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In brief

Laine et al. sequence stickleback

genomes from Late Pleistocene

sediments of a post-glacial lake, which

spans an ecological transition from

marine to freshwater habitat. Most genes

show marine ancestry; however,

freshwater ancestry is found in loci of

large effect size as early as the brackish

phase, highlighting the chronology and

tempo of adaptation.
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SUMMARY
Directly observing the chronology and tempo of adaptation in response to ecological change is rarely possible
in natural ecosystems. Sedimentary ancient DNA (sedaDNA) has been shown to be a tractable source of
genome-scale data of long-dead organisms1–3 and to thereby potentially provide an understanding of the
evolutionary histories of past populations.4,5 To date, time series of ecosystem biodiversity have been recon-
structed from sedaDNA, typically using DNA metabarcoding or shotgun sequence data generated from less
than 1 g of sediment.6,7 Here, we maximize sequence coverage by extracting DNA from�503more sediment
per sample than the majority of previous studies1–3 to achieve genotype resolution. From a time series of Late
Pleistocene sediments spanning from amarine to freshwater ecosystem, we compare adaptive genotypes re-
constructed from the environmental genomes of three-spined stickleback at key time points of this transition.
We find a staggered temporal dynamic in which freshwater alleles at known loci of large effect inmarine-fresh-
water divergence of three-spined stickleback (e.g., EDA)8 were already established during the brackish phase
of the formationof the isolationbasin.However,marinealleleswere still detectedacross themajority ofmarine-
freshwaterdivergence-associated loci, evenafter thecomplete isolationof the lake frommarine ingression.Our
retrospective approach to studying adaptation from environmental genomes of three-spined sticklebacks at
the end of the last glacial period complements contemporary experimental approaches9–11 and highlights
the untapped potential for retrospective ‘‘evolve and resequence’’ natural experiments using sedaDNA.
RESULTS AND DISCUSSION

Marine and freshwater ecotypes of three-spined stickleback Gas-

terosteus aculeatus are amodel system for studying the genomics

of parallel adaptation in wild populations.12,13 Repeated morpho-

logical and physiological changes in association with marine and

freshwater ecosystemshavebeen found tohaveevolved inparallel

in three-spinedstickleback across theNorthern hemisphere.14 The

genomic architecture associated with adaptive divergence in the

three-spined stickleback is well characterized, with many alleles

underpinning adaptive divergence tightly clustered on chromo-

somes and globally shared as standing genetic variation

(SGV).8,12,13 Freshwater adaptive alleles are proposed to be main-

tainedas low-frequencySGVinmarinepopulations15,16 (Figure1A).

These characteristics are thought to havebeenkey to thecoloniza-

tion of newly emerged freshwater habitats at the end of the last

glacial period.11,14,16 This model system for parallel adaptation is
1142 Current Biology 34, 1142–1147, March 11, 2024 ª 2024 The Au
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thus ideally suited for testing the potential for sedimentary ancient

DNA (sedaDNA) to track adaptivegenetic changes associatedwith

ecological changes at the end of the Late Pleistocene. Specifically,

we track adaptive changes during the formation of a post-glacial

isolation lake, resulting from isostatic rebound: the rise of land

mass following the retreat of the glacial ice sheets that previously

depressed them17 (Figure 1B).

A recent study19 presented analyses of the genome of a Late

Pleistocene stickleback generated frombones found in the transi-

tionsediment layerdepositedduring the formationofapost-glacial

lake (Jossavannet freshwater lake in Finnmark, Norway, 70�270N,
23�470 E). This study found freshwater alleles on a background of

predominantlymarine ancestry in the genomeof this early colonist

stickleback.19 However, the ancestry of a single individual pro-

vides a snapshot in time and may not reflect the population’s

average allele frequencies (Figure 1A). Environmental genomes

from sedaDNA promise the potential to yield time series of local
thor(s). Published by Elsevier Inc.
tivecommons.org/licenses/by-nc/4.0/).
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Figure 1. Changes in freshwater and marine

ancestry in three-spined sticklebacks during

the formation of a post-glacial isolation lake

(A) Schematic diagram of allele frequency changes

from marine (red silhouettes) to freshwater (blue

silhouettes) ancestry through successive genera-

tions. Sampling genomes from the present gener-

ation of sticklebacks can provide limited insights

into past ancestry if much of the genetic variation

coalesces in a recent common ancestor. Sampling

of DNA from ancient bones (solid black rectangle)

from an early generation, alive during the transition

of the lake from a marine habitat, provides a

‘‘snapshot’’ of ancestry not found in the present

generation. Sampling of DNA from consecutive

sediment layers (dashed rectangle) potentially provides a genotype representative of the ancestral population at each time point and can track the chronology

and tempo of genomic changes through time.

(B) Formation of isolation basin and freshwater lake. (I) New marine bays were exposed following the retreat of the ice sheets after the Last Glacial Maximum. (II)

Isostatic rebound, indicated by gray arrows, causes the rise above sea level of the land mass. This reduces ingression of seawater at low tides. (III) The basin

becomes fully isolated from the marine environment and becomes a freshwater habitat. Each phase leaves a distinct sedimentary layer.18 The process is

estimated to have occurred over a few decades (<100 years) based on the narrow ingression layer and well-defined isolation layer in the study lake.

ll
OPEN ACCESSReport
population genetic variation and thereby elucidate evolutionary

processes (Figure 1A). To test this, we collected sediment cores

from Jossavannet for sedaDNA extraction. The lake, which is

38.4 m above sea level, was formed from a post-glacial isolation

basin, with an isolation age of 12.9 ka BP (before present).19 The

core included marine, brackish, and freshwater phases of the

isolation process (Figure 2A).

To maximize the complexity of our sedaDNA libraries, we per-

formed extractions on bulk sediment (�25 g) from 10 consecutive

sediment layers, each of approximately 1–2 cm thickness. The

sequence contained 2 marine sediment layers, 7 layers from the

brackish phase when seawater could still ingress the lake at high

tides, and1 layer after the isolationof the lake fromthemarineenvi-

ronment (Figure2B).Wegenerated single- anddouble-stranded li-

brariesofDNAextracts fromLatePleistocenebonesandsediment

layers from Jossavannet, spanning the transition from marine to

freshwater. Metagenomic analyses of species presence were

consistent with the geological inference of paleoecology of each

layer. From the bones, we generated additional collapsed

paired-end read sequence data, which mapped at R13 depth

of coverage for 8.7 Mb (z2.6%) of the repeat-masked genome.

Wemapped the collapsed paired-end sequence reads generated

from the sedaDNA to the three-spined stickleback reference

genome,12 resulting in up to 5.7 million bp of the genome being

covered by at least one sequencing read (Table S1).

Post-mortem DNA damage is characteristic of degradation

found in ancient DNA samples, specifically deamination results

in changes from cytosine to uracil primarily at the 50 read termini,

read by the sequencing platform as thyamine.20–22 This charac-

teristic damage pattern of an excess of C/ T changes at the 50

termini and the corresponding G/A changes at the 30 termini of

the double-stranded libraries used in the metagenomic analyses

confirmed that the sedaDNA content was primarily of ancient

origin (Figure 2C). Approximately 30% of the read-ends of the

single-stranded sedaDNA libraries had an excess of C / T

changes relative to the reference genome when all reads were

included (Figures 2D and 2E), characteristic of post-mortem

deamination.20–22 There was a lower proportion of damaged

reads in collapsed shotgun sequenced reads (�0.1) than target

capture reads (�0.3) (Figure S1; Dryad: https://doi.org/10.
5061/dryad.z8w9ghxkj). Post-mortem DNA processes such as

hydrolysis result in fragmentation of DNA strands20–22; consis-

tent with this, the mean read length was 77 bp. Such damage

and fragmentation patterns are considered authentication of

the ancient origin of the mapped DNA content in a sample.20–22

We next assessed the tempo and chronology of adaptive

changes in regions of the genome associated with global diver-

gence of marine and freshwater stickleback ecotypes.12 In a

principal-component analysis (PCA) of variation at the marine-

freshwater divergent region of the genome among present-day

stickleback genomes, freshwater samples from Jossavannet

segregate along PC1 (PC1, p < 0.001) from the adjacent Altafjord

marine population, explainingmore than 30%of the genetic vari-

ation among samples (Figure S2). We found no clear correspon-

dence between the chronological pattern of the sediment layers

and the position of the environmental genomes along PC1. We

attribute this to the variation in coverage of the marine-fresh-

water genomic regions among environmental genomes and

particularly differences in coverage at loci of large effect on

three-spined stickleback adaptation. We therefore focused on

the two environmental genomes from which we obtained the

greatest sequence coverage of the marine-freshwater divergent

regions of the genome. These two genomes were from the sedi-

ment layer (769–770 cm) deposited after isolation from the ma-

rine ingression and a layer (774–775 cm) from the middle of the

brackish phase of the isolation process whenmarine water could

ingress at high tide. This brackish layer was the first in which we

failed to detect Fucus and Silvetia in the associated metage-

nomic data (Figure 2C), suggesting that it represents a transition

from an intertidal habitat due to less frequent marine ingression,

for example, during the extremes of the tidal cycle.

As a conservative measure to remove any spuriously mapped

reads originating from other species, we used only the sequence

data from the target enrichment capture experiments,23 designed

to target transversions in the marine-freshwater divergent regions

of the three-spined stickleback genome.12 To reduce spurious

calls due to C / T DNA post-mortem damage patterns caused

by deamination and reduce bias due to variation in coverage,

werandomlyselectedanalleleat transversions in themarine-fresh-

water divergent regions of the two environmental genomes and
Current Biology 34, 1142–1147, March 11, 2024 1143
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Figure 2. Stratigraphy of Jossavannet core,

showing the ecological and geological co-

ntext of the sediment layers analyzed in this

study, and post-mortem damage patterns au-

thenticating ancient origins of the mapped

DNA

(A) Sediments were sampled from layers corre-

sponding to the isolation phase, dated to 12.9 ka

BP19 and immediately preceding and following

isolation. The bones previously analyzed in the study

of Kirch et al.19 were from the same stratigraphic

depth, in a layer corresponding to the early isolation

phase. The actual physical depth is deeper for the

2021 core analyzed in this study relative to the 2019

core that the bones were sampled from.

(B) Lysate and modified binding buffer from the bulk

sediment extraction process, from left to right,

represent 2 fully marine layers, 7 transitionary layers

following uplift from isostatic rebound in which ma-

rine water can still ingress the basin at high tides,

and 1 layer following the complete isolation from

marine ingression.

(C) Heatmap showing taxa presence (detected by

>100 reads; shaded cells) or absence (blank cells),

and proportion of reads showing DNA damage

(indicated by shading) of key indicator genera: (1)

Fucus, (2) Silvetia, (3) Microchloropsis, (4) Nanno-

chloropsis, (5) Thalassiosira, and (6) Pseudopedi-

nella. Fucus and Silvetia are found in intertidal

habitat; Microchloropsis, Nannochloropsis, Tha-

lassiosira, and Pseudopedinella are found in marine,

brackish, and freshwater habitats. Red and blue

lines indicate the start and completion, respectively,

of the isolation from marine environment, as determined by the stratigraphy and specifically changes in the distinct sedimentary boundary between the marine

and freshwater lacustrine sediment facies (see Kirch et al.19).

(D and E) Post-mortem deamination patterns for filtered reads sequenced from (D) a stickleback bony armor plate and (E) sediment from layer 777–779 cm, both

dated to the Late Pleistocene (12.9 ka) and mapped against the three-spined stickleback reference genome gasAcu1.0. Plots show a characteristic excess of C

/ T sequence misincorporation errors at the 50 read termini relative to the modern stickleback reference.

See also Figure S1.
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from present-day Jossavannet and Altafjord genomes. We then

conditioned the probability of that allele representing either fresh-

water or marine ancestry based on the allele frequencies in the

contemporary Jossavannet freshwater and adjacentmarine popu-

lations using the Bayesian approach implemented in Kirch et al.19

(Figure 3A). The two environmental genomes, which are from sedi-

ment layers deposited a few decades apart (<100 years), but from

different stages of the isolationprocess, showsimilar ancestry pro-

files, despite differences in the specific sites covered (Figures 3B

and 3C). Aswaspreviously found for the LatePleistocene bones,19

we identify more marine- than freshwater-associated ancestry in

the twoenvironmental genomes (Figures 3Aand3B).However, se-

quences from both environmental genomes have blocks of alleles

with a probability of 1 of being freshwater ancestry (Figure 3D).

These included several loci of known large effect, e.g., EDA,

WNT7B, and MUC5B. For example, raw genotype plots

(Figures 3B and 3C) show freshwater alleles at the minimal 16 kb

haplotype in the EDA locus known to control repeated low armor

evolution in sticklebacks8,12,24 but flanked by marine alleles at

neighboring sites.

These findings overlap with the genomic regions identified as

thosemost rapidly evolving in contemporary release experiments.

Roberts Kingman et al.11 found that the most rapidly evolving re-

gions following the introduction of marine sticklebacks to
1144 Current Biology 34, 1142–1147, March 11, 2024
freshwater lakes were low recombination regions proximate to

recombination hot spots, which overlapped with large numbers

of quantitative trait loci (QTLs) and peaks of genetic differentiation

between ecotypes. They includedQTLsassociatedwithdefensive

armor and trophic phenotype (e.g., EDA8) and kidney function

(e.g.,WNT7B8) on chrIV, forwhichwe found freshwater genotypes

as early as the brackish stage of the lake formation, differentiating

the ancient population from the present-day fjord population (Fig-

ure 3). These traits increase fitness in response to the changes

in pH, salinity, prey resources, and predators.8,10,14 Low recombi-

nation rates can increase the physical linkage between selected

alleleswithin haploblocks,8,11–13whereas neighboring recombina-

tion hotspots are proposed to increase the potential for re-assem-

bly of haploblocks from smaller segments.11 Consistent with the

hypothesizedmechanism of freshwater ancestry being re-assem-

bled from distinct haploblocks rather than inherited from a single

common ancestor, we see that although the EDA and WNT7B

loci on chrIV carry freshwater alleles, the SULT4A locus on chrIV

carries predominantly marine ancestry in the environmental ge-

nomes. This marine ancestry at SULT4A (a gene associated with

neurotransmitter metabolism) has been replaced by freshwater

ancestry in the contemporary lake population (Figures 3B and 3C).

Our findings of freshwater genotypes at key loci as early as the

brackish phase of the lake’s formation provide a useful
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Figure 3. Patterns of stickleback marine and freshwater ancestry in sediment layers

(A–C) Visual genotypes at transversions in the marine-freshwater divergent regions of chromosome IV for contemporary Jossavannet (freshwater) and Altafjord

(marine) sticklebacks, and (A) all ancient environmental genomes from sediment layers for which >100 sites were covered by capture enriched sequence data (top

6 rows), and the captured ancient stickleback bone library19 (7th row), (B) 554 transversions in brackish layer (774–775 cm depth, top row), and (C) 465 trans-

versions in freshwater layer (769–770 cm depth, top row). Rows are individual fish and columns are sites, which are shaded red for the most common allele in the

marine population, blue for the alternative allele, and white for missing data.

(D) Probability of three-spined stickleback freshwater ancestry at 1,083 transversions from the freshwater sediment layer found at 769–770 cm depth, above the

isolation boundary dated to 12.9 cal ka BP19 and at 1,084 transversions from a brackish sediment layer found at 774–775 cm depth, from a period when sea water

could still ingress the basin at high tides. Sites are first ordered based on probabilities from 0 to 1 and second by physical position in the genome. The probability

of freshwater ancestry is dependent upon the allele sampled from the sediment sample, and the allele frequencies sampled from the contemporary freshwater

Jossavannet lake and marine Altafjord populations. For probabilities to be either 0 or 1, alternative alleles must be fixed in each contemporary population. Sites

are restricted to transversions in the marine-freshwater globally divergent regions of the genome12 that were the targeted for enrichment by baits.

See also Figures S2 and S3.
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comparison to experimental release studies that have intro-

duced marine three-spined stickleback to freshwater ecosys-

tems.11 Several factors predict greater constraints on selection

on alleles associated with freshwater adaptation in the marine

sticklebacks that colonized the nascent Jossavannet lake19

compared with those experimentally released into North Pacific

lakes.11 The ecological conditions in Jossavannet changed

gradually, passing through several decades of inter-tidal and

brackish phases, before becoming an isolated freshwater

body. Additionally, the lake’s formation followed the retreat of

the glacial ice sheets and the emergence of the first suitable

habitat for threes-spined sticklebacks in millennia. As such,

there would have been limited opportunity at this time for fresh-

water migrants to re-seed the local marine population with fresh-

water alleles via the transporter mechanism.16 Finally, the North
Pacific, where the experimental releases were conducted,11 is

thought to be the source of origin of three-spined stickleback

marine-freshwater ecotypes.13,14 Accordingly, North Pacificma-

rine populations can be richer in freshwater adaptive alleles as

SGV than their Atlantic counterparts.13 Despite the gradual

ecological change to a freshwater ecosystem and the potential

reduced availability of the SGV in the local marine population

(relative to present-day North Pacific marine sticklebacks intro-

duced to freshwater in the experimental releases11), our findings

suggest that the efficacy of selection is sufficient to raise fresh-

water alleles to detectable frequencies at several known loci of

large effect at the earliest stages of the lake’s formation. The

concordance of the findings from our sedaDNA approach and

contemporary experimental releases11 validates the ability of

the environmental genomes derived from sedimentary layers to
Current Biology 34, 1142–1147, March 11, 2024 1145
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provide accurate and valuable insights into evolutionary pro-

cesses from the ecological changes at the end of the Late

Pleistocene.

Important considerations for future studies when designing

similar time-series sedaDNA projects include consideration of

the timescale sediment cores that will need to be covered in order

to track both rapid and prolonged genetic change associatedwith

adaptation. We did not ‘‘catch adaptation in the act’’ so to speak;

the signatures of freshwater adaptation were consistent between

environmental genomes spanning brackish to freshwater. Addi-

tionally, future studies should consider how coverage of loci of

different effect sizes biases comparisons between sediment

layers. We found coverage of focal genomic regions associated

with marine-freshwater adaptation to be highly stochastic among

environmental genomes. Target capture enrichment23 for known

adaptive loci was critical for obtaining genotypes at marine-fresh-

water divergent loci (Table S1), which represent a tiny fraction of

the metagenomic sedaDNA libraries. Surprisingly, target enrich-

ment capture of several of the sedaDNA libraries outperformed

capture of the ancient bone libraries (Figure 3A). Finally, achieving

thecomplexityofgenomic librariesneeded for thisstudy requiresa

large sediment mass input, which, in turn, increases the presence

of inhibitors. A key challenge to this approach is thus to maximize

library complexity while minimizing inhibition of enzymatic reac-

tions such as library build and PCR steps. Experiments with

training cores resulted in library build andPCR failure, despite suc-

cessful sedaDNA extraction. Although there remain technical hur-

dles to overcome, we believe that our findings highlight the un-

tapped potential for sedaDNA datasets to track evolution

through time. In doing so, we take evolve-and-resequence exper-

iments25 out of the lab and into the field, retrospectively applying

theapproach tonatural populationsas theyadapted to theclimatic

changes at the end of the Late Pleistocene. In turn, we may gain

new insights into the potential responses to ongoing climatic

change during the Anthropocene.
STAR+METHODS

Detailed methods are provided in the online version of this paper
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Biological samples

Stickleback biosample data This study NCBI: PRJNA693136

Chemicals, peptides, and recombinant proteins

AmpliTaq Gold Thermo Fisher Scientific Cat# N8080241

3M Sodium Acetate Sigma-Aldrich Cat# S7899

Proteinase K 100MG Sigma-Aldrich Cat# 3115844001

H2O, Molecular Biology Grade Thermo Fisher Scientific Cat# 10490025

Tween 20 100ML Thermo Fisher Scientific Cat# 10113103

Ethanol, Absolute, Mol Biology Grade Thermo Fisher Scientific Cat# 10644795

5M Sodium Chloride 100ML Thermo Fisher Scientific Cat# 10609823

T4 DNA Ligase (2,000,000 U/mL) New England Biolabs Inc. Cat#M0202M

T4 Polynucleotide Kinase New England Biolabs Inc. Cat#M0201S

T4 RNA Ligase Buffer New England Biolabs Inc. Cat# B0216L

ET SSB New England Biolabs Inc. Cat# M2401S

ATP (100mM) Thermo Fisher Scientific Cat# R0441

BSA New England Biolabs Inc. Cat# B9000

PfuTurbo Cx Hotstart DNA Polymerase Agilent Cat#600414

HighPrep PCR Clean-up System (50ml) MagBio Genomics Cat#AC-60050

Buffer PE QIAGEN Cat# 19065

Buffer PB QIAGEN Cat# 19066

Buffer EB QIAGEN Cat# 19086

Dithiothreitol Thermo Fisher Scientific Cat# R0861

dNTP Set 100mM 100mL Thermo Fisher Scientific Cat# 10336653

EDTA 0.5M pH 8.0 Fisher Bioreagents 500ML Thermo Fisher Scientific Cat# 10182903

Tris HCl, 1M, pH 8.0, 100ML Thermo Fisher Scientific Cat# 10336763

PEG8000 Sigma-Aldrich Cat# P2139

Critical commercial assays

MinElute PCR Purification kit QIAGEN Cat# 28006

Tapestation screenTape D1000 HS Agilent Cat# 5067-5584

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Cat# Q32854

Dneasy Blood & Tissue kit QIAGEN Cat# 69504

NEBNext Ultra II DNA Library Prep Kit for Illumina New England Biolabs Inc. Cat# E7645S

MagAttract Power Soil Pro kit QIAGEN Cat# 47199

Bioanalyzer High Sensitivity DNA Analysis kit Agilent Cat# 5067-4626

Fragment Analyzer NGS Fragment Kit (1-6000bp) Agilent Cat# DNF-473-0500

Deposited data

Raw sequence data (fastq format) This study and Kirch et al.19 NCBI: PRJNA693136

metaDMG-A output

Capture bait design details and sequences

Competitive mapping to RefSeq

Mitogenome Database output

Post-mortem damage plots

This study DRYAD: https://doi.org/10.5061/

dryad.z8w9ghxkj

Code for generating genotype probability plots This study and Kirch et al.19 GitHub: 10.5281/zenodo.10519326

Software and algorithms

AdapterRemoval v2 Schubert et al.26 https://github.com/MikkelSchubert/

adapterremoval
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ANGSD Korneliussen et al.27 http://www.popgen.dk/angsd/

index.php/ANGSD

BWA Li and Durbin28 https://github.com/lh3/bwa

PMDtools Skoglund et al.29 https://github.com/pontussk/PMDtools

RepeatMasker Smit et al.30 http://www.repeatmasker.org

Samtools Li et al.31 http://www.htslib.org

WindowMasker Morgulis et al.32 https://github.com/goeckslab/

WindowMasker

metaDMG-A Michelsen et al.33 https://metadmg-dev.github.io/

metaDMG-core/

Bedtools Quinlan34 https://bedtools.readthedocs.io

R-package R Core Team35 https://www.R-project.org
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Lead contact
Further information and requests for resources, material and reagents should be addressed and will be fulfilled by the lead contact,

Andrew Foote (andrew.foote@ibv.uio.no).

Materials availability
Raw sequence data and BioSample details are available at the National Centre for Biotechnology Information (NCBI) under

BioProject accession number: PRJNA693136.

Data and code availability

d Sequencing data have been deposited in the NCBI database and are publicly available as of the date of publication. Accession

numbers are listed in the key resources table. Additional output files have been deposited in a dryad repository, accession num-

ber is listed in the key resources table.

d All original code has been deposited on GitHub and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sampling sediment cores
Sediment core samples from Jossavannet freshwater lake (70�27’N, 23�47’E) in the Finnmark region of Norway were collected in late

spring 2019 and 2021. The freshwater lake is relatively shallow and was cored with a ‘‘Russian-type’’ peat corer.36 The one meter-

long, half-cylinder-shaped samples of lake depositswere collected and transported to the laboratory at theGeological Survey ofNorway

(NGU: Norges Geologiske Undersøkelse). During basin isolation from the sea, fundamental environmental changes lead to a complete

replacement of floral and faunal assemblages, resulting in clearmarine-lacustrine transitions apparent in sediment core biostratigraphy.18

Threespine stickleback bones were found in a core collected in 2019 in sediment formed during the isolation phase of the lake when

the habitat would have been brackish.19 The 2019 core was subsampled for material suitable for radiocarbon dating; 1-cm-thick slices

of the core were wet-sieved and residual terrestrial plant remains were identified, picked and dried overnight before being submitted

to the PoznanRadiocarbon Laboratory, Poland. A series of four sampleswere dated across the transition. These comprised of a sample

ofSalix leaves (Poz-115352, 7mg)pickedat theboundary yielded11,080± 50 radiocarbon years, calibrated to 13070-12,800cal yearBP.

This is supportedby amarine sample of algae found 7 cmdeeper (large sample Pox-115492,weighing 61mg), which yielded 11780± 50,

calibrated to 13,330- 13,070 cal year BP. It is further supported by a third sample ofSalix leaves (Poz-115350, 5mg) found shortly above

the transition, yielding 11,420 ± 50, calibrated to 12,920-12,700 cal year BP. All calibration using OxCal software with IntCal.

Present-day stickleback sample collection
Adult threespine stickleback specimens were collected using minnow traps in 2019 and 2021 from 9800 m2 Jossavannet freshwater

lake (70�27’N, 23�47’E) and from the outer branch area (next to the lake sites) of Altafjord (70�27’N, 23�46’E). Samples were collected

under permit (201300202-62) from Finnmark Fylkeskommune. Upon sampling, sticklebacks were euthanized and stored in 95%

ethanol.
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METHOD DETAILS

Sub-sampling sediment layers
The three cores collected in 2021 were sampled destructively for sedimentary DNA analyses. These were first split longitudinally in to

two halves at the laboratory. One half was wet-sieved with a 125mmmesh for additional stickleback hard parts, such as bones, bony

plates and spines. However, no additional stickleback remains were found. Sediment layers spanning the marine-lacustrine transi-

tion were sampled from the remaining half. Samples consisted of approximately 1cm depth consecutive layers, with sediment ma-

terial taken from the inner core to avoid the ‘smearing’ effect associated with the outer core. To further avoid cross-contamination

between sediment layers, all equipment was sterilized using bleach and 70% ethanol, and latex gloves and paper sleeves were

changed between each sampling. Sediment layers were transferred to sterile UV-treated 50ml falcon centrifuge tubes for DNA

extraction.

Modern sample collection, library build and sequencing
DNA was extracted from the modern samples collected in 2021 using a Qiagen Blood and Tissue kit following the manufacturer’s

protocol, and built into dual-indexed libraries using a NEBNext Ultra II library preparation kit in the laboratory facilities of NTNU,

Trondheim, Norway. Paired-end 250bp sequencing on a lane of an Illumina NovaSeq 6000 S4 flow cell was performed by a commer-

cial service offered by Novogene.

Ancient DNA labwork
Ancient DNA labwork was conducted in the dedicated ancient DNA facilities of theGlobe Institute, University of Copenhagen. Details

for the extraction of DNA from ancient stickleback bones and spine from the Jossavannet sample are given in Kirch et al.19 Briefly,

DNA was extracted using a silica-based method, where each individual bone or spine was incubated overnight under motion at 55�C
in 500 uL extraction buffer (0.45MEDTA, 0.1MUREA, 100mg proteinase K). Each sample was then centrifuged at 2300 rpm for 5min

and the supernatant was collected and concentrated and purified using a QIAGEN MinElute spin column (QIAGEN, Valencia,

CA, USA).

Single-stranded library build
Double-stranded Illumina libraries had been previously constructed using the blunt-end single tube (B.E.S.T.) method37 and those

libraries were then sequenced to saturation for the Kirch et al. study,19 resulting in coverage of 16,923,179 bp of the threespine stick-

leback genome. For this study, single-stranded DNA libraries were constructed from using 20 ml of the DNA extracts from Kirch

et al.19 using the method in Kapp et al.38 The adapters and single-stranded binding proteins (SSB) were prepared and diluted

following the recommendation for concentration defined by the DNA input tier system described in the protocol published by

Kapp et al.38 As a conservative approach to avoid adapter dimer, we used tier 5 in all reactions. Libraries were purified with the

MinElute reaction clean-up kit (Qiagen), and were eluted in 35 ml EBT. A volume of 15 ml of DNA library template was used for

dual-indexing PCR amplification following a AmpliTaq Gold (ThermoFisher Scientific) protocol at 15 cycles for each sample. Each

50ml PCR reaction contained 15ml of library, 1ml of AmpliTaq Gold polymerase, 0.5mM dNTP, 1x PCR buffer, 0.25 mM MgCl2,

0.4ml of Bovine Serum Albumin (BSA), and was made up to 50ml with molecular grade water. PCR temperature profile included an

activation step at 95�C for 5 min, followed by 15 cycles of denaturation at 95�C for 30 s, annealing at 55�C for 30 s and elongation

at 72�C for 1 min, with a final extension step at 72�C for 7 min. An additional dual-indexed PCR per library was setup using 5ml of

library, 1ml of PFU Turbo Cx polymerase (Agilent), 5ml of buffer, 0.5mM dNTP, 0.4ml of BSA and made up to 50ml with molecular grade

water. PCRproducts were then purified using 1.83HighPrep PCRbeads (MagBioGenomics). Extraction, library build and index PCR

blanks were included to evaluate potential contamination during the library building process. Multiple PCRs were performed on each

library to maximize complexity for downstream analyses.

Sediment aDNA extraction
After first removing approximately 0.3g for an automated extraction process (see below), the remaining sediment in the falcon tube

was weighed on a balance. Extraction weights ranged from 21.4-29.9g after subtracting the weight of the falcon tube. Lysis buffer

was prepared as per Rohland et al.,39 but scaled up to individual reaction size of 5ml of lysis buffer per sediment sample. Each 5ml

aliquot lysis buffer contained 4.5 ml of 0.5 M EDTA (pH 8.0) combined with 0.372 ml of water, 2.5 ml of Tween 20 and 125 ml of 10 mg/

ml proteinase K. The lysis buffer was added to the sediment sample and mixed by 10 seconds of light vortexing, followed by flicking

and inverting the tube. Each tube was then sealed with parafilm and then gently mixed by continuously rotating for 24 hours at 18

r.p.m. whilst incubating at 37�C. The 50ml centrifuge tubes containing the lysate were then centrifuged at 4000 r.p.m. for 10 mins

to separate the sediment and lysate. The lysate was transferred to a new 15 ml falcon tube. The amount of lysate varied slightly

among samples. When possible we removed 4ml, but for some samples, even after centrifugation, it was not possible to remove

the full 4ml without disturbing the pelleted sediment, however we took >3ml from all samples. In all cases we added molecular grade

water to make all samples up to 5 ml.

To bind the DNA to the silica membrane of the spin column, we first modified stock 500 ml of Qiagen PB binding buffer by adding

2.5ml 5MNaCl and 15ml of 3MNaOAc.40 Themodified binding buffer was then added to the lysate at a ratio of 5x the volume of lysate

and mixed with pipetting and gentle vortexing. This resulted in a total volume of 30ml of lysate from each sediment sample plus
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binding buffer mix, each of which was split into two 15ml falcon tubes (Figure 2). Aliquots of 600ul lysate plus binding buffer mix were

added to individual Qiagen MinElute spin columns and spun for 10 minutes a 10,000 r.p.m. The silica membrane in the spin column

was then subject to two wash steps each using 500 ul of Qiagen PE buffer and centrifuged for 1 minute at 10,000 r.p.m., with an

additional drying centrifuge step of 1 minute at 13,300 r.p.m. DNA was then eluted by adding 15ul per spin column of Qiagen EB

buffer pre-heated to 37�C, which was then incubated at 37�C for 15 minutes before being spun down in a centrifuge for 1 min at

8,000 r.p.m. These steps were repeated, each time in a new set of spin columns, until all the lysate plus binding buffer mix for

each sample had been filtered. Aliquots of eluted DNA from the same sediment layer sample were then combined and gently mixed

by pipette. Aliquots of extract and unamplified libraries were taken to the modern DNA laboratory for QC checks using the both the

TapeStation (Agilent Technologies) and either the Fragment Analyzer (Agilent Technologies) or 2100 Bioanalyzer (Agilent Technolo-

gies), in each case using high sensitivity chips for visualization of fragment length and DNA yield.

The sedaDNA extracts were then built into single-stranded libraries using the method given above and amplified using both PCR

protocols (PFU Turbo Cx polymerase and AmpliTaq Gold). PCR products were purified using 1.83 HighPrep PCR beads (MagBio

Genomics). QC checks on the purified post-PCR product were performed as above.

In addition to the bulk-sediment lab work we submitted samples to an automated ancient eDNA workflow. Here, DNA extraction

and library preparation were performed in dedicated clean rooms at the Globe Institute, University of Copenhagen, Denmark. Sedi-

ment subsamples (�0.2 grams) were transferred to SAFE� 2D barcoded tubes (LVL technologies) and added 200 mLOmni 0.1mmas

well as 200 mL Omni 0.5 mm Ceramic Bulk Beads. The DNA was hereafter extracted on a Tecan Fluent DreamPrep 780 using the

Qiagen� MagAttract� Power Soil Pro kit following manufacturer’s protocol with the following modifications: The LVL Bead Tube

Rack was vortexed using a FastPrep-96� at 1600 rpm for 30 seconds, paused for 30 seconds, and then added another

1600 rpm for 30 seconds. Hereafter, all samples were incubated shaking at a speed 1000 rpm overnight at 37�C. The DNA lysate

volume was reduced to 240 mL for downstream purification, and adjusting the binding buffer ratio to 1:3 lysate:binding buffer. Lastly,

all extracts were converted to dual-indexed Illumina double-stranded DNA libraries following the Meyer and Kircher40 method, and

sequenced on a NovaSeq 6000 XP lane running 100 Bp paired-end.

Target enrichment capture
To maximize the coverage at informative marine-freshwater divergent sites in the genome that could be used in downstream ancient

DNA analyses, we performed target capture enrichment experiments.23 Using genetic coordinates of regions of the genome previ-

ously identified as being consistently differentiated between marine and freshwater populations in a global dataset,12 we then

screened these regions for transversions. We included filters specifying the probability that any SNP was polymorphic should be

P < 0.000001, have minimum mapping quality and minimum base quality of 20, a minimum minor allele frequency of 0.25, and be

in a region uniquely mapping within the stickleback genome. This screening identified 10,149 transversions. A total of 40,596 bio-

tinylated RNA baits23 consisting of 60 nucleotide probes were then designed by Arbor Daicel Biosciences, so that two probes

covered each SNP, one for each allele, and two additional probes were immediately upstream and downstream of the SNP. From

this set, 38,391 passed QC checks using BLAST to screen for redundancy, repeats and hits to the mitochondrial genome. This

reduced our targeted SNPs to 10,026; of these 9,177 retained all four probes, 384 retained 3 probes, 66 retained 2 probes, and

399 targeted SNPs retained one probe. Baits are commercially available through MyBaits, Daciel Arbor Biosciences, specifying

Design ID: D1029010KNT and Ref#: 220126-900. A subset of aliquots of amplified libraries were subject to enrichment following

the manufacturer’s High Sensitivity protocol, but with a single hybridization step at 60�C and no post-capture PCR. Enriched and

non-enriched libraries were then sequenced across a lane of an Illumina NovaSeq 6000 S4 flow cell.

Mapping, filtering and masking of sedaDNA data
AdapterRemoval26 was used to remove adapters and trim both Ns and low-quality bases from the reads. Trimmed sequencing data

were aligned against the reference genome gasAcu112 by using the Burrows-Wheeler Alignment Tool (BWA) with the aln algorithm,28

disabling seeding (option -l 1024) to turn-off seeding thereby increasing mapped data by including reads with post mortem damage

at the read-ends.41 The resulting bam files were sorted and merged using Samtools.31 Duplicate reads in all sorted bam files were

identified by Samtools markdup. Masked regions encompassing interspersed repeats and low complexity DNA sequences detected

by Repeat-Masker30 and covering 3.72% of the stickleback genome, and highly repetitive DNA sequences detected by

WindowMasker32 from the NCBI C++ toolkit covering 25.59% of the stickleback genome (constructed using -sdust true as setting)

were removed from the bam files using bedtools.34 See Table S1 for summary statistics of mapping. Furthermore, due to potential

reference bias towards freshwater alleles when mapping to the reference assembly, which was generated from a Pacific freshwater

stickleback,12 we created an alternative marine reference from a present-day Altafjord sample by using the -dofasta option imple-

mented in ANGSD.27 Sequence data were re-mapped to this alternative reference using the steps above. Analyses duplicated using

the alternative assemblies provided qualitatively similar results (See also Figure S3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Assessing postmortem DNA damage and contamination
Analyses of potential nucleotide misincorporations using PMDtools29 to compare with the modern reference genome revealed that

sequencing reads exhibited characteristic post-mortem damage patterns.20–22 Damage found in DNA extracted from the sediment
Current Biology 34, 1142–1147.e1–e6, March 11, 2024 e4
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layer was estimated from a single-strand library, we therefore see just C>T changes at both the 5 and 3 read termini (see also Fig-

ure S1 and https://doi.org/10.5061/dryad.z8w9ghxkj). In contrast, single- and double-strand libraries were built on DNA extracted

from the bony plate and spine, then merged and analyzed for DNA damage. Hence, we also see an excess of G>A (the reverse com-

plement of C>T) changes at the 3 read termini for the bony plate and spine. Therefore, except where otherwise stated, only trans-

versions were considered in downstream analyses that included the ancient samples.

Metagenomic analyses
We first investigated themetagenomic content of our sedaDNA libraries through competitively mapping our sequencing data against

the RefSeq mitochondrial database (version 92). We found no reads competitively mapped to the threespine stickleback mitochon-

drial genome (NC_041244.1), nor to the two closest related species in the database, the ninespine stickleback (Pungitius pungitius)

and blackspotted stickleback (Gasterosteus wheatlandi), indicating that threespine stickleback DNA would be at best at low fre-

quencies in our genomic libraries. When we compared different read groups, we found that the highest numbers of unmated

paired-end reads mapped to the horse-fly (Haematopota turkestanica). However, we found that reads stacked up over a small region

of 476 bp and attribute this to the small size of the unmated paired-end reads stacking up in regions of low mapability. When we

sorted taxa by the number of covered bases, the green algae (Nannochloropsis limnetica) mitochondrial reference (NC_022256.1)

was consistently the top hit, due to coverage from the longer collapsed pair-end reads. This observation combined with our obser-

vations of high percentage of unmated reads mapping to the threespine stickleback relative to collapsed paired-end reads, yet not

increasing the number of covered bases, made us exclude the unmated reads from our final analyses of adaptive genotypes. The

statistical outputs from competitively mapping to the RefSeq mitochondrial database are accessible in the dryad respository:

https://doi.org/10.5061/dryad.z8w9ghxkj.

Principal Component Analysis
We used pseudo-haploid genotype calls of present-day marine and freshwater sticklebacks and the ancient samples. We compared

covariance within freshwater-marine divergence associated regions among samples using ecology informative markers. The ancient

samples were included in the PC computations and not projected onto PCs of modern samples, which has the advantage of

providing a quality control measure. For example, if the ancient samples were impacted by sequencing- or sequence data processing

errors, the samples would appear as outliers in the PCA. Additional filtering steps included in these analyses were the removal of

regions of poor mapping quality (Q < 20), removal of sites with low base quality scores (q < 20), calling only SNPs inferred with a likeli-

hood ratio test (LRT) of P < 0.000001, aminimum allele frequency of 0.25, specifying uniquely mapping reads only, and the removal of

transitions to avoid bias from C to T and G to A DNA damage patterns. The eigenvectors from the covariance matrix were generated

with the R function ‘‘eigen’’, and significance was determined with a Tracy-Widom test42 performed in the R-package AssocTest43 to

evaluate the statistical significance of each principal component. See also Figure S2.

Comparison of ancient and modern genotypes
To investigate the marine and/or freshwater origin of adaptive alleles carried by environmental genomes we assigned the ancestral

state of each allele, conditioning on allele frequencies in present-day marine (Altafjord) and freshwater (Jossavannet) populations us-

ing the method from Kirch et al.19 In contrast to Kirch et al., we did not include base quality re-calibrated transitions, as the re-cali-

bration can be biased by paired-end read data. We therefore conservatively restricted our analyses to transversions that were tar-

geted by the enrichment capture probes. We also estimate genotype probability at the per-site level, rather than per-window as in

Kirch et al.19

We defined two possible ancestries for the ancient genome, Amarine and Afresh.

Where the allele carried by the ancient genome shares most recent common ancestry with other marine and freshwater fish

respectively. The probability of observing an allele (0,1) in the ancient genome given a specific ancestral state can therefore be calcu-

lated as:

Pr(allele|Ancestry):

Pð0jAmarineÞ = fmarineð0Þ
Pð1jAmarineÞ = fmarineð1Þ
Pð0jAfreshÞ = ffreshð0Þ
Pð1jAfreshÞ = ffreshð1Þ
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We assume uniform prior probabilities P(Amarine) and P(Afresh), and calculate the posterior probability of each possible ancestral

state as:

PðAncestryjalleleÞ =
PðallelejAncestryÞPðAÞ
P

i PðAncestryijalleleÞ

Metagenomic Damage analysis
We analyzed the eukaryotic fraction of the shotgun sequencedmetagenomes by compiling a database consisting of all NCBI RefSeq

mitochondria and plastid databases (downloaded November 6th 2022), including the GTDB (release 207) as microbial decoy data-

base. The database were hereafter indexed using bowtie244 and all reads competitively mapped against it setting the parameters:

–end-to-end (-D 15 -R 2 -N 0 -L 22 -i S,1,1.15). The resulting alignments were hereafter sorted by readID using SAMtools31 and

parsed for taxonomic profiling and DNA damage estimated using metaDMG-A.33 The metaDMG output were next parsed to R,35

filtering for taxa with more > 100 reads, a lambda likelihood ratio > 3 and mean length of reads mapped to each taxonomic

node > 35Bp using tidyverse45 and plotting key taxa using the ggplot46 package.
Current Biology 34, 1142–1147.e1–e6, March 11, 2024 e6
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Figure S1. Post-mortem deamination patterns for filtered reads sequenced from the 
Late Pleistocene sedaDNA samples and stickleback bones, mapped against the 
threespine stickleback reference genome gasAcu1.0, Related to Figure 2. Sequence 
misincorporation errors at the 5  ́read termini of sequence data show characteristic (C>T) 
post-mortem damage patterns relative to the modern stickleback reference (gasAcu1). 
Sequence misincorporation errors at the 3  ́ read termini of sequence data show 
characteristic (C>T) post-mortem damage patterns in single-stranded libraries and the 
reverse complement (G>A) in double-stranded libraries. 
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Figure S2. Principal component analyses (PCA) of Late Pleistocene and contemporary 
stickleback genomes from Finnmark, Norway, Related to Figure 3. Principal component 
analyses (PCA) of 14,075 transversions in marine-freshwater divergent regions of the 
stickleback genome. Colored markers represent genomes sampled from present-day 
stickleback populations at Jossavannet freshwater lake (blue markers) and the adjacent 
(marine) Altafjord (red markers), and Late Pleistocene (~12.9 kyr-old) genomes recovered 
from subfossil bones or sediment at Jossavannet (black markers). The depth of each 
sediment layer is given in the marker labels. The variation in coverage of marine-
freshwater regions, which will include loci of different effect size, biases comparisons 
between sediment layers. 
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Figure S3. Comparison of mapping biases due to reference marine or freshwater 
reference genome, Related to Figure 3. Visual genotypes at 465 transversions in the 
marine-freshwater divergent regions of chromosome IV for contemporary Jossavannet 
(freshwater) and Altafjord (marine) sticklebacks, and an ancient environmental genome 
from freshwater sediment layer (769-770 cm depth, top two rows). The lower of these 
two rows is based on mapping sequence data to the gasAcu1.0 reference assembly 
generated from a Pacific freshwater sample from Bear Paw Lake, Alaska S1. The top row is 
mapped to an alternative reference generated by mapping a modern fjord sample to the 
gasAcu1.0 and generating a haploid fasta file. There is some missingness of data, but the 
overall patterns of freshwater and marine alleles is consistent between the two mapping 
references. Rows are individual fish, columns are sites, which are shaded red for the most 
common allele in the marine population, blue for the alternative allele, and white for 
missing data. 
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