon or to use alternative energy sources, as suggested in a Toolik 
Lake study (Alaska, USA), in which a large fraction of the bacterial community consisted 
of taxa that persisted throughout the year, including many cosmopolitan taxa (96).

Microbial community metabolic potential

While most of the KOs were present in all samples, metabolic potential varied with 
the proximity of the sediment to the ice cover in the river and with the origin of 
the water mass (freshwater or marine) in the vertical plume profile, mirroring changes 
in community composition and environmental variables. Differences in the plume are 
consistent with previous comparative metagenomic analysis between freshwater and 
marine ecosystems that have found shared core functions between ecosystems but also 
differences in metabolic potential including in genes involved in osmoregulation, amino 
acid metabolism, and active transport (97).

The prevalence of genes associated with nitrogen fixation was lower than for 
nitrification and denitrification. Nitrogen fixation is energetically costly to perform (98), 
and a previous study of the Great Whale River found higher nitrate, ammonium, and 
TN concentrations during ice-covered periods (61), which would reduce the need for N2 
fixation. In lakes, ammonium concentrations are a strong predictor of winter nitrification 
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rates (99), suggesting that higher ammonium concentrations in the Great Whale River 
during the winter may create favorable conditions for nitrification. In coastal lagoons 
of the Alaskan Beaufort Sea region, nitrification genes were found to be in greater 
abundance in winter and were associated with an increasing relative abundance of 
Thaumarchaeota (10). Similarly in our study, genes encoding for ammonia monooxy
genase were in greater abundance in the brackish sites, where the archaeaon Nitroso
pumilus accounted for up to 6% of the prokaryote community. Genes implicated in 
denitrification and dissimilatory nitrate reduction were present in the well-oxygenated 
water column. The potential for these nitrogen cycle processes was greater in the 
shallow river sites, where there were higher TSS concentrations. Within the oxic water 
column, denitrification occurs in suspended particulate matter, where micro-habitat 
redox conditions can shift from oxic at the surface of a particle to anoxic in the center 
(100). Additionally, an experimental study found that the denitrification rates increase 
linearly with suspended particulate matter concentration (101), which could explain the 
abundance of these genes with increasing TSS concentration in our samples.

While anoxic micro-niches within particles may allow denitrification in the river and 
its plume, they did not seem to promote methanogenesis, as genes encoding for the 
methyl-coenzyme M reductase were missing from the water column samples (based 
on the coassembly results). As the basal member of the redox ladder, methanogenesis 
is less thermodynamically favorable (67), and microorganisms associated with more 
thermodynamically favorable reactions are expected to outcompete methanogens (102). 
Under the ice, methane concentrations of the Great Whale River and its plume are 
reported to be lower than the summer values but still higher than the atmospheric 
concentrations (103), suggesting advection from the sediments or inputs from tributa
ries. In the water column, there was the potential for oxidation of methane, notably by 
the genus Methylobacter that includes psychrophilic species (104), as genes involved in 
methanotrophy were present. Methanotrophy occurs in rivers in winter but at lower rates 
than during the ice-free period (105).

The winter community had the potential to use various inorganic sulfur compounds 
as energy sources and as both electron donors and acceptors. This aligns with previ
ous findings on the presence (10, 13, 106) and expression (12) of genes involved in 
the sulfur cycle under ice-covered conditions. It is likely that anoxic sulfur processes, 
such as dissimilatory sulfate reduction, occur within suspended sediments, similar to 
denitrification. The higher potential for sulfur compound reduction (sulfate, thiosulfate, 
and tetrathionate) observed in the brackish samples may be attributed to the greater 
availability of sulfate, which is the most abundant electron acceptor in marine water. 
Genes involved in several autotrophic carbon fixation pathways were also present, 
consistent with the widespread genomic potential for carbon fixation among prokaryote 
taxa (107).

During winter freezing and ice cover, the supply of autochthonous organic mat
ter from primary production and the input of allochthonous matter from the frozen 
watershed are expected to be low (58). The composition and lability of this organic 
matter also change during the winter. For example, in a Yukon River study, the aroma
ticity and molecular weight of the dissolved organic matter were shown to decrease 
during the ice-cover period with an increase in autochthonous organic matter, suggest
ing consumption of aromatic compounds and bacterial production (108). In the Great 
Whale River, the fraction of the DOC present in late winter has been characterized as 
mostly semi-labile by incubation experiments, with a biodegradable proportion similar 
to that in rivers flowing into the Arctic Ocean (109). Given this similarity, we aimed to 
investigate marker genes involved in the degradation of aromatic compounds that were 
previously identified for the Arctic Ocean (14), which is heavily influenced by terrigenous 
inputs from large rivers (110). Most of these genes (35 out of 39) were present in 
our metagenomes, indicative of the potential for the winter community to degrade 
various aromatic compounds. Among them, the most abundant (i.e., fraction of bacterial 
genomes in the metagenome with the marker genes, calculated by normalizing to the 
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recA gene) were also prevalent in the Arctic Ocean, although with a higher proportion 
in the Arctic Ocean. For the degradation of gentisate, the maximum value was 26% 
in our metagenome vs 65% in the Arctic Ocean; for salicylate, this was 27% vs 45%; 
and for 3-phenylproponate and 3-(3-hydroxyphenyl)propanoate, this was 31% vs 40%. 
These pronounced differences suggest that the degradation of aromatic compounds 
was less widespread among the prokaryotes in our winter community and that many 
may rely on other resource acquisition mechanisms or organic matter sources. This 
comparison rests on only a small set of genes and requires a more systematic study in the 
future. However, the magnitudes of these differences are striking and are contrary to our 
initial hypothesis. The results imply that the subarctic river microbiome relies on lower 
molecular weight and more labile organic carbon than the offshore ocean, where the 
more labile compounds may be largely removed before the riverine DOC arrives offshore. 
It is estimated that 30% of terrestrial DOC is removed along the shelves before entering 
the Arctic Ocean (111), and in the western Arctic Ocean, terrestrial DOC is estimated to 
be mineralized with a half-life of 7 ± 3 years, suggesting a more refractory composition 
(112).

Conclusions

Our study provides insights into the winter microbiome of ice-covered subarctic rivers 
and associated coastal marine waters. It is likely that some microorganisms are in a 
quiescent state during the winter season and that some metabolic capabilities dis
cussed here represent the functional potential of the community rather than functional 
activities at the time of sampling. This will require future assessment by metatranscrip
tomic analysis and by rate measurements of biogeochemical processes. However, the 
findings suggest that this cold-dwelling microbial community is capable of diverse 
metabolic pathways for energy and carbon acquisition, including phototrophy and the 
degradation of aromatic compounds. Additionally, the microbiome exhibited changes 
based on water masses and sediment proximity to the ice cover. The dominant taxa 
had been previously detected in summer, indicating their ability to persist over time 
in a range of physico-chemical conditions. There was evidence of large differences in 
the potential degradation of aromatic organic compound in the river vs offshore Arctic 
Ocean, indicating the need for much closer attention to terrigenous carbon cycling by 
high-latitude freshwater and ocean microbiomes.

ACKNOWLEDGMENTS

We thank the communities of Kuujjuarapik and Whapmagoostui, Sydney Arruda for the 
help at the field station, our local guide Frederick Audlarock, Marie-Josée Martineau for 
technical assistance with the HPLC and for the chromatogram analysis, and Marianne 
Potvin for technical guidance regarding molecular work. We also thank Lise Rancourt 
and the Institut National de la Recherche Scientifique, Centre Eau-Terre-Environnement 
(INRS-ETE) for chemical analyses and the Plateforme d’Analyses Génomiques (IBIS, Laval 
University, Québec) for the amplicon and metagenome sequencing.

This research was supported by the Sentinel North program of Université Laval, 
funded by the Canada First Research Excellence Fund (CFREF). Additional funding and 
support were provided by the Natural Sciences and Engineering Research Council of 
Canada (NSERC), the Canada Research Chair program, the Canada Network of Excellence 
ArcticNet, and the Centre for Northern Studies (CEN). This is a contribution to the project 
Terrestrial Multidisciplinary distributed Observatories for the Study of Arctic Connections 
(T-MOSAiC), under the auspices of the International Arctic Science Committee (IASC).

AUTHOR AFFILIATIONS

1Département de Biologie, Université Laval, Quebec City, Quebec, Canada
2Institut de Biologie Intégrative et des Systèmes (IBIS), Université Laval, Quebec City, 
Quebec, Canada

Research Article Microbiology Spectrum

May 2024  Volume 12  Issue 5 10.1128/spectrum.04160-2317

https://doi.org/10.1128/spectrum.04160-23


3Centre for Northern Studies (CEN), Université Laval, Quebec City, Quebec, Canada
4Takuvik Joint International Laboratory, Université Laval, Quebec City, Quebec, Canada
5Québec-Océan, Université Laval, Quebec City, Quebec, Canada
6Centro de Química Estrutural, Departamento de Engenharia Química, Instituto Superior 
Técnico, Universidade de Lisboa, Lisboa, Portugal
7Institute for Bioengineering and Biosciences, Instituto Superior Técnico, Universidade de 
Lisboa, Lisboa, Portugal
8Associate Laboratory i4HB—Institute for Health and Bioeconomy at Instituto Superior 
Técnico, Universidade de Lisboa, Lisboa, Portugal

PRESENT ADDRESS

Marie-Amélie Blais, Département de Biologie, Université de Sherbrooke, Sherbrooke, 
Quebec, Canada
Alex Matveev, Department of Geography and Environment, Concordia University, 
Montréal, Quebec, Canada
Lígia Fonseca Coelho, Department of Astronomy, Cornell University, Ithaca, New York, 
USA
Lígia Fonseca Coelho, Carl Sagan Institute, Ithaca, New York, USA

AUTHOR ORCIDs

Marie-Amélie Blais  http://orcid.org/0000-0002-7649-1964
Warwick F. Vincent  http://orcid.org/0000-0001-9055-1938
Adrien Vigneron  http://orcid.org/0000-0003-3552-8369
Aurélie Labarre  http://orcid.org/0000-0002-6709-0042
Alex Matveev  http://orcid.org/0000-0003-4103-9131
Lígia Fonseca Coelho  http://orcid.org/0000-0001-5008-1249
Connie Lovejoy  http://orcid.org/0000-0001-8027-2281

FUNDING

Funder Grant(s) Author(s)

Canada First Research Excellence Fund (CFREF) Warwick F. Vincent

Canadian Government | Natural Sciences and Engineering 
Research Council of Canada (NSERC)

Warwick F. Vincent

ArcticNet Warwick F. Vincent

Canada Research Chairs (Chaires de recherche du Canada) Warwick F. Vincent

UL | Sentinelle Nord, Université Laval (Sentinel North) Warwick F. Vincent

AUTHOR CONTRIBUTIONS

Marie-Amélie Blais, Conceptualization, Formal analysis, Investigation, Methodology, 
Software, Visualization, Writing – original draft, Writing – review and editing | Warwick 
F. Vincent, Conceptualization, Funding acquisition, Project administration, Resources, 
Supervision, Writing – review and editing | Adrien Vigneron, Methodology, Writing – 
review and editing | Aurélie Labarre, Software, Writing – review and editing | Alex 
Matveev, Investigation, Writing – review and editing | Lígia Fonseca Coelho, Investiga
tion, Writing – review and editing | Connie Lovejoy, Resources, Supervision, Writing – 
review and editing

DATA AVAILABILITY

The molecular data sets generated in this study are available in the 
NCBI online repository (https://www.ncbi.nlm.nih.gov/; under the bioproject 
PRJNA999265 for the amplicon and PRJNA999354 for the metagenomes).The 

Research Article Microbiology Spectrum

May 2024  Volume 12  Issue 5 10.1128/spectrum.04160-2318

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA999265
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA999354
https://doi.org/10.1128/spectrum.04160-23


environmental data are deposited in the northern environmental data 
repository Nordicana D (http://www.cen.ulaval.ca/nordicanad/en_index.aspx; doi: 
10.5885/45870CE-F5AD28ECCD834122 and doi: 10.5885/45660CE-8B92339884C146D0).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (Spectrum04160-23-s0001.docx). Supplemental figures and 
tables.

Open Peer Review

PEER REVIEW HISTORY (review-history.pdf). An accounting of the reviewer comments 
and feedback.

REFERENCES

1. Ettema R. 2008. Ice effects on sediments transport in rivers, p 613–648. 
In Garcia MH (ed), Sedimentation engineering: processes, measure
ments, modeling, and practice. American Society of Civil Engineers, 
Virginia.

2. Price PB, Sowers T. 2004. Temperature dependence of metabolic rates 
for microbial growth, maintenance, and survival. Proc Natl Acad Sci U S 
A 101:4631–4636. https://doi.org/10.1073/pnas.0400522101

3. Bertilsson S, Burgin A, Carey CC, Fey SB, Grossart H-P, Grubisic LM, Jones 
ID, Kirillin G, Lennon JT, Shade A, Smyth RL. 2013. The under-ice 
microbiome of seasonally frozen lakes. Limnol Oceanogr 58:1998–2012. 
https://doi.org/10.4319/lo.2013.58.6.1998

4. Crump BC, Peterson BJ, Raymond PA, Amon RMW, Rinehart A, 
McClelland JW, Holmes RM. 2009. Circumpolar synchrony in big river 
bacterioplankton. Proc Natl Acad Sci U S A 106:21208–21212. https://
doi.org/10.1073/pnas.0906149106

5. Potvin M, Rautio M, Lovejoy C. 2021. Freshwater microbial eukaryotic 
core communities, open-water and under-ice specialists in southern 
Victoria Island lakes (Ekaluktutiak, NU, Canada). Front Microbiol 
12:786094. https://doi.org/10.3389/fmicb.2021.786094

6. Rösel S, Grossart H. 2012. Contrasting dynamics in activity and 
community composition of free-living and particle-associated bacteria 
in spring. Aquat Microb Ecol 66:169–181. https://doi.org/10.3354/
ame01568

7. Cruaud P, Vigneron A, Fradette M-S, Dorea CC, Culley AI, Rodriguez MJ, 
Charette SJ. 2020. Annual bacterial community cycle in a seasonally ice-
covered river reflects environmental and climatic conditions. Limnol 
Oceanogr 65:S21–S37. https://doi.org/10.1002/lno.11130

8. Cruaud P, Vigneron A, Fradette M-S, Dorea CC, Culley AI, Rodriguez MJ, 
Charette SJ. 2019. Annual protist community dynamics in a freshwater 
ecosystem undergoing contrasted climatic conditions: the Saint-
Charles river (Canada). Front Microbiol 10:2359. https://doi.org/10.
3389/fmicb.2019.02359

9. Kellogg CTE, McClelland JW, Dunton KH, Crump BC. 2019. Strong 
seasonality in Arctic estuarine microbial food webs. Front Microbiol 
10:2628. https://doi.org/10.3389/fmicb.2019.02628

10. Baker KD, Kellogg CTE, McClelland JW, Dunton KH, Crump BC. 2021. 
The genomic capabilities of microbial communities track seasonal 
variation in environmental conditions of Arctic lagoons. Front Microbiol 
12:601901. https://doi.org/10.3389/fmicb.2021.601901

11. Cabello-Yeves PJ, Ghai R, Mehrshad M, Picazo A, Camacho A, Rodriguez-
Valera F. 2017. Reconstruction of diverse verrucomicrobial genomes 
from metagenome datasets of freshwater reservoirs. Front Microbiol 
8:2131. https://doi.org/10.3389/fmicb.2017.02131

12. Tran P, Ramachandran A, Khawasik O, Beisner BE, Rautio M, Huot Y, 
Walsh DA. 2018. Microbial life under ice: metagenome diversity and in 
situ activity of Verrucomicrobia in seasonally ice‐covered lakes. 
Environ Microbiol 20:2568–2584. https://doi.org/10.1111/1462-2920.
14283

13. Vigneron A, Lovejoy C, Cruaud P, Kalenitchenko D, Culley A, Vincent WF. 
2019. Contrasting winter versus summer microbial communities and 
metabolic functions in a permafrost thaw lake. Front Microbiol 10:1656. 
https://doi.org/10.3389/fmicb.2019.01656

14. Grevesse T, Guéguen C, Onana VE, Walsh DA. 2022. Degradation 
pathways for organic matter of terrestrial origin are widespread and 
expressed in Arctic Ocean microbiomes. Microbiome 10:237. https://
doi.org/10.1186/s40168-022-01417-6

15. Ingram RG. 1981. Characteristics of the Great Whale River plume. J 
Geophys Res 86:2017–2023. https://doi.org/10.1029/JC086iC03p02017

16. Hudon C. 1994. Biological events during ice breakup in the Great Whale 
River (Hudson Bay). Can J Fish Aquat Sci 51:2467–2481. https://doi.org/
10.1139/f94-246

17. Ingram RG, Wang J, Lin C, Legendre L, Fortier L. 1996. Impact of 
freshwater on a subarctic coastal ecosystem under seasonal sea ice 
(southeastern Hudson Bay, Canada). I. Interannual variability and 
predicted global warming influence on river plume dynamics and sea 
ice. J Mar Syst 7:221–231. https://doi.org/10.1016/0924--
7963(95)00006-2

18. Nozais C, Vincent WF, Belzile C, Gosselin M, Blais MA, Canário J, 
Archambault P. 2021. The Great Whale River ecosystem: ecology of a 
subarctic river and its receiving waters in coastal Hudson Bay, Canada. 
Écoscience 28:327–346. https://doi.org/10.1080/11956860.2021.
1926137

19. Jacquemot L, Kalenitchenko D, Matthes LC, Vigneron A, Mundy CJ, 
Tremblay J-É, Lovejoy C. 2021. Protist communities along freshwater–
marine transition zones in Hudson Bay (Canada). Elementa 9:00111. 
https://doi.org/10.1525/elementa.2021.00111

20. Blais MA, Matveev A, Lovejoy C, Vincent WF. 2021. Size-fractionated 
microbiome structure in subarctic rivers and a coastal plume across 
DOC and salinity gradients. Front Microbiol 12:760282. https://doi.org/
10.3389/fmicb.2021.760282

21. Coelho LF, Couceiro JF, Keller-Costa T, Valente SM, Ramalho TP, 
Carneiro J, Comte J, Blais MA, Vincent WF, Martins Z, Canário J, Costa R. 
2022. Structural shifts in sea ice prokaryotic communities across a 
salinity gradient in the subarctic. Sci Total Environ 827:154286. https://
doi.org/10.1016/j.scitotenv.2022.154286

22. Fournier IB, Lovejoy C, Vincent WF. 2021. Changes in the community 
structure of under-ice and open-water microbiomes in urban lakes 
exposed to road salts. Front Microbiol 12:660719. https://doi.org/10.
3389/fmicb.2021.660719

23. Weishaar JL, Aiken GR, Bergamaschi BA, Fram MS, Fujii R, Mopper K. 
2003. Evaluation of specific ultraviolet absorbance as an indicator of 
the chemical composition and reactivity of dissolved organic carbon. 
Environ Sci Technol 37:4702–4708. https://doi.org/10.1021/es030360x

24. Pucher M, Wünsch U, Weigelhofer G, Murphy K, Hein T, Graeber D. 2019. 
staRdom: versatile software for analyzing spectroscopic data of 
dissolved organic matter in R. Water 11:2366. https://doi.org/10.3390/
w11112366

Research Article Microbiology Spectrum

May 2024  Volume 12  Issue 5 10.1128/spectrum.04160-2319

http://www.cen.ulaval.ca/nordicanad/
https://nordicana.cen.ulaval.ca/dpage.aspx?doi=45870CE-F5AD28ECCD834122
https://nordicana.cen.ulaval.ca/dpage.aspx?doi=45660CE-8B92339884C146D0
https://doi.org/10.1128/spectrum.04160-23
https://doi.org/10.1073/pnas.0400522101
https://doi.org/10.4319/lo.2013.58.6.1998
https://doi.org/10.1073/pnas.0906149106
https://doi.org/10.3389/fmicb.2021.786094
https://doi.org/10.3354/ame01568
https://doi.org/10.1002/lno.11130
https://doi.org/10.3389/fmicb.2019.02359
https://doi.org/10.3389/fmicb.2019.02628
https://doi.org/10.3389/fmicb.2021.601901
https://doi.org/10.3389/fmicb.2017.02131
https://doi.org/10.1111/1462-2920.14283
https://doi.org/10.3389/fmicb.2019.01656
https://doi.org/10.1186/s40168-022-01417-6
https://doi.org/10.1029/JC086iC03p02017
https://doi.org/10.1139/f94-246
https://doi.org/10.1016/0924-7963(95)00006-2
https://doi.org/10.1080/11956860.2021.1926137
https://doi.org/10.1525/elementa.2021.00111
https://doi.org/10.3389/fmicb.2021.760282
https://doi.org/10.1016/j.scitotenv.2022.154286
https://doi.org/10.3389/fmicb.2021.660719
https://doi.org/10.1021/es030360x
https://doi.org/10.3390/w11112366
https://doi.org/10.1128/spectrum.04160-23


25. Loiselle SA, Bracchini L, Dattilo AM, Ricci M, Tognazzi A, Cózar A, Rossi C. 
2009. The optical characterization of chromophoric dissolved organic 
matter using wavelength distribution of absorption spectral slopes. 
Limnol Oceanogr 54:590–597. https://doi.org/10.4319/lo.2009.54.2.
0590

26. Roiha T, Peura S, Cusson M, Rautio M. 2016. Allochthonous carbon is a 
major regulator to bacterial growth and community composition in 
subarctic freshwaters. Sci Rep 6:34456. https://doi.org/10.1038/
srep34456

27. Helms JR, Stubbins A, Ritchie JD, Minor EC, Kieber DJ, Mopper K. 2008. 
Absorption spectral slopes and slope ratios as indicators of molecular 
weight, source, and photobleaching of chromophoric dissolved organic 
matter. Limnol Oceanogr 53:955–969. https://doi.org/10.4319/lo.2008.
53.3.0955

28. Blais MA, Matveev A, Coelho LF, Vincent WF. 2023. Winter under-ice 
limnological and pigment data of the Great Whale River and its 
freshwater plume into Hudson Bay. v.1.0 (2019-2019). Nordicana D125. 
https://doi.org/10.5885/45870CE-F5AD28ECCD834122

29. Comeau AM, Li WKW, Tremblay J-É, Carmack EC, Lovejoy C. 2011. Arctic 
ocean microbial community structure before and after the 2007 record 
sea ice minimum. PLoS ONE 6:e27492. https://doi.org/10.1371/journal.
pone.0027492

30. Apprill A, McNally S, Parsons R, Weber L. 2015. Minor revision to V4 
region SSU rRNA 806R gene primer greatly increases detection of 
SAR11 bacterioplankton. Aquat Microb Ecol 75:129–137. https://doi.
org/10.3354/ame01753

31. Parada AE, Needham DM, Fuhrman JA. 2016. Every base matters: 
assessing small subunit rRNA primers for marine microbiomes with 
mock communities, time series and global field samples. Environ 
Microbiol 18:1403–1414. https://doi.org/10.1111/1462-2920.13023

32. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, 
Alexander H, Alm EJ, Arumugam M, Asnicar F, et al. 2019. Reproducible, 
interactive, scalable and extensible microbiome data science using 
QIIME 2. Nat Biotechnol 37:852–857. https://doi.org/10.1038/s41587-
019-0209-9

33. Andrews S. 2018. FastQC – a quality control tool for high throughput 
sequence data. Babraham Bioinformatics, The Babraham Institute, 
Cambridge. http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/.

34. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
2016. DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat Methods 13:581–583. https://doi.org/10.1038/nmeth.3869

35. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, 
Lesniewski RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B, 
Thallinger GG, Van Horn DJ, Weber CF. 2009. Introducing Mothur: open-
source, platform-independent, community-supported software for 
describing and comparing microbial communities. Appl Environ 
Microbiol 75:7537–7541. https://doi.org/10.1128/AEM.01541-09

36. Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, Peplies J, Glöckner 
FO. 2007. SILVA: a comprehensive online resource for quality checked 
and aligned ribosomal RNA sequence data compatible with ARB. 
Nucleic Acids Res 35:7188–7196. https://doi.org/10.1093/nar/gkm864

37. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, 
Glöckner FO. 2013. The SILVA Ribosomal RNA gene database project: 
improved data processing and web-based tools. Nucleic Acids Res 
41:D590–D596. https://doi.org/10.1093/nar/gks1219

38. Guillou L, Bachar D, Audic S, Bass D, Berney C, Bittner L, Boutte C, 
Burgaud G, de Vargas C, Decelle J, et al. 2012. The protist ribosomal 
reference database (PR2): a catalog of unicellular eukaryote small sub-
unit rRNA sequences with curated taxonomy. Nucleic Acids Res 
41:D597–D604. https://doi.org/10.1093/nar/gks1160

39. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer 
for Illumina sequence data. Bioinformatics 30:2114–2120. https://doi.
org/10.1093/bioinformatics/btu170

40. Tamames J, Puente-Sánchez F. 2018. SqueezeMeta, a highly portable, 
fully automatic metagenomic analysis pipeline. Front Microbiol 9:3349. 
https://doi.org/10.3389/fmicb.2018.03349

41. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, 
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV, 
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new 
genome assembly algorithm and its applications to single-cell 

sequencing. J Comput Biol 19:455–477. https://doi.org/10.1089/cmb.
2012.0021

42. Schmieder R, Edwards R. 2011. Quality control and preprocessing of 
metagenomic datasets. Bioinformatics 27:863–864. https://doi.org/10.
1093/bioinformatics/btr026

43. Hyatt D, Chen G-L, LoCascio PF, Land ML, Larimer FW, Hauser LJ. 2010. 
Prodigal: prokaryotic gene recognition and translation initiation site 
identification. BMC Bioinformatics 11:119. https://doi.org/10.1186/
1471-2105-11-119

44. Buchfink B, Xie C, Huson DH. 2015. Fast and sensitive protein alignment 
using DIAMOND. Nat Methods 12:59–60. https://doi.org/10.1038/
nmeth.3176

45. Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW. 2016. 
GenBank. Nucleic Acids Res 44:D67–D72. https://doi.org/10.1093/nar/
gkv1276

46. Kanehisa M, Goto S. 2000. KEGG: Kyoto encyclopedia of genes and 
genomes. Nucleic Acids Res 28:27–30. https://doi.org/10.1093/nar/28.1.
27

47. Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with 
Bowtie 2. Nat Methods 9:357–359. https://doi.org/10.1038/nmeth.1923

48. Kanehisa M, Sato Y, Kawashima M. 2022. KEGG mapping tools for 
uncovering hidden features in biological data. Protein Sci 31:47–53. 
https://doi.org/10.1002/pro.4172

49. Kanehisa M, Sato Y. 2020. KEGG Mapper for Inferring cellular functions 
from protein sequences. Protein Sci 29:28–35. https://doi.org/10.1002/
pro.3711

50. R Core Team. 2022. R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 
https://www.R-project.org/.

51. RStudio Team. 2022. RStudio: integrated development environment for 
R. RStudio, PBC, Boston, MA. http://www.rstudio.com/.

52. McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS One 
8:e61217. https://doi.org/10.1371/journal.pone.0061217

53. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, 
Minchin PR, O’Hara RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E, 
Wagner H. 2019. vegan: community ecology package. R package 
version 2.5–6. Available from: https://CRAN.R-project.org/package=
vegan

54. Love MI, Huber W, Anders S. 2014. Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome Biol 
15:550. https://doi.org/10.1186/s13059-014-0550-8

55. Wickham H. 2016. ggplot2: elegant graphics for data analysis. ISBN 
978-3-319-24277-4. Springer-Verlag, New York. https://ggplot2.
tidyverse.org.

56. Block BD, Denfeld BA, Stockwell JD, Flaim G, Grossart HF, Knoll LB, 
Maier DB, North RL, Rautio M, Rusak JA, Sadro S, Weyhenmeyer GA, 
Bramburger AJ, Branstrator DK, Salonen K, Hampton SE. 2019. The 
unique methodological challenges of winter limnology. Limnol 
Oceanogr Meth 17:42–57. https://doi.org/10.1002/lom3.10295

57. Hampton SE, Galloway AWE, Powers SM, Ozersky T, Woo KH, Batt RD, 
Labou SG, O’Reilly CM, Sharma S, Lottig NR, et al. 2017. Ecology under 
lake ice. Ecol Lett 20:98–111. https://doi.org/10.1111/ele.12699

58. Thellman A, Jankowski KJ, Hayden B, Yang X, Dolan W, Smits AP, 
O’Sullivan AM. 2021. The ecology of river ice. JGR Biogeosciences 
126:e2021JG. https://doi.org/10.1029/2021JG006275

59. Savio D, Sinclair L, Ijaz UZ, Parajka J, Reischer GH, Stadler P, Blaschke AP, 
Blöschl G, Mach RL, Kirschner AKT, Farnleitner AH, Eiler A. 2015. 
Bacterial diversity along a 2,600 km river continuum. Environ Microbiol 
17:4994–5007. https://doi.org/10.1111/1462-2920.12886

60. Henson MW, Hanssen J, Spooner G, Fleming P, Pukonen M, Stahr F, 
Thrash JC. 2018. Nutrient dynamics and stream order influence 
microbial community patterns along a 2,914 kilometer transect of the 
Mississippi river. Limnol Oceanogr 63:1837–1855. https://doi.org/10.
1002/lno.10811

61. Hudon C, Morin R, Bunch J, Harland R. 1996. Carbon and nutrient 
output from the Great Whale River (Hudson Bay) and a comparison 
with other rivers around Quebec. Can J Fish Aquat Sci 53:1513–1525. 
https://doi.org/10.1139/f96-080

Research Article Microbiology Spectrum

May 2024  Volume 12  Issue 5 10.1128/spectrum.04160-2320

https://doi.org/10.4319/lo.2009.54.2.0590
https://doi.org/10.1038/srep34456
https://doi.org/10.4319/lo.2008.53.3.0955
https://doi.org/10.5885/45870CE-F5AD28ECCD834122
https://doi.org/10.1371/journal.pone.0027492
https://doi.org/10.3354/ame01753
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1038/s41587-019-0209-9
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1093/nar/gkm864
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1160
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.3389/fmicb.2018.03349
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1093/nar/gkv1276
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1002/pro.4172
https://doi.org/10.1002/pro.3711
https://www.R-project.org/
http://www.rstudio.com/
https://doi.org/10.1371/journal.pone.0061217
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1186/s13059-014-0550-8
https://ggplot2.tidyverse.org
https://doi.org/10.1002/lom3.10295
https://doi.org/10.1111/ele.12699
https://doi.org/10.1029/2021JG006275
https://doi.org/10.1111/1462-2920.12886
https://doi.org/10.1002/lno.10811
https://doi.org/10.1139/f96-080
https://doi.org/10.1128/spectrum.04160-23


62. Simon M, Grossart H, Schweitzer B, Ploug H. 2002. Microbial ecology of 
organic aggregates in aquatic ecosystems. Aquat Microb Ecol 28:175–
211. https://doi.org/10.3354/ame028175

63. Bižić-Ionescu M, Zeder M, Ionescu D, Orlić S, Fuchs BM, Grossart H-P, 
Amann R. 2015. Comparison of bacterial communities on limnic versus 
coastal marine particles reveals profound differences in colonization. 
Environ Microbiol 17:3500–3514. https://doi.org/10.1111/1462-2920.
12466

64. Somogyi B, Felföldi T, V.-Balogh K, Boros E, Pálffy K, Vörös L. 2016. The 
role and composition of winter picoeukaryotic assemblages in shallow 
central European great lakes. J Great Lakes Res 42:1420–1431. https://
doi.org/10.1016/j.jglr.2016.10.003

65. von Dassow P, Montresor M. 2011. Unveiling the mysteries of 
phytoplankton life cycles: patterns and opportunities behind 
complexity. J Plankton Res 33:3–12. https://doi.org/10.1093/plankt/
fbq137

66. Zou S, Fu R, Deng H, Zhang Q, Gentekaki E, Gong J. 2021. Coupling 
between ribotypic and phenotypic traits of protists across life cycle 
stages and temperatures. Microbiol Spectr 9:e0173821. https://doi.org/
10.1128/Spectrum.01738-21

67. Vincent WF, Couture R-M, Kumagai M. 2024. Sediments and micro
biomes, p 893–937. In Jones ID, Smol JP (ed), Wetzel’s limnology – lake 
and river ecosystems. Elsevier, U.K.

68. Buhse HE, McCutcheon SM, Clamp JC, Sun P. 2011. Vorticella. In 
Encyclopedia of life sciences. John Wiley & Sons, Ltd.

69. Ward NL, Challacombe JF, Janssen PH, Henrissat B, Coutinho PM, Wu M, 
Xie G, Haft DH, Sait M, Badger J, et al. 2009. Three genomes from the 
phylum Acidobacteria provide insight into the lifestyles of these 
microorganisms in soils. Appl Environ Microbiol 75:2046–2056. https://
doi.org/10.1128/AEM.02294-08

70. Howe AT, Bass D, Vickerman K, Chao EE, Cavalier-Smith T. 2009. 
Phylogeny, taxonomy, and astounding genetic diversity of Glissomona
dida ord. nov., the dominant gliding zooflagellates in soil (Protozoa: 
Cercozoa). Protist 160:159–189. https://doi.org/10.1016/j.protis.2008.11.
007

71. Ingram RG, Larouche P. 1987. Variability of an under-ice river plume in 
Hudson Bay. J Geophys Res 92:9541–9547. https://doi.org/10.1029/
JC092iC09p09541

72. Morris RM, Rappé MS, Connon SA, Vergin KL, Siebold WA, Carlson CA, 
Giovannoni SJ. 2002. SAR11 clade dominates ocean surface bacterio
plankton communities. Nature 420:806–810. https://doi.org/10.1038/
nature01240

73. Giovannoni SJ. 2017. SAR11 bacteria: the most abundant plankton in 
the oceans. Annu Rev Mar Sci 9:231–255. https://doi.org/10.1146/
annurev-marine-010814-015934

74. Reza MdS, Kobiyama A, Yamada Y, Ikeda Y, Ikeda D, Mizusawa N, Ikeo K, 
Sato S, Ogata T, Jimbo M, Kudo T, Kaga S, Watanabe S, Naiki K, Kaga Y, 
Mineta K, Bajic V, Gojobori T, Watabe S. 2018. Basin-scale seasonal 
changes in marine free-living bacterioplankton community in the 
Ofunato Bay. Gene 665:185–191. https://doi.org/10.1016/j.gene.2018.
04.074

75. Walker CB, de la Torre JR, Klotz MG, Urakawa H, Pinel N, Arp DJ, 
Brochier-Armanet C, Chain PSG, Chan PP, Gollabgir A, Hemp J, Hügler 
M, Karr EA, Könneke M, Shin M, Lawton TJ, Lowe T, Martens-Habbena 
W, Sayavedra-Soto LA, Lang D, Sievert SM, Rosenzweig AC, Manning G, 
Stahl DA. 2010. Nitrosopumilus maritimus genome reveals unique 
mechanisms for nitrification and autotrophy in globally distributed 
marine crenarchaea . Proc Natl Acad Sci U S A 107:8818–8823. https://
doi.org/10.1073/pnas.0913533107

76. Grzymski JJ, Riesenfeld CS, Williams TJ, Dussaq AM, Ducklow H, 
Erickson M, Cavicchioli R, Murray AE. 2012. A metagenomic assessment 
of winter and summer bacterioplankton from Antarctica Peninsula 
coastal surface waters. ISME J 6:1901–1915. https://doi.org/10.1038/
ismej.2012.31

77. de Sousa AGG, Tomasino MP, Duarte P, Fernández-Méndez M, Assmy P, 
Ribeiro H, Surkont J, Leite RB, Pereira-Leal JB, Torgo L, Magalhães C. 
2019. Diversity and composition of pelagic prokaryotic and protist 
communities in a thin Arctic sea-ice regime. Microb Ecol 78:388–408. 
https://doi.org/10.1007/s00248-018-01314-2

78. Pitcher A, Wuchter C, Siedenberg K, Schouten S, Sinninghe Damsté JS. 
2011. Crenarchaeol tracks winter blooms of ammonia-oxidizing 

Thaumarchaeota in the coastal North Sea. Limnol Oceanogr 56:2308–
2318. https://doi.org/10.4319/lo.2011.56.6.2308

79. Belzile C, Vincent WF, Gibson JA, Hove PV. 2001. Bio-optical characteris
tics of the snow, ice, and water column of a perennially ice-covered lake 
in the high Arctic. Can J Fish Aquat Sci 58:2405–2418. https://doi.org/
10.1139/f01-187

80. Petrov MP, Terzhevik AYu, Palshin NI, Zdorovennov RE, Zdorovennova 
GE. 2005. Absorption of solar radiation by snow-and-ice cover of lakes. 
Water Resour 32:496–504. https://doi.org/10.1007/s11268-005-0063-7

81. Bižić-Ionescu M, Amann R, Grossart H-P. 2014. Massive regime shifts 
and high activity of heterotrophic bacteria in an ice-covered lake. PLoS 
One 9:e113611. https://doi.org/10.1371/journal.pone.0113611

82. Reinl KL, Harris TD, North RL, Almela P, Berger SA, Bizic M, Burnet SH, 
Grossart H, Ibelings BW, Jakobsson E, et al. 2023. Blooms also like it 
cold. Limnol Oceanogr Lett 8:546–564. https://doi.org/10.1002/lol2.
10316

83. Tamm M, Nõges T, Nõges P, Panksep K, Zingel P, Agasild H, Freiberg R, 
Hunt T, Tõnno I. 2022. Factors influencing the pigment composition 
and dynamics of photoautotrophic picoplankton in shallow eutrophic 
lakes. PLoS ONE 17:e0267133. https://doi.org/10.1371/journal.pone.
0267133

84. Nwosu EC, Roeser P, Yang S, Pinkerneil S, Ganzert L, Dittmann E, Brauer 
A, Wagner D, Liebner S. 2021. Species-level spatio-temporal dynamics 
of cyanobacteria in a hard-water temperate lake in the Southern Baltics. 
Front Microbiol 12:761259. https://doi.org/10.3389/fmicb.2021.761259

85. Verni F, Gualtieri P. 1997. Feeding behaviour in ciliated protists. Micron 
28:487–504. https://doi.org/10.1016/S0968-4328(97)00028-0

86. Bock C, Olefeld JL, Vogt JC, Albach DC, Boenigk J. 2022. Phylogenetic 
and functional diversity of Chrysophyceae in inland waters. Org Divers 
Evol 22:327–341. https://doi.org/10.1007/s13127-022-00554-y

87. Frantal D, Agatha S, Beisser D, Boenigk J, Darienko T, Dirren-Pitsch G, 
Filker S, Gruber M, Kammerlander B, Nachbaur L, Scheffel U, Stoeck T, 
Qian K, Weißenbacher B, Pröschold T, Sonntag B. 2021. Molecular data 
reveal a cryptic diversity in the genus Urotricha (Alveolata, Ciliophora, 
Prostomatida), a key player in freshwater lakes, with remarks on 
morphology, food preferences, and distribution. Front Microbiol 
12:787290. https://doi.org/10.3389/fmicb.2021.787290

88. Sanders RW. 2011. Alternative nutritional strategies in protists: 
symposium introduction and a review of freshwater protists that 
combine photosynthesis and heterotrophy. J Eukaryot Microbiol 
58:181–184. https://doi.org/10.1111/j.1550-7408.2011.00543.x

89. Jeong M, Kim JI, Nam SW, Shin W. 2021. Molecular phylogeny and 
taxonomy of the genus Spumella (Chrysophyceae) based on morpho
logical and molecular evidence. Front Plant Sci 12:758067. https://doi.
org/10.3389/fpls.2021.758067

90. Bråte J, Klaveness D, Rygh T, Jakobsen KS, Shalchian-Tabrizi K. 2010. 
Telonemiaspecific environmental 18S rDNA PCR reveals unknown 
diversity and multiple marine-freshwater colonizations. BMC Microbiol 
10:168. https://doi.org/10.1186/1471-2180-10-168

91. Okamoto N, Inouye I. 2005. The katablepharids are a distant sister 
group of the Cryptophyta: a proposal for Katablepharidophyta divisio 
nova/Kathablepharida phylum novum based on SSU rDNA and beta-
tubulin phylogeny. Protist 156:163–179. https://doi.org/10.1016/j.
protis.2004.12.003

92. Vonnahme TR, Klausen L, Bank RM, Michellod D, Lavik G, Dietrich U, 
Gradinger R. 2022. Light and freshwater discharge drive the biogeo
chemistry and microbial ecology in a sub-Arctic Fjord over the polar 
night. Front Mar Sci 9. https://doi.org/10.3389/fmars.2022.915192

93. Glöckner FO, Zaichikov E, Belkova N, Denissova L, Pernthaler J, 
Pernthaler A, Amann R. 2000. Comparative 16S rRNA analysis of lake 
bacterioplankton reveals globally distributed phylogenetic clusters 
including an abundant group of actinobacteria. Appl Environ Microbiol 
66:5053–5065. https://doi.org/10.1128/AEM.66.11.5053-5065.2000

94. Zwart G, Crump B, Kamst-van Agterveld M, Hagen F, Han S. 2002. 
Typical freshwater bacteria: an analysis of available 16S rRNA gene 
sequences from plankton of lakes and rivers. Aquat Microb Ecol 28:141–
155. https://doi.org/10.3354/ame028141

95. Warnecke F, Amann R, Pernthaler J. 2004. Actinobacterial 16S rRNA 
genes from freshwater habitats cluster in four distinct lineages. Environ 
Microbiol 6:242–253. https://doi.org/10.1111/j.1462-2920.2004.00561.x

Research Article Microbiology Spectrum

May 2024  Volume 12  Issue 5 10.1128/spectrum.04160-2321

https://doi.org/10.3354/ame028175
https://doi.org/10.1111/1462-2920.12466
https://doi.org/10.1016/j.jglr.2016.10.003
https://doi.org/10.1093/plankt/fbq137
https://doi.org/10.1128/Spectrum.01738-21
https://doi.org/10.1128/AEM.02294-08
https://doi.org/10.1016/j.protis.2008.11.007
https://doi.org/10.1029/JC092iC09p09541
https://doi.org/10.1038/nature01240
https://doi.org/10.1146/annurev-marine-010814-015934
https://doi.org/10.1016/j.gene.2018.04.074
https://doi.org/10.1073/pnas.0913533107
https://doi.org/10.1038/ismej.2012.31
https://doi.org/10.1007/s00248-018-01314-2
https://doi.org/10.4319/lo.2011.56.6.2308
https://doi.org/10.1139/f01-187
https://doi.org/10.1007/s11268-005-0063-7
https://doi.org/10.1371/journal.pone.0113611
https://doi.org/10.1002/lol2.10316
https://doi.org/10.1371/journal.pone.0267133
https://doi.org/10.3389/fmicb.2021.761259
https://doi.org/10.1016/S0968-4328(97)00028-0
https://doi.org/10.1007/s13127-022-00554-y
https://doi.org/10.3389/fmicb.2021.787290
https://doi.org/10.1111/j.1550-7408.2011.00543.x
https://doi.org/10.3389/fpls.2021.758067
https://doi.org/10.1186/1471-2180-10-168
https://doi.org/10.1016/j.protis.2004.12.003
https://doi.org/10.3389/fmars.2022.915192
https://doi.org/10.1128/AEM.66.11.5053-5065.2000
https://doi.org/10.3354/ame028141
https://doi.org/10.1111/j.1462-2920.2004.00561.x
https://doi.org/10.1128/spectrum.04160-23


96. Crump BC, Kling GW, Bahr M, Hobbie JE. 2003. Bacterioplankton 
community shifts in an Arctic Lake correlate with seasonal changes in 
organic matter source. Appl Environ Microbiol 69:2253–2268. https://
doi.org/10.1128/AEM.69.4.2253-2268.2003

97. Eiler A, Zaremba-Niedzwiedzka K, Martínez-García M, McMahon KD, 
Stepanauskas R, Andersson SGE, Bertilsson S. 2014. Productivity and 
salinity structuring of the microplankton revealed by comparative 
freshwater metagenomics. Environ Microbiol 16:2682–2698. https://doi.
org/10.1111/1462-2920.12301

98. Hoffman BM, Lukoyanov D, Yang Z-Y, Dean DR, Seefeldt LC. 2014. 
Mechanism of nitrogen fixation by nitrogenase: the next stage. Chem 
Rev 114:4041–4062. https://doi.org/10.1021/cr400641x

99. Cavaliere E, Baulch HM. 2019. Winter nitrification in ice-covered lakes. 
PLOS ONE 14:e0224864. https://doi.org/10.1371/journal.pone.0224864

100. Xia X, Liu T, Yang Z, Michalski G, Liu S, Jia Z, Zhang S. 2017. Enhanced 
nitrogen loss from rivers through coupled nitrificationdenitrification 
caused by suspended sediment. Sci Total Environ 579:47–59. https://
doi.org/10.1016/j.scitotenv.2016.10.181

101. Liu T, Xia X, Liu S, Mou X, Qiu Y. 2013. Acceleration of denitrification in 
turbid rivers due to denitrification occurring on suspended sediment in 
oxic waters. Environ Sci Technol 47:4053–4061. https://doi.org/10.1021/
es304504m

102. Stanley EH, Casson NJ, Christel ST, Crawford JT, Loken LC, Oliver SK. 
2016. The ecology of methane in streams and rivers: patterns, controls, 
and global significance. Ecol Monogr 86:146–171. https://doi.org/10.
1890/15-1027

103. Matveev A, Blais MA, Laurion I, Vincent WF. 2024. Dissolved methane, 
carbon dioxide and limnological data from subarctic rivers, northern 
Québec, Canada, v.1.1.0 (2019-2019). Nordicana D78. https://doi.org/10.
5885/45660CE-8B92339884C146D0

104. Khanongnuch R, Mangayil R, Svenning MM, Rissanen AJ. 2022. 
Characterization and genome analysis of a psychrophilic methanotroph 
representing a ubiquitous Methylobacter spp. cluster in boreal lake 
ecosystems . ISME Commun 2:1–10. https://doi.org/10.1038/s43705-
022-00172-x

105. Bussmann I, Fedorova I, Juhls B, Overduin PP, Winkel M. 2021. Methane 
dynamics in three different Siberian water bodies under winter and 
summer conditions. Biogeosciences 18:2047–2061. https://doi.org/10.
5194/bg-18-2047-2021

106. Cabello-Yeves PJ, Zemskaya TI, Rosselli R, Coutinho FH, Zakharenko AS, 
Blinov VV, Rodriguez-Valera F. 2018. Genomes of novel microbial 
lineages assembled from the sub-ice waters of Lake Baikal. Appl 
Environ Microbiol 84:e02132-17. https://doi.org/10.1128/AEM.02132-17

107. Garritano AN, Song W, Thomas T. 2022. Carbon fixation pathways 
across the bacterial and archaeal tree of life. PNAS Nexus 1:pgac226. 
https://doi.org/10.1093/pnasnexus/pgac226

108. Lin H, Xu H, Cai Y, Belzile C, Macdonald RW, Guo L. 2021. Dynamic 
changes in size-fractionated dissolved organic matter composition in a 
seasonally ice-covered Arctic river. Limnol Oceanogr 66:3085–3099. 
https://doi.org/10.1002/lno.11862

109. Kazmiruk ZV, Capelle DW, Kamula CM, Rysgaard S, Papakyriakou T, 
Kuzyk ZA. 2021. High biodegradability of riverine dissolved organic 
carbon in late winter in Hudson Bay, Canada. Elementa 9:00123. https://
doi.org/10.1525/elementa.2020.00123

110. Terhaar J, Lauerwald R, Regnier P, Gruber N, Bopp L. 2021. Around one 
third of current Arctic Ocean primary production sustained by rivers 
and coastal erosion. Nat Commun 12:169. https://doi.org/10.1038/
s41467-020-20470-z

111. Cooper LW, Benner R, McClelland JW, Peterson BJ, Holmes RM, 
Raymond PA, Hansell DA, Grebmeier JM, Codispoti LA. 2005. Linkages 
among runoff, dissolved organic carbon, and the stable oxygen isotope 
composition of seawater and other water mass indicators in the Arctic 
Ocean. J Geophys Res 110:G02013. https://doi.org/10.1029/
2005JG000031

112. Hansell DA, Kadko D, Bates NR. 2004. Degradation of terrigenous 
dissolved organic carbon in the western Arctic Ocean. Science 304:858–
861. https://doi.org/10.1126/science.1096175

Research Article Microbiology Spectrum

May 2024  Volume 12  Issue 5 10.1128/spectrum.04160-2322

https://doi.org/10.1128/AEM.69.4.2253-2268.2003
https://doi.org/10.1111/1462-2920.12301
https://doi.org/10.1021/cr400641x
https://doi.org/10.1371/journal.pone.0224864
https://doi.org/10.1016/j.scitotenv.2016.10.181
https://doi.org/10.1021/es304504m
https://doi.org/10.1890/15-1027
https://doi.org/10.5885/45660CE-8B92339884C146D0
https://doi.org/10.1038/s43705-022-00172-x
https://doi.org/10.5194/bg-18-2047-2021
https://doi.org/10.1128/AEM.02132-17
https://doi.org/10.1093/pnasnexus/pgac226
https://doi.org/10.1002/lno.11862
https://doi.org/10.1525/elementa.2020.00123
https://doi.org/10.1038/s41467-020-20470-z
https://doi.org/10.1029/2005JG000031
https://doi.org/10.1126/science.1096175
https://doi.org/10.1128/spectrum.04160-23

	Diverse winter communities and biogeochemical cycling potential in the under-ice microbial plankton of a subarctic river-to-sea continuum
	MATERIALS AND METHODS
	Study site and sampling
	Laboratory manipulations and analysis
	Microbial sample processing and analyses
	Statistical analyses

	RESULTS
	Environmental characteristics
	Community composition and diversity
	Metagenomic analysis
	Overview of metabolic potential
	Potential to degrade aromatic compounds

	DISCUSSION
	Microbial community composition and diversity
	Microbial community metabolic potential
	Conclusions



