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10 SCIENCE HIGHLIGHTS: Past PlaNt Diversity aND CoNservatioN

Next generation sequencing, 
phylogeography, and paleoecology
Gentile F. Ficetola1,2 and pierre Taberlet2,3

DNA sequencing has greatly improved 
over the past 15 years, and next generation 
sequencing is transforming DNA analy-
sis (van Dijk et al. 2014). Today, the most 
powerful sequencer, the NovaSeq 6000 
(illumina), is able to produce up to 40 billions 
of sequence reads of 250 nucleotides in a 
single experiment. Such sequencing power 
induces a complete change in assessing 
genetic diversity of wild species. it is now 
affordable to analyze a significant portion of 
the genomes instead of looking only at a few 
target regions. Here, we will focus on two ap-
proaches linked to next generation sequenc-
ing: genome skimming and environmental 
DNA analysis; both can greatly improve 
our understanding of how environmental 
changes have impacted the genetic diversity 
of species.

Genome skimming (Coissac et al. 2016; 
Dodsworth 2015; Straub et al. 2012) cor-
responds to the sequencing of random DNA 
fragments of the genome, at a sequencing 
depth that does not allow for the assembly 
of the whole nuclear genome, but that allows 
for the assembly of all repetitive DNA such 
as, for plants, the chloroplast genome, the 
nuclear ribosomal DNA, and possibly the 
mitochondrial genome. Genome skimming 
has been proposed as an extension of the 
current barcoding approach (Coissac et al. 
2016), as it provides much more information 
for DNA-based species identification and for 
phylogenies (e.g. Malé et al. 2014).

The analysis of environmental DNA ex-
tracted from lake sediments allows us to 
reconstruct the variation of species dis-
tribution over the last few millennia, and 
is becoming a widely used approach for 
assessing past communities, either targeting 
a single species, or dealing with all species 
from a taxonomic group such as plants or 
mammals (review in Bálint et al. 2018; see 
also Giguet-Covex et al. 2014; pansu et al. 
2015). Although most of the studies per-
formed so far focused on individual species 
or on higher-level taxonomic entities, lake 
sediments could also be a source of informa-
tion at the intraspecific level, provided that 
the appropriate DNA markers are available.

Combining genome skimming 
and environmental DNA
By combining genome skimming on the 
current geographic distribution of a target 
species, and the analysis of lake sediments, it 
is now possible to test intraspecific phy-
logeographic hypotheses, i.e. to find past 
refugia and colonization routes. Figure 1 
illustrates this approach, which has not yet 
been implemented but has a great potential 
for understanding past distributions of dif-
ferent lineages within a species.

The first step must start with a phylogeo-
graphic study of the considered species. 
This consists of collecting representative 
samples over the whole current distribu-
tion (Fig. 1a). After DNA extraction, these 
samples are sequenced on a next generation 

platform, using a genome skimming ap-
proach, to produce about one gigabase of 
sequence, e.g. about seven million sequence 
reads, each 150 base pairs long. Based on 
these sequences, for each sample, the whole 
chloroplast DNA and the whole nuclear 
ribosomal DNA can be assembled. The 
comparison of these sequences among all 
samples reveals the phylogeographic struc-
ture of the species, showing the geographic 
distribution(s) of either a single homoge-
neous lineage (Fig. 1b), or different lineages 
(Fig. 1c).

The second step is the identification of 
genetic markers that unambiguously char-
acterize each lineage, with the goal of being 
able to recover these markers from lake 
sediments. This requires choosing markers 
that are as short as possible, with conserved 
flanking regions where pCr (polymerase 
chain reaction) primers, i.e. short DNA 
sequences that are necessary for DNA ampli-
fication, can be anchored. As genome skim-
ming provides the sequences of the whole 
chloroplast DNA and of the ribosomal DNA, 
it is quite easy to find such short diagnostic 
markers for each lineage.

The third step consists of collecting lake 
sediments, within both the current geo-
graphic distribution and potential refugia. 
The different cores must be precisely dated, 
and DNA extraction is carried out from 
many core slices. The objective is to test for 
the presence or absence of the different 

Genome skimming and environmental DNA extracted from lake sediments are increasingly important to measure 
genetic diversity, and to understand how environmental changes affected species distribution through time. Here we 
describe how genome skimming on the current geographic distribution of species can be combined with the analysis 
of lake sediments, to perform unprecedented tests of phylogeographic hypotheses, and reconstruct past refugia and 
colonization routes.

doi.org/10.22498/pages.28.1.10

Figure 1: Hypothesis testing, based on phylogeographic data and lake sediment analysis in different potential refugia (see text for details).
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lineages at different times and locations. 
This presence is determined using the DNA 
markers designed in step two. These mark-
ers are amplified via pCr and sequenced 
on next generation sequencers. The results 
should allow us to reconstruct the history of 
each lineage very precisely, including past 
presence in areas where it later disappeared, 
and colonization routes towards the current 
geographic distribution.

Perspectives
All the technologies and methodologies 
for carrying out the above approach have 
already been available for more than five 
years. Surprisingly, not a single paper has 
taken the opportunity to combine them 
for resolving important controversies 
concerning potential refugia, postglacial 
colonization routes, and the evolution of 
intraspecific genetic diversity. For example, 
the re-establishment of flora in Scandinavia 
is controversial, opposing the "tabula 
rasa" versus the "nunatak" hypotheses 
(Brochmann et al. 2003). The "tabula rasa" 
hypothesis suggests that after the last glacial 

maximum, Scandinavia was only recolonized 
from the South. Alternatively, the "nuna-
tak" hypothesis opens the possibility for a 
recolonization from non-glaciated cryptic 
refugia in Scandinavia such as Andøya island 
(parducci et al. 2012). The recolonization of 
Scandinavia could be tested by collecting 
lake sediments in the plain south of the ice 
sheet during the last glacial maximum. if for 
many species the same lineages are found 
in Scandinavia and in these plains where 
they are currently absent, this will be in 
favor of the "tabula rasa" hypothesis. On the 
contrary, if the lineages in these plains about 
20 thousand years ago are different from the 
ones found in Scandinavia, this will support 
the possibility of northern cryptic refugia.

Climatic oscillations occurring since the 
pleistocene have shaped the present day 
biodiversity of plant and animal species; yet, 
human-driven global changes are lead-
ing to unprecedented changes of species 
distributions and diversity. Understanding 
the processes that have determined the 
present-day genetic diversity can also help 

us understand the biotic response to ongo-
ing environmental changes, and identify 
appropriate management strategies.
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