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Abstract

Palaecogenomics has greatly increased our knowledge of past evolutionary and ecological
change, but has been restricted to the study of species that preserve as fossils. Here we show
the potential of shotgun metagenomics to reveal population genomic information for a taxon
that does not preserve in the body fossil record, the algae Nannochloropsis. We shotgun
sequenced two lake sediment samples dated to the Last Glacial Maximum and identified N.
limnetica as the dominant taxon. We then reconstructed full chloroplast and mitochondrial
genomes to explore within-lake population genomic variation. This revealed at least two
major haplogroups for each organellar genome, which could be assigned to known varieties
of N. limnetica. The approach presented here demonstrates the utility of lake sedimentary
ancient DNA (sedaDNA) for population genomic analysis, thereby opening the door to

environmental palaeogenomics, which will unlock the full potential of sedaDNA.
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Introduction

Palaecogenomics, the genomic-scale application of ancient DNA, is revolutionizing our
understanding of past evolutionary and ecological processes, including population dynamics,
hybridization, extinction, and the effects of drivers of change ™. Despite extensive

application to, and innovations using, body fossils >, its use on another major source of
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ancient DNA - the environment - has been almost entirely limited to inferring the presence or
absence of taxa through time *'*. However, a nuanced understanding of ecological and
evolutionary dynamics requires population genomic information. The direct recovery of this
information from cave sediment has recently been shown 2, but - to our knowledge - has not
yet been demonstrated for lake sediments.

Lake sediments provide an ideal source of sedimentary ancient DNA (sedaDNA)
that originates from both the catchment and the lake itself, as well as providing a stable
environment required for optimal aDNA preservation '>!°. As a result, lake sedaDNA has

16,17

been used to infer the taxonomic composition of past communities ‘™' ’, regardless of whether

those taxa preserve in the body fossil record. The most commonly applied method is DNA
metabarcoding, which allows for the targeting of particular groups of organisms '%1°,
However, the ability to confidently identify barcodes is constrained by the completeness of
appropriate reference databases, and the length and variability of the barcode targeted. Short
barcodes are necessarily targeted for fragmented aDNA 2°, which can therefore impede
species-level identification. An alternative approach is shotgun metagenomics, which is non-
targeting and preserves aDNA damage patterns that, in contrast to metabarcoding, allows for
authentic aDNA to be distinguished from modern contamination ®*'-2%, For palacogenomic
reconstruction however, either deep shotgun sequencing or target enrichment of sedaDNA is

required, which allows for robust species-level identification %1424

, as well as the potential
exploration of population genomic variation.

Andgya, an island located off the coast of northwest Norway, was partially
unglaciated during the Last Glacial Maximum (LGM, Figure 1) and has therefore been a
focus of palacoecological studies ?°, especially for its potential as a cryptic northern refugium
26-28 Studies focussing on sediment cores from three lakes (Endletvatn, Nedre ZErésvatnet,
@vre AErasvatnet)*®?*-33 have reported the presence of an Arctic community during the LGM,
which includes taxa such as grasses (Poaceae), crucifers (Brassicaceae), and poppy
(Papaver), along with bones of the Little Auk (A4//e alle). Furthermore, recent geochemical
and DNA metabarcoding analyses indicate the presence, and an inferred high abundance, of
the algae Nannochloropsis in LGM sediments from Andeya 3.

Nannochloropsis is a genus of single-celled microalgae of the Eustigmatophyceae. All
species have high lipid contents and are therefore of interest as a potential source of biofuels
3637 As a result of this economic interest, the organellar and nuclear genomes have been
sequenced for six of the eight described species (Supplementary Table S1) 370, All species

are known from marine environments, with the exception of N. limnetica, which is known
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from freshwater and brackish habitats, and comprises five varieties *'~#*. The genus has a
cosmopolitan distribution, with the marine species being reported from most oceans /4,
whereas the freshwater/brackish N. limnetica is known from lakes in Europe *!, Asia *>, North

43,47

America 7, and Antarctica *%. Species-level identification of Nannochloropsis from water

is problematic, due to its small size (2 to 6 um in diameter ***¢) and, in contrast to diatoms *°,
lack of diagnostic morphological structures 4*°, Reliable species identification is however
possible with short genetic markers -1, In sediments, Nannochloropsis has not been
reported from macrofossil and pollen/spore profiles, and may therefore only be identifiable
using sedaDNA 103552,

In this study, we shotgun sequenced two broadly contemporaneous LGM lake
sediment layers from Andgya that a previous metabarcoding study had shown to contain
Nannochloropsis *. The depth of our shotgun metagenomic data, together with the
availability of a reference genome panel, allowed us to demonstrate that N. limnetica
dominates the identifiable taxonomic profile. Through reconstruction of complete chloroplast
and mitochondrial genomes, we show that at least two variants of N. /imnetica are
represented. We thus demonstrate, and to the best of our knowledge for the first time, that it

is possible to estimate past population genomic diversity both from total sedaDNA and from

a taxon not preserved in the body fossil record.

Results

Metagenomic analysis and species-level determination of Nannochloropsis
We shotgun sequenced two LGM samples, dated to 17,700 (range: 20,200-16,500) and
19,500 (20,040-19,000) calibrated years before present (cal yr BP), to generate 133-224
million paired-end reads, of which we retained 53-127 million sequences after filtering
(Supplementary Table S2). We first sought to identify the broad metagenomic profiles of the
samples and the species-level identification of Nannochloropsis from Lake Ovre Arasvatnet.
First, for each sample, we compared two non-overlapping one-million sequence
subsets of the filtered data to the NCBI nucleotide database. The taxonomic overlap between
the two one million read subsets was 88-93% within each sample, demonstrating that our
subsets are internally consistent. We then merged the two subsets from each sample, which
resulted in the identification of 29,500-32,700 sequences (Table 1). The majority of the

identified sequences were bacterial, with 21-26% identified as Mycobacterium, although the
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96  majority of these sequences could not be identified to a specific strain. Within the eukaryotes,
97  Nannochloropsis constituted ~20% of the assigned sequences in both samples, with ~33% of
98 these identified as N. /limnetica (Table 1; Supplementary Figure S1; Supplementary Table
99  S3).
100 To further investigate the metagenomic profile of the samples, we aligned all filtered
101  sequences to each nuclear genome within a reference panel derived from four Mycobacterium
102  strains and 38 eukaryotes, with the latter either exotic (implausible) or non-exotic (plausible)
103  to LGM Andeya (Supplementary Table S4). We mapped 310,000-680,000 sequences to the
104  N. limnetica genome, which translates to 9.3-20.3 thousand sequences per megabase
105 (kseq/Mb), and a nuclear genomic coverage of 0.48-1.13x. We observed a far lower relative
106  mapping frequency to all other Nannochloropsis nuclear genomes (up to 2.5-4.8 kseq/Mb). If
107  we consider sequences that are only mappable to a single genome, then the relative mapping
108 frequency falls to 7.4-17 kseq/Mb for N. limnetica and up to 0.6-1.3 kseq/Mb for all other
109  Nannochloropsis genomes. The most abundant non-Nannochloropsis eukaryotic taxon in the
110  sequence data was human, with 2-11 thousand sequences mapped (0.7-3.4 seq/Mb). As
111 expected from the metagenomic analyses, the next most abundant group is Mycobacterium.
112 As the relative mapping frequency was consistent across all four strains, based on both all
113 sequences aligned (up to 1.1-1.7 kseq/Mb) and only retaining sequences unique to a strain (up
114 to 0.6-0.9 kseq/Mb), we infer that the Mycobacterium strain or strains present in LGM
115  Andeya are not closely related to any that have been sequenced to date (Figure 1;
116  Supplementary Table S4). The relative frequencies of sequences mapping to plausible and
117  implausible eukaryotic genomes are comparable for non-Nannochloropsis taxa. Based on
118  both raw counts and those corrected for genome size, these analyses therefore indicated that
119  N. limnetica is the best represented taxon in the panel (Figure 1; Supplementary Table S4).
120 We sought to confirm whether sequences identified from the three best represented
121 taxonomic groups (Nannochloropsis, Mycobacterium, human) were likely to be of ancient
122  origin or to have derived from modern contamination. The sequences aligned to the human
123 genome did not exhibit typical patterns of ancient DNA damage, which include cytosine
124  deamination and depurination-induced strand breaks and are therefore considered to be of
125  modern contaminant origin (Supplementary Figure S2). In contrast, we find that sequences
126  aligned to two Nannochloropsis limnetica and the Mycobacterium avium genomes exhibit
127  authentic ancient DNA damage (Supplementary Figures S3 and S4), with patterns that are
128  near identical for both taxonomic groups, consistent with their preservation in the same

129  environment of broadly contemporaneous age.
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130 We next aligned our sequence data against two organellar reference panels consisting
131 of either 2742 chloroplast or 8486 mitochondrial genomes (Supplementary Table S5). Both
132  analyses also recovered N. limnetica as the best represented taxon, with 23,600-37,900 and
133  8,600-14,100 sequences aligning to the chloroplast and mitochondrial genome of this taxon,
134  respectively. After mapping the filtered sequence data to the Nannochloropsis chloroplast
135  genomes individually, the number of sequences uniquely aligned to N. /limnetica fell to 7,700-
136 11,300 (Supplementary Table S4). The most abundant non-Nannochloropsis taxon was the
137  algae Choricystis parasitica with 255-1,784 and 38-276 of sequences mapped to its

138  chloroplast and mitochondrial genome.

139

140  Reconstruction of Nannochloropsis organellar palaeogenomes and their phylogenetic
141  placement

142  We reconstructed complete composite organellar palacogenomes for Nannochloropsis

143  present in LGM Andeya, using N. limentica as a seed sequence. The resulting complete

144  chloroplast sequence was 117.7 kilobases (kb) in length and had a coverage depth of 64.3x.
145  The mitochondrial genome was 38.5 kb in length with a coverage of 62.4x (Figure 2;

146 Supplementary Figure S5; Supplementary Table S6). We observed two major structural

147  changes in our reconstructed chloroplast as compared to the N. limnetica seed sequence, in
148  which the reconstructed chloroplast was inferred to share the ancestral structural state with
149  the remaining Nannochloropsis taxa. This included a 233 bp region in a non-coding region
150  between the thiG and rpl27 genes, which is absent in the N. /imnetica seed sequence and of
151  varying length among all other Nannochloropsis taxa (Supplementary Figure S6). A 323 bp
152  insertion in a non-coding region between the genes rbcS and psbA, is present in the N.

153  limnetica seed sequence, but lacking from our reconstructed chloroplast and all other

154  Nannochloropsis taxa (Supplementary Figure S6). We noted that the combined coverage was
155  reduced across these two regions, with 21x and 32x chloroplast genome coverage (the latter
156  calculated from 100 bp upstream and downstream of the deletion), which may be suggestive
157  of within-sample variation. Both the reconstructed composite organellar genomes displayed
158 authentic ancient DNA damage patterns (Supplementary Figures S7 and S8).

159 To account for within-sample variants in our reconstructed organellar palacogenomes,
160  we created two consensus sequences that included either high or low frequency variants at
161  multiallelic sites. We performed phylogenetic analyses to confirm the placement of the high
162  and low frequency variant consensus genomes relative to other Nannochloropsis taxa. For

163  this, we used full organellar genomes and three short loci with high taxonomic representation
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164  in NCBI Genbank (18S, ITS, rbcL; Table S7). Altogether, these analyses from three different
165  markers (chloroplast, mitochondrial, nuclear) were congruent and resolved the high

166  frequency variant consensus sequences as likely deriving from N. limnetica var. globosa and
167  the low frequency variant consensus sequences as N. limnetica var. limnetica (Table 2; Figure
168  3; Supplementary Figures S9).

169 We attempted to reconstruct composite chloroplast genomes using alternative

170  Nannochloropsis taxa as seed sequences, but these analyses failed to resolve a complete

171 composite sequence (Supplementary Table S8). A phylogenetic analysis of these alternative
172  composite chloroplast genomes displays a topology consistent with the biases associated with
173  mapping to increasingly diverged reference genomes (Supplementary Figure S10). These
174  alternative composite chloroplast genomes were therefore not used further, but provide

175  supporting evidence that N. limnetica is the most closely related extant taxon.

176

177  Nannochloropsis limnetica allelic variation and haplotype estimation

178 In the absence of a catalog of chloroplast and mitochondrial genomes from the N. limnetica
179  variants, we sought to explore the frequencies and proportions of allelic variants present in
180  our data set. We combined all sequences aligned to the high and low frequency variant

181  consensus genomes into a single data set for each sample. We restricted our analyses to

182  transversion variants only in order to exclude artifacts derived from ancient DNA damage,
183  and defined the reference allele as that present in the reconstructed composite organellar

184  genomes. We detected 299-376 and 81-112 variants within the N. limnetica chloroplast and
185  mitochondrial genomes, respectively (Supplementary Table S9). For each sample and across
186 the entire organellar genome, the average proportion of the transversion-only alternative

187  allele is 0.39-0.42 for chloroplast variants and 0.39-0.43 for mitochondrial variants (Figure
188  4).

189 After pooling data from both samples, we used the phasing of adjacent alleles, which
190  were linked by the same read, to infer the minimum number of haplotypes in each

191  reconstructed composite organellar genome. We identify 70 and 21 transversion-only phased
192  positions in the chloroplast and mitochondrial genomes, respectively. Within each sample,
193  the average number of haplotypes observed, based on the linked alleles in the chloroplast
194  genome, is 1.93-2.09. The equivalent average for the mitochondrial genome is 2.05-2.29

195  (Figure 4; Supplementary Table S10).

196
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197  Discussion

198  All of our analyses identified Nannochloropsis as the most abundant eukaryotic taxon in the
199  LGM lake sediments from Andgya, consistent with a previous study based on plant DNA
200  metabarcoding 3. We observed ancient DNA deamination patterns for all reference sequence
201  combinations, which supports the authenticity of our data. The phylogenetic placement of our
202  organellar palacogenomes, as well as other short loci, indicate that the Nannochloropsis taxon
203  detected in Andeya is N. limnetica, with at least two varieties present: N. limnetica var.

204  globosa and N. limnetica var. limnetica.

205 The low overall proportion of sequences identified by the NCBI-based metagenomic
206  analysis is broadly consistent with other shotgun metagenomic studies from sedaDNA %1314
207  and suggests that the vast majority of taxonomic diversity in the sediment record is currently
208 unidentifiable. We recovered comparable and low relative mapping frequencies for all non-
209  Nannochloropsis eukaryotic taxa in our genome panel, regardless of their plausibility of

210  occurring at LGM Andeya. We therefore suggest that these mappings are artifacts resulting
211 from the spurious mapping of short and damaged ancient DNA molecules coupled with the
212 vast diversity of sequences present in sedaDNA3-* However, we identified a component of
213 Mycobacterium sequences, which display ancient DNA damage patterns, although, unlike
214 Nannochloropsis, no dominant strain could be identified. This indicates that our samples
215  contain one or multiple unsequenced strains, some or all of which may be extinct.

216 We explored whether Andeya Nannochloropsis could potentially comprise more than
217  one species. The detection of a low number of uniquely mapped sequences to non-N.

218  limnetica Nannochloropsis genomes indicates that we cannot exclude the possibility of other
219  rare Nannochloropsis taxa being present in the sequence data. However, we suggest that V.
220 limnetica is the sole taxon present and that evolutionary divergence and potential technical
221  artifacts can explain the conflicting results. Our phylogenetic analyses suggest that the

222  Andeya N. limnetica variants are not evolutionarily close to any available organellar

223  reference genomes. We therefore might expect some regions of our N. limnetica organellar
224  genomes to be evolutionarily closer to non-N. limnetica than to N. limnetica. This is

225  supported by the trend of decreasing quality of, and increased impact of reference bias upon,
226  the chloroplast genome sequences reconstructed using alternative seed genomes. This could
227  have been compounded by the aforementioned artifacts associated with ancient DNA 34,
228 We detected within-sample allelic variation in both the N. limnetica chloroplast and

229  mitochondrial genome reconstructions, which we split into two consensus sequences
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230  containing either the high or the low frequency variants. In both organellar genomes, the high
231  frequency variants for both samples, assigned as N. limnetica var. globosa, clustered

232 separately from the low frequency variants, which we identified as N. limnetica var.

233  limnetica. This demonstrates that the results from each of our broadly contemporaneous

234  samples are replicable, which is further confirmed by comparable results obtained by the

235  estimation of the minimum number of haplotypes. For both samples, our analyses recover at
236 least two haplotypes, with a small proportion of phased positions containing three. We note
237  that our method is conservative, given the strict filtering criteria and limited window size, and
238  almost certainly underestimates true haplotype diversity. To accurately estimate the diversity
239  and proportions of haplotypes, it is likely that an extensive reference database of N. limnetica
240  haplotypes will be required. However, this may be particularly problematic for taxa that lack
241  body fossils, which are currently required to reconstruct extinct haplotypes. Future

242  methodological and statistical advances will therefore be required to estimate and quantify
243  haplotype variation for taxa from within a sedaDNA population sample.

244 The sheer abundance of N. limnetica sequences in our identified sedaDNA shotgun
245  sequence data suggests a high biomass of this algae in Lake Ovre Arasvatnet during the

246  LGM. Nannochloropsis is known to undergo blooming events that can reach up to 10'° cells
247  per litre of water *°, which have been reported for N. gaditana in the Comacchio Lagoons,
248  Ttaly ¢ and N. granulata in the Yellow Sea, China *°. N. limnetica itself was first described
249  from spring blooms in Germany, reaching concentrations up to 5.7x10° cells per litre *!. Such
250  blooms could explain the observed high sequence abundance in our data. Independent proxies
251  from the same LGM sediments, including high loss-on-ignition (LOI) values ** and organic
252  elemental (C/N) proportions °, are consistent with a blooming scenario resulting from high
253  nutrient input. Stable isotope data suggest that the C/N is of a high trophic origin, most likely
254  bird guano from an adjacent bird cliff 3>, which corresponds with the detection of bird bones
255  (little auk, Alle alle) in the LGM sediments %3335, The high inflow of nutrients into the lake
256  could have resulted in eutrophication of the lake ecosystem and thus initiated blooms of N.
257  limnetica.

258 Nannochloropsis has not previously been reported from contemporary northern

259  Norway, based on available Global Biodiversity Information Facility (GBIF) records and the
260  published literature, which could be due to the general difficulty of observing and identifying
261  this algae *"*°. We note, however, that our reanalysis of modern DNA metabarcoding data
262  from 11 north Norwegian localities °” shows the presence of Nannochloropsis at five sites

263  (Supplementary Table S11), with dominant abundances detected for two sites. In addition to
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264  LGM Andeya *°, Nannochloropsis has either been previously reported, or unreported but

265 present based on our re-analysis, in eight sedaDNA-based palaeoecological records from

266  Greenland *, St. Paul Island, Alaska, USA *!!| Alberta, Canada '°, Latvia *, Qinghai, China
267  °0and Svalbard 32¢!(Supplementary Figure S11). We failed to detect Nannochloropsis in the
268  Hisseldala Port, Sweden ' record. We note that Nannochloropsis is particularly well

269 represented in late Pleistocene and early Holocene sediments from these records, at a time
270  when the climate was cooler than present 2. Assuming these records reflect N. limnetica, or
271  an ecological analogue, then these occurrences are consistent with its known climatic

272  tolerances, such as thriving in cold water **. Therefore, climate would have been adequate for
273  N. limnetica at Andeya during the LGM, whereas the high nutrient input could have

274  stimulated the unusually high concentrations.

275 As Nannochloropsis taxa differ in their salinity tolerances, the ability to detect and
276  identify them to the species-level could potentially be used as a palaeoecological proxy to
277  estimate the salinity of coastal marine-lacustrine sedimentary records. The detection of the
278  fresh or brackish water N. limnetica in Lake Ovre Arasvatnet is consistent with earlier

279  studies that indicated a lacustrine LGM sediment record 2>3%**, However, caution should be
280 applied when assuming ecological preferences of a taxon that is evolutionarily divergent from
281  reference sequences, as is the case here.

282 Our complete N. limnetica chloroplast palacogenome reconstructions represent the
283  first derived from sedaDNA, although a near-complete chloroplast sequence has recently

t14

284  been reported for a vascular plant **. Although mitochondrial palacogenomes have previously

285  been reconstructed from cave sediments ', and archaeological middens and latrines 2+

, ours
286  are the first derived from lake sediments. The high depth of coverage for our sample-

287  combined palacogenomes (62-64x) allowed us to explore allelic proportions and haplotype
288  diversity using sedaDNA, which resulted in us identifying at least two distinct variants.

289  Together with recently published and ongoing studies, our work demonstrates the feasibility
290  of the sedaDNA field moving into a new phase of environmental palacogenomics. This will
291  enable a broad range of ecological and evolutionary questions to be addressed using

292  population genomic approaches, including for communities of taxa that may or may not be
293  preserved in the body fossil record. With further innovations, this approach could also be

294  extended to a suite of broad groups, including plants, invertebrates, and vertebrates, from lake

295  catchments, cave sediments, and archaeological settings, therefore unlocking the full

296  potential of sedaDNA.
297
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298 Material and methods

299

300 Site description, chronology, and sampling

301 A detailed description of the site, coring methods, age-depth model reconstruction, and

302  sampling strategy can be found in *°. Briefly, Lake @vre Arésvatnet is located on Andoya,
303  Northern Norway (69.25579°N, 16.03517°E) (Figure 1). In 2013, two cores were collected
304  from the deepest sediments, AND10 and ANDI11. Macrofossil remains were dated, with
305 those from ANDIO all dating to within the LGM. For the longer core AND11, a Bayesian
306 age-depth model was required to estimate the age of each layer *°. In this study, we selected
307  one sample of LGM sediments from each of the two cores. According to the Bayesian age-
308  depth model, sample Andeya LGM_B, from 1102 cm depth in AND11, was dated to a

309 median age of 17,700 (range: 20,200-16,500) cal yr BP. The age of Andeya LGM_A, from
310 938 cm depth in ANDI10, was estimated at 19,500 cal yr BP, based on the interpolated

311 median date between two adjacent macrofossils (20 cm above: 19,940-18,980 cal yr BP, 30
312  cm below: 20,040-19,000 cal yr BP). As Andeya LGM_A falls within the age range of
313 Andeya LGM B, we consider the samples to be broadly contemporaneous.

314

315  Sampling, DNA extraction, library preparation, and sequencing

316  The two cores were subsampled at the selected layers under clean conditions, in a dedicated
317  ancient DNA laboratory at The Arctic University Museum of Norway in Tromsg. We

318  extracted DNA from 15 g of sediment following the Taberlet phosphate extraction protocol '8
319  in the same laboratory. We shipped a 210 uL aliquot of each DNA extract to the ancient

320 DNA dedicated laboratories at the Centre for GeoGenetics (University of Copenhagen,

321 Denmark) for double-stranded DNA library construction. After concentrating the DNA

322  extracts to 80 uL, half of each extract (40 uL, totalling between 31.7-36.0 ng of DNA) was
323  converted into Illumina-compatible libraries using established protocols '°. The number of
324  indexing PCR cycles was determined using qPCR and each sample was dual indexed. The
325 libraries were then purified using the AmpureBead protocol (Beckman Coulter, Indianapolis,
326 IN, USA), adjusting the volume ratio to 1:1.8 library: AmpureBeads, and quantified using a
327  BioAnalyzer (Agilent, Santa Clara, CA, USA). The indexed libraries were pooled

328  equimolarly and sequenced on a lane of the [llumina HiSeq 2500 platform using 2x 80 cycle
329  paired-end chemistry.

330

10
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331  Raw read filtering

332  For each sample, we merged and adapter-trimmed the paired-end reads with SeqPrep

333  (https://github.com/jstjohn/SeqPrep/releases, v1.2) using default parameters. We only

334  retained the resulting merged sequences, which were then filtered with the preprocess

335 function of the SGA toolkit v0.10.15 * by the removal of those shorter than 35 bp or with a
336  DUST complexity score >1.

337

338 Metagenomic analysis of the sequence data

339  We first sought to obtain an overview of the taxonomic composition of the samples and

340 therefore carried out a BLAST-based metagenomic analysis on the two filtered sequence

341  datasets. To make the datasets more computationally manageable, we subsampled the first
342  and last one million sequences from the filtered dataset of each sample and analysed each
343  separately. The data subsets were each identified against the NCBI nucleotide database

344  (release 223) using the blastn function from the NCBI-BLAST+ suite v2.2.18+ % under

345  default settings. For each sample, the results from the two subsets were checked for internal
346  consistency, merged into one dataset, and loaded into MEGAN v6.12.3 . Analysis and

347  visualization of the Last Common Ancestor (LCA) was carried out for the taxonomic profile
348  using the following settings: min score=35, max expected=1.0E-5, min percent identity=95%,
349  top percent=10%, min support percentage=0.01, LCA=naive, min percent sequence to

350 cover=95%. We define sequences as the reads with BLAST hits assigned to taxa post-

351 filtering, thus ignoring “unassigned” and “no hit” categories.

352

353  Alignment to reference genome panels

354  We mapped our filtered data against three different reference panels to help improve

355  taxonomic identifications and provide insight into the sequence abundance of the identified
356  taxa (Supplementary Tables S4 and S5). The first reference panel consisted of 42 nuclear
357  genomes that included taxa expected from Northern Norway, exotic/implausible taxa, human,
358  six Nannochloropsis species, and four strains of Mycobacterium. The inclusion of exotic taxa
359  was to give an indication of the background spurious mapping rate, which can result from
360 mappings to conserved parts of the genome and/or short and damaged ancient DNA

361 molecules >***. We included Nannochloropsis, Mycobacterium, and human genomes, due to
362 their overrepresentation in the BLAST-based metagenomic analysis. The other two reference
363  panels were based on either all mitochondrial or chloroplast genomes on NCBI GenBank (as

364  of January 2018). The chloroplast data set was augmented with 247 partial or complete
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365 chloroplast genomes generated by the PhyloNorway project . The filtered data were mapped
366  against each reference genome or organellar genome set individually using bowtie2 v2.3.4.1
367  ® under default settings. The resulting bam files were processed with SAMtools v0.1.19 &
368  We removed unmapped sequences with SAMtools view and collapsed PCR duplicate

369  sequences with SAMtools rmdup.

370 For the nuclear reference panel, we reduced potential spurious or nonspecific

371  sequence mappings by comparing the mapped sequences to both the aligned reference

372  genome and the NCBI nucleotide database using NCBI-BLAST+, following the method used
373 by Graham et al. °, as modified by Wang et al. ''. The sequences were aligned using the

374  following NCBI-BLAST+ settings: num_alignments=100 and perc_identity=90. Sequences
375  were retained if they had better alignments, based on bit score, to reference genomes as

376  compared to the NCBI nucleotide database. If a sequence had a better or equal match against
377  the NCBI nucleotide database, it was removed, unless the LCA of the highest NCBI

378 nucleotide bit score was from the same genus as the reference genome (based on the NCBI
379 taxonlID). To standardize the relative mapping frequencies to genomes of different size, we
380 calculated the number of retained mapped sequences per Mb of genome sequence.

381 The sequences mapped against the chloroplast and mitochondrial reference panels
382  were filtered and reported in a different manner than the nuclear genomes. First, to exclude
383  any non-eukaryotic sequences, we used NCBI-BLAST+ to search sequence taxonomies and
384  retained sequences if the LCA was, or was within, Eukaryota. Second, for the sequences that
385  were retained, the LCA was calculated and reported in order to summarize the mapping

386  results across the organelle datasets. LCAs were chosen as the reference sets are composed of
387  multiple genera.

388 Within the Nannochloropsis nuclear reference alignments, the relative mapping

389  frequency was highest for N. limnetica. In addition, the relative mapping frequency for other
390  Nannochloropsis taxa was higher than those observed for the exotic taxa. This could

391  represent the mapping of sequences that are conserved between Nannochloropsis genomes or
392  suggest the presence of multiple Nannochloropsis taxa in a community sample. We therefore
393  cross-compared mapped sequences to determine the number of uniquely mapped sequences
394  per reference genome. First, we individually remapped the filtered data to six available

395  Nannochloropsis nuclear genomes, the accession codes of which are provided in

396  Supplementary Table S4. For each sample, we then calculated the number of sequences that

397  uniquely mapped to, or overlapped, between each Nannochloropsis genome. We repeated the
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398 above analysis with six available chloroplast sequences (Supplementary Table S4), to get a
399  comparable overlap estimation for the chloroplast genome.

400

401  Reconstruction of the Andeya Nannochloropsis community organellar palacogenomes
402  To place the Andeya Nannochloropsis community taxon into a phylogenetic context, and
403  provide suitable reference sequences for variant calling, we reconstructed environmental
404  palaeogenomes for the Nannochloropsis mitochondria and chloroplast. First, the raw read
405  data from both samples were combined into a single dataset and re-filtered with the SGA
406  foolkit to remove sequences shorter than 35 bp, but retain low complexity sequences to assist
407  in the reconstruction of low complexity regions in the organellar genomes. This re-filtered
408  sequence data set was used throughout the various steps for environmental palacogenome
409  reconstruction.

410 The re-filtered sequence data were mapped onto the N. limnetica reference chloroplast
411  genome (NCBI GenBank accession: NC 022262.1) with bowtie2 using default settings.
412  SAMtools was used to remove unmapped sequences and PCR duplicates, as above. We

413  generated an initial consensus genome from the resulting bam file with BCFtools v1.9 ¢,
414  using the mpileup, call, filter, and consensus functions. For variable sites, we produced a
415  majority-rule consensus using the --variants-only and --multiallelic-caller options, and for
416  uncovered sites the reference genome base was called. The above steps were repeated until
417  the consensus could no longer be improved. The re-filtered sequence data was then re-

418  mapped onto the initial consensus genome sequence with bowtie2, using the above settings.
419  The genomecov function from BEDtools v2.17.0 7° was used to identify gaps and low

420  coverage regions in the resulting alignment.

421 We attempted to fill the identified gaps, which likely consisted of diverged or

422  difficult-to-assemble regions. For this, we assembled the re-filtered sequence dataset into de
423  novo contigs with the MEGAHIT pipeline v1.1.4 7!, using a minimum k-mer length of 21, a
424  maximum k-mer length of 63, and k-mer length increments of six. The MEGAHIT contigs
425  were then mapped onto the initial consensus genome sequence with the blastn tool from the
426  NCBI-BLAST+H toolkit. Contigs that covered the gaps identified by BEDtools were

427  incorporated into the initial consensus genome sequence, unless a blast comparison against
428  the NCBI nucleotide database suggested a closer match to non-Nannochloropsis taxa. We
429  repeated the bowtie? gap-filling steps iteratively, using the previous consensus sequence as
430 reference, until a gap-free consensus was obtained. The re-filtered sequence data were again

431  mapped, the resulting final assembly was visually inspected, and the consensus was corrected
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432  where necessary. This was to ensure the fidelity of the consensus sequence, which

433  incorporated de novo-assembled contigs that could potentially be problematic, due to the
434  fragmented nature and deaminated sites of ancient DNA impeding accurate assembly 7.

435 Annotation of the chloroplast genome was carried out with GeSeq 7, using the

436  available annotated Nannochloropsis chloroplast genomes (accession codes provided in

437  Supplementary Table S12). The resulting annotated chloroplast was visualised with

438  OGDRAW ™,

439 The same assembly and annotation methods outlined above were used to reconstruct
440  the mitochondrial palacogenome sequence, where the initial mapping assembly was based on
441  the N. limnetica mitochondrial sequence (NCBI GenBank accession: NC_022256.1). The
442  final annotation was carried out by comparison against all available annotated

443  Nannochloropsis mitochondrial genomes (accession codes provided in Supplementary Table
444  S12).

445 If the Nannochloropsis sequences derived from more than one taxon, then alignment
446  to the N. limnetica chloroplast genome could introduce reference bias, which would

447  underestimate the diversity of the Nannochloropsis sequences present. We therefore

448  reconstructed Nannochloropsis chloroplast genomes, but using the six available

449  Nannochloropsis chloroplast genome sequences, including N. limnetica, as seed genomes
450 (accession codes for the reference genomes are provided in Supplementary Table S8). The
451  assembly of the consensus sequences followed the same method outlined above, but with two
452  modifications to account for the mapping rate being too low for complete genome

453  reconstruction based on alignment to the non-N. limnetica reference sequences. First,

454  consensus sequences were called with SAMtools, which does not incorporate reference bases
455  into the consensus at uncovered sites. Second, neither additional gap filling, nor manual

456  curation was implemented.

457

458  Assembly of high and low frequency variant consensus sequences

459  The within-sample variants in each reconstructed organellar palacogenome was explored by
460 creating two consensus sequences, which included either high or low frequency variants at
461  multiallelic sites. For each sample, the initial filtered sequence data were mapped onto the
462  reconstructed Nannochloropsis chloroplast palacogenome sequence with bowtie2 using

463  default settings. Unmapped and duplicate sequences were removed with SAMtools, as above.
464  We used the BCFtools mpileup, call, and normalize functions to identify the variant sites in

465 the mapped dataset, using the --skip-indels, --variants-only, and --multiallelic-caller options.
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466  The resulting alleles were divided into two sets, based on either high or low frequency

467  variants. High frequency variants were defined as those present in the reconstructed reference
468  genome sequence. Both sets were further filtered to only include sites with a quality score of
469 30 or higher and a coverage of at least half the average coverage of the mapping assembly
470  (minimum coverage: Andeya LGM_ A=22x, Andeya LGM B=14x). We then generated the
471  high and low frequency variant consensus sequences using the consensus function in

472  BCFTools. The above method was repeated for the reconstructed Nannochloropsis

473  mitochondrial genome sequence in order to generate comparable consensus sequences of
474  high and low frequency variants (minimum coverage: Andeya LGM_A=16x,

475 Andeya LGM_B=10x).

476

477  Analysis of ancient DNA damage patterns

478  We checked for the presence of characteristic ancient DNA damage patterns for sequences
479  aligned to four nuclear genomes: human, Nannochloropsis limnetica and Mycobacterium
480  avium. We further analysed damage patterns for sequences aligned to both the reconstructed
481  N. limnetica composite organellar genomes. Damage analysis was conducted with

482  mapDamage v2.0.8 7 using the following settings: --merge-reference-sequences and --

483  length=160.

484

485  Phylogenetic analysis of the reconstructed organellar palaecogenomes

486  We determined the phylogenetic placement of our high and low frequency variant organellar
487  palaeogenomes within Nannochloropsis, using either full mitochondrial and chloroplast

488  genome sequences or three short loci (18S, ITS, rbcL). We reconstructed the 18S and ITS1-
489  5.8S-ITS2 complex using DQ977726.1 (full length) and EU165325.1 (positions 147:1006,
490 corresponding to the ITS complex) as seed sequences following the same approach that was
491  used for the organellar palacogenome reconstructions, except that the first and last 10 bp
492  were trimmed to account for the lower coverage due to sequence tiling. We then called high
493  and low variant consensus sequences as described above.

494 We created six alignments using available sequence data from NCBI Genbank

495  (Supplementary Tables S7) with the addition of: (1+2) the high and low frequency variant
496  chloroplast or mitochondrial genome consensus sequences, (3) a ~1100 bp subset of the

497  chloroplast genome for the rbcL alignment, (4+5) ~1800 bp and ~860 bp subsets of the

498  nuclear multicopy complex for the 18S and ITS alignments, respectively, and (6) the

499  reconstructed chloroplast genome consensus sequences derived from the alternative
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500  Nannochloropsis genome starting points. Full details on the coordinates of the subsets are
501  provided in Supplementary Table S7. We generated alignments using MAFFT v7.427 ’® with
502  the maxiterate=1000 setting, which was used for the construction of a maximum likelihood
503 tree in RAxML v8.1.12 77 using the GTRGAMMA model and without outgroup specified. We
504  assessed branch support using 1000 replicates of rapid bootstrapping.

505

506  Nannochloropsis variant proportions and haplogroup diversity estimation

507  To estimate major haplogroup diversity, we calculated the proportions of high and low

508 variants in the sequences aligned to our reconstructed Nannochloropsis mitochondrial and
509  chloroplast genomes. For each sample, we first mapped the initial filtered sequence data onto
510 the high and low frequency variant consensus sequences with bowtie2. To avoid potential
511  reference biases, and for each organellar genome, the sequence data were mapped separately
512  against both frequency consensus sequences. The resulting bam files were then merged with
513  SAMtools merge. We removed exact sequence duplicates, which may have been mapped to
514  different coordinates, from the merged bam file by randomly retaining one copy. This step
515  was replicated five times to examine its impact on the estimated variant proportions. After
516 filtering, remaining duplicate sequences - those with identical mapping coordinates - were
517  removed with SAMtools rmdup. We then called variable sites from the duplicate-removed
518  bam files using BCFTools under the same settings as used in the assembly of the high and
519  low frequency variant consensus sequences. We restricted our analyses to transversion-only
520 variable positions, to remove the impact of ancient DNA deamination artifacts. For each

521  variable site, the proportion of reference and alternative alleles was calculated, based on

522  comparison to the composite N. limnetica reconstructed organellar palacogenomes. We

523  removed rare alleles occurring at a proportion of <0.1, as these may have resulted from noise.
524 To infer the minimum number of haplogroups in each reconstructed organellar

525  genome sequence, we inspected the phasing of adjacent variable sites that were linked by the
526  same read in the duplicate-removed bam files, akin to the method used by See et al. . For
527  this, we first identified all positions, from both samples, where two or more transversion-only
528  wvariable sites occurred within 35 bp windows. We then examined the allelic state in mapped
529  sequences that fully covered each of these linked positions. We recorded the combination of
530 alleles to calculate the observed haplotype diversity at each of the linked positions. We

531  removed low frequency haplotypes, which were defined as those with <3 sequences or <15%
532  of all sequences that covered a linked position, and the remaining haplotypes were scored.

533
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534  Meta-analysis of Nannochloropsis in previous sedaDNA data sets

535  We performed a meta-analysis of the global prevalence of Nannochloropsis since the last ice
536  age using published and available lake sedaDNA data sets. Three published shotgun datasets
537  from Lake Hill, Alaska, USA *!!, Charlie Lake, BC and Spring Lake, Alberta, Canada '°, and
538  Hisseldala Port, Sweden '* were reanalysed for the presence of N. limnetica using the same
539  nuclear genome method as used in this study (Supplementary Table S13). Furthermore, a

540  metabarcode data set was reanalysed from Skartjerna, Svalbard ¢! , using the same methods
541  for analysis as the original study, but lowering the minimum barcode length to 10 bp, in order
542  to retain the Nannochloropsis barcode (tag-sample lookup is provided in Supplementary

543  Table S14). These data sets were supplemented with sedaDNA metabarcoding studies that
544  reported Nannochloropsis, including; Bliss Lake, Greenland °%, Qinghai Lake, China ¢,

t 3°, and Jodavannet, Svalbard 3.

545  Lielais Sv&tinu, Latvia 3, Lake @Qvre Arisvatne
546 We estimated the occurrence and abundance of Nannochloropsis in 5,000-year time
547  windows for the above data sets. Abundance was coarsely divided into four categories for the
548  metabarcode data: (1) dominant, scored when Nannochloropsis was the only taxon detected
549  or most abundant of the taxa identified in the sequence data; (2) common, assigned when it
550  was in the top 10 most abundant taxa identified; (3) rare, scored for any other detections, and
551  (4) absent, assigned if Nannochloropsis was not detected. The reanalysed shotgun data sets
552  were scored as: (1) dominant, when Nannochloropsis made up >=0.1% of the filtered read
553  data; (2) common, 0.09-0.01%; (3) rare, 0.009-0.001%, and (4) absent, with <0.001%.

554

555 Data availability

556  The raw Illumina shotgun sequence datasets are available from EMBL via ACCESSION
557  CODES. The reanalysed metabarcoding data from Alsos et al. °! are available via

558 ACCESSION CODE. The reconstructed Nannochloropsis limnetica high and low frequency
559  organellar genome sequences are available from NCBI Genbank via ACCESSION CODES.
560  The scripts estimating the number of haplotypes across the linked windows are provided in
561  the following GitHub repository at GITHUB LINK.

562
563
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774  Table 1: Summary of the best represented taxa (>200 identified sequences) detected in the
775  metagenomic analysis. N=Number of identified sequences, [=Percentage of identified

776  sequences, A=Percentage of all sequences included in the metagenomic analysis.

Andeya_ LGM_A Andeya_LGM_B

N 1 A N I A
Bacteria 18,852 | 63.93 0.94 | 21,873 | 66.85 | 1.09
Mycobacterium 6268 21.26 0.31 8535 | 26.08 | 0.43
M. avium complex 444 1.51 0.02 635 | 194 0.03
M. dioxanotrophicus 0 0 0 229 0.7 | 0.01
M. sp. EPa45 0 0 0 306 | 0.94 | 0.02
M. sp. YC-RL4 0 0 0 207 | 0.63 | 0.01
Pseudomonas 920 3.12 0.05 904 | 2.76 | 0.05
Eukaryota 9333 | 31.65 0.47 9563 | 29.23 | 0.48
Nannochloropsis 5913 20.05 0.3 6179 | 18.88 | 0.31
N. limnetica 2223 7.54 0.11 2272 | 6.94 | 0.11
Other 1303 4.42 0.07 1284 | 3.92 | 0.06
Total 29,488 100 1.47 | 32,720 100 | 1.64

777
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781  Figure 1: (a, b) Location of Lake @Qvre Arasvatnet (circled in red, panel b) in the ice-free

= Ice extent at
22-18 cal a BP
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782  refugium of Andeya in northwest Norway. The regional ice extent for Scandinavia in panel a
783  has been plotted for 22 (outer) and 17 (inner) kcal yr BP and is based on Hughes et al. ’*. The
784  local ice extent in panel B is plotted for 22-18 and 18-17.5 kcal yr BP and is based on Vorren
785 et al. ?. (c) Taxonomic composition of the LGM Andoya sediment samples, based on

786  alignment to a reference panel of 42 eukaryotic or bacterial nuclear genomes. For readability,

787  the algal, bacterial, and human results are plotted separately with differing y-axis scales.
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Figure 2: N. limnetica chloroplast and mitochondrial palacogenomes reconstructed directly
from sedaDNA. The innermost circle contains a distribution of the GC content in dark green,
with the black line representing the 50% mark. The outer blue distribution contains the
genomic coverage for the assembly, with the black line representing the average coverage of
64.3x for the chloroplast and 64.9x for the mitochondria. For the chloroplast the inverted
repeats (IRA and IRB), large single copy (LSC) and small single copy (SSC) regions are
annotated. The red bars on the chloroplast indicate the location of the two regions with

structural change compared to the N. limnetica reference genome.
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Figure 4: The proportions of alternative alleles across the chloroplast (a) and mitochondrial
(b) genomes based on transversions-only. Each proportion plot consists of five independent
variant calling runs to account for sampling biases (see Methods). The horizontal black lines
represent averages: 0.39 and 0.42 for the chloroplast and 0.39 and 0.43 for the mitochondria,
for samples Andeya LGM_A and Andeya LGM_B respectively. In (a) and (b), colour
denotes sample. (¢) Observed minimum haplotype counts based on the linked alleles for the

chloroplast and mitochondrial genomes for both samples.
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