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A combined paleolimnological/genetic analysis of diatoms
reveals divergent evolutionary lineages of Staurosira

and Staurosirella (Bacillariophyta) in Siberian lake
sediments along a latitudinal transect
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Abstract Diatom diversity in lakes of northwest
Yakutia (Siberia) was investigated by microscopic
and genetic analysis of surface and cored lake
sediments, to evaluate the use of sedimentary DNA
for paleolimnological diatom studies and to identify
obscure genetic diversity that cannot be detected by
microscopic methods. Two short (76 and 73 bp) and
one longer (577 bp) fragments of the ribulose 1,5-
bisphosphate carboxylase/oxygenase (rbcL) gene,
encoding the large subunit of the rbcL, were used as
genetic markers. Diverse morphological assemblages
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of diatoms, dominated by small benthic fragilarioid
taxa, were retrieved from the sediments of each lake.
These minute fragilarioid taxa were examined by
scanning electron microscopy, revealing diverse
morphotypes in Staurosira and Staurosirella from
the different lakes. Genetic analyses indicated a
dominance of haplotypes that were assigned to
fragilarioid taxa and less genetic diversity in other
diatom taxa. The long rbcL_577 amplicon identified
considerable diversification among haplotypes clus-
tering within the StaurosiralStaurosirella genera,
revealing 19 different haplotypes whose spatial dis-
tribution appears to be primarily related to the latitude
of the lakes, which corresponds to a vegetation and
climate gradient. Our rbcL. markers are valuable tools

Present Address:

N. Bernhardt

Taxonomy and Evolutionary Biology, Leibniz Institute of
Plant Genetics and Crop Research, 06466 Gatersleben,
Germany

L. A. Pestryakova

Department for Geography and Biology, North-Eastern
Federal University of Yakutsk, ul. Belinskogo 58,
677000 Yakutsk, Russia

U. Herzschuh

Institute of Earth and Environmental Science, University
of Potsdam, Karl-Liebknecht-Strasse 24-25, Potsdam,
Germany

@ Springer


http://dx.doi.org/10.1007/s10933-014-9779-1

J Paleolimnol

for tracking differences between diatom lineages that
are not visible in their morphologies. These markers
revealed putatively high genetic diversity within the
StaurosiralStaurosirella species complex, at a finer
scale than is possible to resolve by microscopic
determination. The rbcL markers may provide addi-
tional reliable information on the diversity of barely
distinguishable minute benthic fragilarioids. Environ-
mental sequencing may thus allow the tracking of
spatial and temporal diversification in Siberian lakes,
especially in the context of diatom responses to recent
environmental changes, which remains a matter of
controversy.

Keywords Arctic lake sediments - Diatoms -
Environmental DNA - Intraspecific variation - RbcL

Introduction

Diatoms are traditionally identified by the morphology
of their frustules, but genetic analyses and mating
experiments have demonstrated that the resulting
species determinations can be coarse, as similar
morphotypes may include genetically and/or repro-
ductively distinct lineages (Amato et al. 2007; Behnke
et al. 2004), and there can be genetic diversification
without morphological separation (Quijano-Scheggia
et al. 2009). In such cases, genetic methods offer an
alternative approach on both interspecific and intra-
specific levels (Evans et al. 2007, 2008). One
relatively new method for determining the genetic
diatom diversity of sediment samples is the analysis of
sedimentary diatom DNA. Such sequencing studies on
sediment material employed genetic markers to
recover recent- or paleo-biodiversity from taxa that
are difficult to identify from their morphologies alone
(Anderson-Carpenter et al. 2011; Boere et al. 2011;
Jgrgensen et al. 2012), either because they leave no
fossil remains or because the taxonomic diversity is
concealed within similar or identical morphotypes
(Stoof-Leichsenring et al. 2012). Most genetic studies
of environmental samples have aimed at species
determination, but a few attempts have been made to
recover genetic variations within a species or a
species-complex (Epp et al. 2010; Hérnstrom et al.
2011).

Ribosomal genes, cytochrome oxidase I (COI), and
the large subunit of the ribulose 1,5-bisphosphate
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carboxylase/oxygenase (rbcL) have been tested as
suitable markers (i.e. DNA barcodes) for species
discrimination in diatoms (Evans et al. 2007; Hamsher
et al. 2011; MacGillivary and Kaczmarska 2011;
Zimmermann et al. 2011). Working with environmen-
tal DNA, which is a mixture of genomic DNA from
various organisms, ribosomal and mitochondrial
markers with rather universal primer binding sites
likely amplify non-specific DNA from related, or even
distinct, taxonomic groups. Because the barcoding
genes suggested for diatoms were established and
tested on monocultures, the difficulties in amplifying
these genes from environmental samples have not
been taken into consideration. The rbcL gene used in
our study is particularly suitable for environmental
DNA applications because the primers are specifically
designed to amplify rbcL fragments from diatom DNA
and the increasing number of rbcL diatom reference
DNA sequences in GenBank facilitates species iden-
tification. As rbcL is part of the chloroplast genome,
the likelihood of amplifying DNA from non-photo-
synthetic organisms is greatly reduced, and it occurs in
multiple copies within a cell. This increases the
amplification probability, especially in older samples.
However, in most diatom species, existence of differ-
ent rbcL variants, their inheritance and copy number,
and also the number of chloroplasts per cell, is not well
investigated. Chloroplast genome sequencing studies
on diatoms have indicated the presence of only one
rbcL copy in some centric and pennate diatoms
(Kowallik et al. 1995; Oudot-Le Secq et al. 2007;
Tanaka et al. 2011), but have not been established in
other diatoms.

Diatom valves are established bioindicators in
palaeolimnological studies, and are used to infer past
ecological changes within a lake and its surrounding
catchment. Although diatoms in Arctic freshwater
habitats show a wide range of environmental toler-
ances, individual species often require very specific
hydrochemical conditions (Laing et al. 1999).
Increases in air temperature can reduce the duration
of seasonal ice cover in a lake, affecting light
exposure, growth rates, exchanges of gases and
nutrients, and thermal stratification and mixing in the
lake (Smol et al. 2005), such that diatom species shifts
can be attributed to a variety of temperature-related
environmental factors.

Diatom species of the Fragilariaceae family, espe-
cially the genera Staurosirella (Williams and Round),
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Staurosira (Ehrenberg), and Pseudostaurosira (Wil-
liams and Round), are common in Alpine, Arctic, and
sub-Arctic lakes (Bouchard et al. 2004; Laing et al.
1999; Perren et al. 2012; Schmidt et al. 2004).
Prolonged ice cover and low temperatures have been
cited as possible factors responsible for the high
abundances of small fragilarioid taxa in these areas
(Laing and Smol 2000).

Schmidt et al. (2004) attempted to determine the
environmental factors that influence species assem-
blages in the Fragilariaceae family and suggested that
pH, length of ice cover, mean July temperature, and
the level of dissolved organic carbon are the main
factors that influence fragilarioid species composition
in Alpine lakes. Because of this climate sensitivity, the
fragilarioids are well suited for investigations into
climate-related ecological changes in the Arctic. A
reliable reconstruction of environmental variables can
only be achieved if the diatom species are correctly
identified. Paull et al. (2008) illustrated the difficulties
encountered in the identification of small fragilarioid
forms: distinguishing between Pseudostaurosira el-
liptica (Schumann) Edlund et al. (synonym: Fragilar-
ia elliptica Schumann), Staurosira venter (Ehrenberg)
Cleve and Modller, and Staurosirella pinnata (Ehren-
berg) Williams and Round can be problematic, as
these species have very similar, small, elliptic forms in
cold waters.

Northern Yakutia (northeastern Siberia, Russia) is
characterised by permafrost, hence thermokarst ponds
and lakes are widely distributed in the lowland areas.
The vegetation changes from north to south in
accordance with the temperature gradient, from Arctic
semi-desert, through typical tundra vegetation, to
northern taiga. Although treeline advances into tundra
have been documented in the Russian Arctic (Esper
and Schweingruber 2004), little is known about
climate change in this region and its impacts on
ecosystems, as such research has focused mainly on
Alaska, Canada, and Scandinavia. A number of studies
on high-latitude ponds and lakes in these areas have,
however, illustrated how dramatically the biota has
been impacted by Arctic climate change, resulting in
pronounced changes in the freshwater communities
(Prowse et al. 2006; Smol et al. 2005).

We investigated sediment samples from thermok-
arst lakes in the Russian Arctic using both genetic and
microscopic diatom analyses and compared results
from the two approaches, addressing the following

questions: (1) Are lake sediments a suitable source of
diatom DNA, such that DNA constitutes a valuable
proxy in palaeolimnological research? (2) Is there
intraspecific or obscure genetic diatom diversity that
cannot be observed by morphological analysis?

Materials and methods
Localities and sampling

Sediment and water samples were collected from six
lakes along a latitudinal transect in the northern
lowlands of Yakutia, Russia (Fig. 1; Table 1). The
localities range from the edge of the Arctic tundra near
the Laptev Sea coastline, to the tundra and taiga forests
southeast of Saskylakh (SA) and Tiksi (Tik), crossing
the current treeline. The entire Yakutian region is
characterised by deep (down to 400 m), ice-rich,
continuous permafrost. The lakes investigated were
formed by thermokarst processes; they are freshwater,
oligotrophic, relatively shallow, and small both in size
and catchment area.

Six surface sediment samples (07-SA-17, 07-SA-
21, 07-SA-26, 07-SA-31, 07-SA-34 and 09-Tik-09)
and two additional samples derived from short cores
(07-SA-31-26 and 07-SA-34-55) were analysed.
Sediments were taken with a grab sampler that took
the top 3 cm of surface sediment. The short cores
were 8 cm in diameter and had lengths of 28 cm (core
07-SA-31) and 33 cm (core 07-SA-34). Samples
were taken at 0.4-cm intervals along each core, in the
field, and placed into sterile, plastic Whirl-Pak®
bags. For this study, we analysed samples from
depths of 17.4 cm (07-SA-31-26) and 31.0 cm (07-
SA-34-55). Sampling was carried out in 2007 and
2009, during field trips conducted by the Alfred
Wegener Institute, Potsdam, in cooperation with the
North-Eastern Federal University of Yakutsk. We
minimised cross-contamination between sediments
by sampling the lakes on different days and washing
the sediment grab several times before sampling.
Sediment material was stored in the dark at 7 °C at
the Alfred Wegener Institute. For the genetic assess-
ment, small quantities from each sediment sample
were transferred with a sterile spatula into sterile
Falcon tubes, thoroughly mixed with Queens Tissue
Buffer (QTB) (Seutin et al. 1991), and kept in the
dark at 10 °C until required.
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Fig. 1 Locations studied. Black dots indicate surface-sediment samples and red boxes cored sediment samples

Table 1 Physical and chemical parameters for the investigated lakes

Lake parameters 07-SA-17 07-SA-21 07-SA-26 07-SA-31 07-SA-34 09-Tik-09
Longitude (°) 114.9634 113.9485 111.189 111.1176 110.819 125.0744
Latitude (°) 73.1934 73.3871 72.3200 72.0709 71.5030 70.6984
Elevation (m) 10 4 86 38 80 74
Vegetation zone Tundra® Tundra® Forest tundra Forest tundra Forest* Forest®
Lake area (km?) 0.25 0.02 0.16 0.02 0.06 0.64
Max. depth (m) 7.4 33 6.8 6.9 7.0 6.3
Sample depth (m) 7.0 33 5.0 5.7 4.8 4.7
Secchi depth (m) 2.3 2.3 45 1.8 35 1.6

pH 7.40 7.20 7.32 7.15 7.18 6.23
Cond. (uS cm™") 50 54 30 20 47 14
Alkalinity (mg L™ 25.5 20.7 7.0 24.1 5.0

* Typical tundra
® Southern tundra

¢ Northern forest

Dating of short cores

Short cores were dated using lead (*'°Pb) and caesium
(*¥7Cs) dating methods, at the University of Liverpool
(Appleby 2001). The analyses revealed relatively
uniform sedimentation rates through the cores. Linear
extrapolations of the sedimentation rates were used to
estimate the entire age of the short cores. Samples of
the 07-SA-34 core were also radiocarbon dated and
detailed results of the chronology are given in
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Herzschuh et al. (2013). According to these estimation
the analysed samples date back to approximately the
tenth century (07-SA-34-55) and the early sixteenth
century (07-SA-31-26; unpublished data).

Morphological diatom analyses
Morphological diatom analyses were conducted on

about 0.02 g of sediment. Calcareous and organic
components were removed by heating with HCI
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(10 %) and H,O, (30 %), respectively. Cleaned
diatom samples were mounted on microscope slides
using Naphrax®. Valves were counted along a defined
transect using a Zeiss microscope equipped with
differential interference contrast, at a magnification of
1000x. The literature used for diatom determination is
listed in Pestryakova et al. (2012). Inspections using
the scanning electron microscope (SEM, Zeiss Gem-
ini® Ultra plus), with 7.3 mm working distance and
10.00 kV, were performed solely on small fragilarioid
diatoms from surface-sediment samples, for which the
sediments were again subsampled and prepared in a
way similar to that for light-microscope investiga-
tions. Samples were coated with a gold/palladium
alloy (Au/Pd) and analysed at GFZ Potsdam.

Principal component analysis

Principal component analysis (PCA) was used to study
the similarity of lakes with respect to diatom species
composition. The PCA was applied to the morpholog-
ical LM diatom assemblage data. To minimise the effect
of abundant species, the data were log (x + 1) trans-
formed. Samples (lakes) and species are presented in a
covariance biplot showing the first two principal
components. In addition, we calculated a canonical
correspondence analysis (CCA), using environmental
and species data to get an indication of which environ-
mental variables explain the patterns of diatom distri-
bution. PCA and CCA were calculated and results were
visualized with PAST v. 2.14 (Hammer et al. 2001).

DNA isolation from sediment samples

DNA isolation was performed using a PowerSoil ™
DNA Isolation Kit (MoBio Laboratories, California).
The PowerSoil™ bead solution was transferred to a
sterile Eppendorf tube. The samples with QTB were
thoroughly mixed immediately prior to isolation and
500 pl of each sample-buffer mixture was transferred to
the bead solution tube. Each sample was centrifuged at
10,000g for 1 min and the supernatant was removed,
leaving 150-200 mg of sediment (Stoof-Leichsenring
et al. 2012). Surface-sediment samples were isolated in
the general isolation laboratory and core sediments were
extracted in a dedicated laboratory for historic-DNA
study, separated from the general genetic laboratories.
Laboratory procedures for core sediment analysis were
carried out following a number of protocols that ensure

the authenticity of results when working with ancient or
degraded DNA. Those included the separation of work
areas for isolation and polymerase chain reaction (PCR)
amplification, blank controls for isolations and PCR and
reproducibility of results with multiple PCRs. Isolated
DNA was stored at —20 °C.

Primer specificity and polymerase chain reaction
(PCR) set-up

Polymerase chain reaction of surface sediment isola-
tions was set up in the general PCR set-up laboratory,
whereas core sediment PCR was set up in the historic-
DNA Iab under a special PCR-UV-Hood. For both
surface and core sediments, short fragments of the
large subunit of the rbcL were amplified using the
Diat_rbcL_705F and Diat_rbcL_808R primers (76
base pairs amplicon, rbcL_76; Stoof-Leichsenring
et al. 2012) and a slightly modified set of primers
(Diat_rbcL_708F and Diat_rbcL_808Rw; 73 base
pairs amplicon, rbcL_73). In addition, we amplified
alonger (577 bp) rbcL fragment (rbcL_577) only from
surface sediments, using the Diat_rbcL_405F and
Diat_rbcL_1006R primers [Electronic Supplementary
Material (ESM) Table 3]. With all primer pairs, we
performed an in silico PCR on a database compiled
from the entire EMBL Nucleotide Sequence Database,
downloaded from ftp://ftp.ebi.ac.uk/pub/databases/
embl/release/ (release embl_117, September 2013),
thereby also reanalysing the primers for rbcL_76
(Stoof-Leichsenring et al. 2012) using a newer, much
larger sequence database. The output of the in silico
PCR presents a list of all sequence entries that could
potentially be amplified by these primers, including
taxonomic information. The following criteria were
used for the in silico PCR: (1) amplicon lengths of
between 20 and 1,000 base pairs, and (2) a maximum
of three errors between the query sequence and the
primer sequence, but no errors allowed in the last two
bases at the 3’ end. As an estimate of the specificity of
the primers to diatoms, we calculated the percentage
of diatoms within the in silico amplicons, excluding
sequences with uncertain taxonomic identification.
We also analysed the expected taxonomic resolution
potential of the amplicons by calculating the ratio of
unambiguously identified taxa at a given taxonomic
level to the total number of amplified diatom taxa
(Ficetola et al. 2010), within the diatoms only and
within all potentially amplified sequences.
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All PCR reactions were run in the Post-PCR
laboratory, which is separated from the general
isolation and from the historic-DNA lab to prevent
contamination of isolates through DNA molecules
amplified via PCR. Amplifications of core samples
and surface samples were run on different days. For
PCR runs we used a T3000 thermocycler (Biometra,
Gottingen, Germany), and the following reagents:
fragment-specific primers (each at a final concentra-
tion of 0.32 mM), 1 mM Tris—HCI (pH 9.0), 5 mM
KCl, 1.5 mM MgCl,, 0.4 mM each of ANTP, 1.5 U
Taq polymerase (Qbiogene, Carlsbad, CA, USA), and
2-4 pl of DNA template solution. Amplifications of
the rbcL_76 and rbcL_73 fragments were performed
using the following reaction profile: PCR tubes were
heated to 94 °C, followed by one cycle at 94 °C for
5 min, and then 50 cycles each at 94 °C for 30 s, at
43.6 °C for 30s, at 72 °C for 30 s, and a final
extension at 72 °C for 10 min. Amplification of the
rbcL_577 fragment in surface samples followed a two-
step approach to reduce PCR chimeras (Thompson
et al. 2002). For the initial step, PCR tubes were heated
to 94 °C followed by one cycle at 94 °C for 30 min,
and then 20 cycles each at 94 °C for 30 s, at 50 °C for
30 s, at 72 °C for 2 min, and a final extension at 72 °C
for 10 min. The amount of DNA template solution for
the initial PCR varied between 2 and 4 pl. For the
second PCR (reconditioning step), the tubes were
heated to 94 °C, followed by one cycle at 94 °C for
30 min, and then 10 cycles each at 94 °C for 30 s, at
50 °C for 30s, at 72 °C for 2 min, and a final
extension at 72 °C for 10 min. We used fresh PCR
reagents and 1 pl of the initial PCR as a template for
the PCR-reconditioning step. If a PCR product was too
weak, amplifications were concentrated using a
SpeedVac centrifuge (Eppendorf, Hamburg, Ger-
many) at 60 °C for 10 min. All PCR products were
cloned using the TOPO® TA Cloning® Kit for
Sequencing (Invitrogen, Carlsbad, CA, USA). As
many positive clones as available (up to a maximum of
32) were sequenced. Some PCR products were cloned
twice to yield a sufficient number of positive clones.

Post-sequencing analyses, taxonomic
identification and phylogenetic inferences

DNA sequences retrieved from cloning were aligned

using Clustal W with default settings as implemented
in BioEdit (Hall 1999). Haplotypes were verified
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following a stringent verification protocol, i.e. to
prevent single polymerase errors being considered
true variations, only sequences that occurred in two
independent PCR reactions were considered authen-
tic. Sequences that derived from only one PCR
reaction were, however, considered to be real, if (1)
they were present in at least two clones, and (2) they
showed nucleotide substitutions in positions known to
be polymorphic within the entire haplotype data set.
Single sequences that showed unique nucleotide
substitutions in otherwise non-polymorphic positions
were considered to have resulted from polymerase
errors and were excluded. Prior to verification of the
rbcL_577 sequences, we checked all 167 sequences
for chimeras using the Bellerophon server (Huber
et al. 2004) because, for environmental samples,
chimera formation is more likely to occur in longer
PCR fragments. The Bellerophon server identified 53
sequences as being of chimeric origin. The remaining
114 sequences were checked according to the verifi-
cation rules above and 91 haplotypes were eventually
considered to be authentic. A Bayesian phylogenetic
approach was used to assign a probability of taxo-
nomic origin to haplotypes, using SAP v.1.0.6 soft-
ware (http://ib.berkeley.edu/labs/slatkin/munch/
Statistical AssignmentPackage.html; Munch et al.
2008; with settings of 0.2 for significance value, 10 for
best hits, and 0.8 for minimum similarity). The SAP
software provides a statistical measure of phyloge-
netic relationships between a new query sequence and
a set of selected reference sequences and provides
statistically meaningful measures of confidence for
assignment to different taxonomic levels (class,
family, genus, species). As with any method, the
certainty of the taxonomic assignment depends on the
completeness of the available reference data set.

A Bayesian phylogenetic analysis was conducted for
the longer rbcl_577 haplotypes including only haplo-
types assigned to Fragilariaceae or lower taxonomic
levels within this family and all available GenBank
entries of Fragilariaceae. The phylogenetic tree was
calculated with MrBayes (Huelsenbeck and Ronquist
2001), using Plagiogramma sp. (JX413563), the sister
group to pennates (Theriot et al. 2010), as the outgroup.
Two independent runs were performed for 1,000,000
generations. A subset (Staurosira/Staurosirella-like
only) of rbcL_577 haplotypes was analysed indepen-
dently, constructing a 95 % probability parsimony
network with TCS software (Clement et al. 2000).
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Evolutionary distances and genetic differentiation

We estimated the nucleotide distances between the
lakes using the rbcl_577 data set (Staurosira/Stauros-
irella-like clade only). Therefore, we calculated the
between-group mean distances (p-distance) and the
net between-group mean distances (net D) between
the six lakes and neglected the haplotype frequencies
(=set all haplotype frequencies to one, because the
haplotype frequencies are strongly biased by PCR
effects and the number of clones investigated). The
pairwise group mean distances were calculated as a
measure of the mean evolutionary distance, and the net
between-group mean distances (net D) were calcu-
lated to measure the nucleotide distances (corrected
for within-group variation) between all pairs of
sampled localities.

In order to evaluate the taxonomic level among our
haplotypes, we used published diatom sequences from
well-investigated diatom species to reanalyse the
genetic distances within the rbcL_577 fragment on
the intra- and inter-specific level and compared these
results with the Staurosira/Staurosirella-like haplo-
types identified in our study. Therefore, we calculated
the mean nucleotide distances of known rbcL
sequences from Pinnularia and Sellaphora. All
genetic distance measurements were calculated using
the composite maximum likelihood method imple-
mented in MEGAS.2 (Tamura et al. 2007, 2011).

Results

Diatom assemblages identified by light
microscope analysis

Using a light microscope (LM), 6,157 diatom valves
(500-1,500 valves/sample) and 194 different diatom
taxa were identified. Surface sediments from different
lakes harbour different diatom communities (Fig. 2;
ESM Table 1): 07-SA-17, 07-SA-26, 07-SA-31,
07-SA-34, and 09-Tik-09 are all dominated by small
epiphytic/benthic fragilarioid taxa, mainly from the
Staurosira, Staurosirella, Pseudostaurosira, and Ta-
bellaria (Ehrenberg) genera, with a single predomi-
nant fragilarioid species in each lake (Fig. 2). Only in
lake 07-SA-26 is the diatom community co-dominated
(in addition to the fragilarioids) by the planktonic alga
Aulacoseira perglabra (Qestrup) E.Y. Haw. The most

northerly lake (07-SA-21) is distinct from all others,
predominantly harbouring Nitzschia amphibia Gru-
now and Psammothidium subatomoides (Hust.) Bukht.
and Round.

These differences in recent diatom assemblages are
visualised in a covariance biplot of the first and second
principal components (ESM Fig. 1a). This plot indi-
cates the distinctiveness of lake 07-SA-21 and the
similarity in diatom community between lakes 07-SA-
26 and 34, and between lakes 07-SA-17, 31 and
09-Tik-09. Results of the PCA give an eigenvalue for
the first axis of 31.2 %, whereas the second axis
accounts for 25.0 % of the variance in the data set. The
results of the CCA indicate that axis one (eigenvalue
30.9 %) mainly resembles a gradient from shallow to
deeper waters, also indicated by the change from
bottom-living (e.g. N. amphibia) to planktonic species
(A. perglabra) along the first axis. The second axis
(eigenvalue 26.8 %) possibly indicates a gradient
from small to larger Secchi depth and might reflect
different light availability in the lakes. Chemical
variables of the lake may also influence the distribu-
tion of diatoms, but are less indicative in this data set
(ESM Fig. 1b).

The light microscopic investigations on the 07-SA-
31-26 and 07-SA-34-55 core samples reveal a differ-
ent species composition compared to surface sedi-
ments of the same lakes (Fig. 2, ESM Table 1).
Interestingly, the 07-SA-31-26 core sample (dated to
the early sixteenth century) is enriched in benthic
forms such as Pinnularia hemiptera (Kiitz.) Raben-
horst, Stauroneis phoenicenteron (Nitzsch) Ehrenb.,
and Amphora libyca Ehrenb., relative to the surface
sediment, and has fewer fragilarioid taxa. The 07-SA-
34-55 core sample (dated back to about the tenth
century) is completely dominated by S. pinnata, in
contrast to the surface sediment layer, which exhibits
increased diatom diversity and, in particular, a variety
of benthic taxa.

Investigation of fragilarioid diatoms using
scanning electron microscopy

To examine the morphological differences between
the dominant fragilarioids, new preparations of sur-
face sediments from all lakes except lake 07-SA-31
were analysed by SEM. In contrast to the LM
investigations, our qualitative assessment with SEM
(only a low number of valves were investigated)
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Fig. 2 Relative abundances of most dominant diatom species per sediment sample (asterisks indicates the core sediment samples)

determined three slightly diverse morphological vari-
ants each of S. pinnata, Pseudostaurosira spp. (Wil-
liams and Round), and S. venter (ESM Fig. 2). We
detected the presence of S. pinnata morphotypes in all
lakes, as with the LM counts, but predominantly in the
northern lakes 07-SA-17 and 07-SA-21, whereas S.
venter morphotypes and Pseudostaurosira spp. were
detected only in the more southerly lakes 07-SA-26,
07-SA-34, and 09-Tik-09 (ESM Table 2).

Genetic assessment of diatom diversity

The in silico PCR analysis revealed that the primer
pair used to generate the rbcL_76 amplicon was highly
specific, with 88 % of the identified sequences ampli-
fied in silico belonging to diatoms (ESM Table 3). In
the in silico PCR, the primers of the shorter (rbcL_73)
and the longer (rbcL_577) amplicons, were less
specific to diatoms, with 48 % of the shorter and
29 % of the longer in silico amplificates being
diatoms. The rbcL_76 and rbcL_73 amplicons mainly
identified identical haplotypes; the rbcL_76 amplicon
had a tendency to amplify Staurosira types, whereas
the rbcL_73 amplicon identified haplotypes from
diatoms of the genera Asterionella, Pinnularia, Sella-
phora, and Cymbopleura. In PCR experiments the
established primer pairs successfully amplified the
target sequence in several algae cultures (data not
shown) and the rbcL_76 fragment was successfully
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applied to sediment samples from other areas (Stoof-
Leichsenring et al. 2012).

Genetic investigations reveal a total of 41 diatom
haplotypes from the rbcL_76 and rbcL_73 amplicons
(labelled from A to Z and AA to AO), whereas 22
haplotypes are represented by the rbcL_577 amplicon
(numbered from 1 to 22) (Table 2; ESM Table 4;
ESM Fig. 3). All of these haplotypes were defined
according to a stringent verification protocol (see
“Materials and methods™).

Taxonomic determination of rbcL_73 and rbeL_76
haplotypes using SAP analyses (with a significance
level of 95 %) reveals that 24 % of all haplotypes are
assigned to species level, 17 % to genus level, and
57 % are assigned to higher taxonomic levels
(Table 2). Twenty-three haplotypes are assigned to
the Fragilariaceae family, of which 11 haplotypes
show highest identities to the genus Staurosira.
Fourteen (63.8 %) rbcL_577 haplotypes are assigned
to the species Staurosira elliptica, whereas all other
rbcL_577 haplotypes are assigned to higher taxonomic
levels. Most of the short haploytpes are obtained from
both the rbcL_76 and rbcL_73 amplicons, and are also
represented in the longer rbcL_577 haplotypes (ESM
Table 4). The fact that independent PCR reactions and
different primers reveal identical or similar haplotypes
supports the authenticity and sensitivity of the results.

An additional Bayesian analysis was performed
with the rbcL_577 haplotypes (Fig. 3) to explore the
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Table 2 Assignment of haplotypes from the rbcL_73/76 (A_76
to AO_76) and the rbcL_577 (1_577 to 22_577) approaches,
listing the assignment of taxonomic levels (SAP results) for

sequence identity of the primarily assigned GenBank entry,
the final assignment of haplotype and taxonomic rank (95 %
significance level)

class/family, genus and species, accession number and
Haplotype  Class*, Family % Genus % Species % Accession Sequence  Assigned taxa (95 %
number identity significance level)
A_76 Fragilariaceae 100 Staurosira 78 Staurosira elliptica 58 HQ912451  0.95 Fragilariaceae
B_76 Fragilariaceae 100 Staurosira 78 Staurosira elliptica 65 HQ912451  0.96 Fragilariaceae
C_76 Fragilariaceae 100 Staurosira 94 Staurosira elliptica 86 HQ828193  0.97 Fragilariaceae
D_76" Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.99 Staurosira elliptica
E_76 Fragilariaceae 100 Staurosira 98 Staurosira elliptica 96 HQ828193  0.97 Staurosira elliptica
F_76 Fragilariaceae 100 Staurosira 90 Staurosira elliptica 83 HQ828193  0.96 Fragilariaceae
G_76 Fragilariaceae 100 Staurosira 80 Staurosira elliptica 69 HQ828193  0.95 Fragilariaceae
H_76 Fragilariaceae 100 Staurosira 66 Staurosira construens 25 HQ912451 1.00 Fragilariaceae
1.76 Fragilariaceae 100 Staurosira 99 Staurosira elliptica 98 HQ828193  0.99 Staurosira elliptica
J_76 Fragilariaceae 100 Staurosira 97 Staurosira elliptica 96 HQ828193  0.97 Staurosira elliptica
K_76 Fragilariaceae 100 Staurosira 88 Staurosira elliptica 77 HQ912451  0.96 Fragilariaceae
L_76 Fragilariaceae 100 Staurosira 97 Staurosira elliptica 94 HQ828193  0.99 Staurosira
M_76" Fragilariaceae 100 Staurosira 100 Staurosira elliptica 98 HQ828193  0.96 Staurosira elliptica
N_76 Fragilariaceae 100 Staurosira 98 Staurosira elliptica 97 HQ828193  0.96 Staurosira elliptica
0_76 Fragilariaceae 100 Staurosira 69 Staurosira elliptica 51 HQ828193  0.93 Fragilariaceae
P_76 Fragilariaceae 99 Staurosira 65 Staurosira elliptica 58 HQ828193  0.95 Fragilariaceae
Q.76 Coscinodiscophyceae* 92 Chaetoceros 27 Chaetoceros socialis 2 JQ217346 0.91 Bacillariophyta
R 76 Mediophyceae* 61 - - - - Bacillariophyta
S 73 Sellaphoraceae 99 Sellaphora 99 Sellaphora cf. sem. 63 EF143280 1.00 Sellaphora
T 76 Coscinodiscophyceae* 70 Chaetoceros 36 Chaetoceros gracilis 10 FJ002154 0.89 Bacillariophyta
U_76 Coscinodiscophyceae* 81 Attheya 11 Attheya septentrionalis 11 FJ002154 0.91 Bacillariophyta
V_76 Bacillariophyceae*100 Pinnularia 90 Pinnularia borealis 38 HQ912443  0.93 Bacillariophyceae
W_76 Bacillariophyceae*89 Craticula 35 Craticula importuna 28 JQ354692 0.93 Bacillariophyta
X 73 Bacillariophyceae*100 Cymbopleura 24 Cymbopleura naviculif. 24 AM710464  0.96 Bacillariophyceae
Y_76 Fragilariaceae 100 Staurosira 89 Staurosira elliptica 78 HQ828193  0.97 Fragilariaceae
Z_76 Bacillariophyceae*100 Stauroneis 33 Stauroneis gracilor 9 AM710475  0.96 Bacillariophyceae
AA_73 Fragilariaceae 100 Staurosira 30 Staurosira construens 9 HQ912451 1.00 Fragilariaceae
AB_76 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.97 Staurosira elliptica
AC_76 Bacillariophyceae*100 Stauroneis 70 Stauroneis anceps 21 AM710475 097 Bacillariophyceae
AD_76 Coscinodiscophyceae* 100  Aulacoseira 98 Aulacoseira gra.v. ang 94 FJ002130 1.00 Aulacoseira
AE_76* Aulacoseiraceae 100 Aulacoseira 100 - - - Aulacoseira
AF_76 Fragilariaceae 100 Staurosira 99 Staurosira elliptica 97 HQ828193  0.97 Staurosira elliptica
AG_76 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  1.00 Staurosira elliptica
AH_76" Fragilariaceae 100 Staurosira 96 Staurosira elliptica 93 HQ828193  0.96 Staurosira
Al 76 Bacillariophyceae* 100 Sellaphora 56 Sellaphora pupula 6 HQ337608  0.95 Bacillariophyceae
AJ_76 Sellaphoraceae 100 Fallacia 100 Fallacia sp. 85 HQ912469  0.99 Fallacia
AK_73 Fragilariaceae 95 Asterionella 97 Asterionella formosa 97 AB430671 1.00 Asterionella formosa
AL_73 Fragilariophyceae* 100 Tabellaria 56 Tabellaria flocculosa 56 HQ912448  0.96 Fragilariophyceae
AM_73 Fragilariophyceae* 36 Fragilaria 29 Fragilaria vireseens 4 HQ912492  0.89 Bacillariophyta
AN_76 Bacillariophyceae* 100 Craticula 19 Craticula importuna 10 JQ354692 0.95 Bacillariophyceae
AO_73 Pinnulariaceae100 Pinnularia 100 Pinnularia sp. 9 JN418673 0.99 Pinnularia
1.577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
2_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
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Table 2 continued

Haplotype  Class*, Family % Genus % Species % Accession Sequence  Assigned taxa (95 %
number identity significance level)
3577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
4_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 98 HQ828193  0.98 Staurosira elliptica
5_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
6_577 Fragilariaceae 100 Staurosira 96 Staurosira construens 72 HQ828193 1.00 Staurosira
7_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 98 HQ828193  0.97 Staurosira elliptica
8_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
9 577 Fragilariaceae 100 Staurosira 99 Staurosira elliptica 99 HQ828193  0.97 Staurosira elliptica
10_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
11_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
12_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
13577 Fragilariaceae 100 Staurosira 72 Staurosira elliptica 70 HQ912451 097 Fragilariaceae
14_577 Fragilariaceae 100 Staurosira 38 Pseusostaurosira sp. 2 HQ828198  0.98 Fragilariaceae
15_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
16_577 Fragilariaceae 100 Staurosira 100 Staurosira elliptica 100 HQ828193  0.98 Staurosira elliptica
17_577 Fragilariaceae 100 Staurosira 96 Staurosira elliptica 96 HQ828193  0.98 Staurosira elliptica
18_577 Fragilariaceae 100 Staurosira 1 Staurosira elliptica 1 HQ828193  0.96 Fragilariaceae
19577 Fragilariaceae 100 Staurosira 8 Staurosira elliptica 8 HQ828193  0.97 Fragilariaceae
20_577 Fragilariaceae 100 Fragilariaforma 11 Fragilariaforma virescens 11~ HQ828193  0.96 Fragilariaceae
21_577 Bacillariophyceae* 100 - - - - Bacillariophyceae
22_577 Aulacoseiraceae Aulacoseira 100 Aulacoseira distans 94 JQO003564 0.97 Aulacoseira

relationships between haplotypes assigned to Fragi-
lariaceae and to allow the phylogenetic position of
those haplotypes with less certain taxonomic assign-
ments to be inferred. This phylogenetic tree reveals
that except for 20_577, all haplotypes are retrieved in a
single clade, in which two major clades can be
recognised (group I and group II). Besides the
sequences retrieved from the sediments, group I
contains sequences of Staurosira construens
(HQ912451), Staurosirella sp. (HQ828195), Stauros-
irella  martyi  (HQ828192), Punctastriata  sp.
(HQ828199, HQB828197) and Pseudostaurosira sp.
(HQ828198). The second group of haplotypes (group
II) are associated with GenBank sequence of S.
elliptica (HQ828193). To simplify the description of
this entire clade, we refer to it as the Staurosira/
Staurosirella-like clade (Fig. 3).

Comparison of morphological counts and short
rbcL haplotypes in surface and core sediments

In general, morphological assessment yields a higher
species diversity than does the genetic approach,
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whereas the genetic approach is able to reveal deeper
insight into the diversity of Staurosira/Staurosirella-
like haplotypes, but is less powerful in identifying
other diatom sequences to species level.

In both the light microscopic and genetic data (short
and long amplicons), small fragilarioids (most abun-
dant microscopically were S. pinnata and S. venter)
are dominant in all lakes, with the exception of 07-SA-
21. In this most northern lake, both methods indicate a
distinct diatom community, predominantly revealed
by the microscopic counts of N. amphibia and P.
subatomoides and haplotypes of the Bacillariophyceae
family (W_76, AN_76), with only a few S. pinnata
counts and Staurosira/Staurosirella-like haplotypes
detected (ESM Tables 1 and 4). In the other five lakes,
the diversity within the Fragilariaceae family, obtained
by both morphology and genetics, is most impressive.
LM and SEM examinations reveal a number of species
within the genera Staurosira, Staurosirella, Pseudos-
taurosira, and Fragilaria. This diversity is corrobo-
rated by the genetic data, as most haplotypes are
assigned to the GenBank entries of S. elliptica,
Staurosira sp., and Fragilariaceae (ESM Tables 1
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and 2). Many of the fragilarioid haplotypes occur in
more than one lake, but haplotypes such as AB_76,
AF_76 and AG_76 are restricted to single lakes.

The application of the genetic approach to core
samples yields positive results and both genetic and

morphological results detect distinct diatom
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compositions compared to the results of recent
sediments. In the core sample (07-SA-31-26) of lake
07-SA-31, we identified S. phoenicenteron, Stauros-
ira binodis, and the centric diatom Ellerbeckia
arenaria and detected Staurosiral/Staurosirella-like
and Aulacoseira haplotypes as well as some diatom
haplotypes of less certain taxonomic assignment.
Microscopic and genetic methods indicate that
identical species and haplotypes occurred in the
past as well as in recent samples in this lake, but
both approaches also show an increase in the
diversity of Staurosira and Staurosirella species,
corroborated by a reduction of other diatom species
from past to present. In the two samples from lake
07-SA-34, we again detected, with both methods, an
increase in Staurosira and Staurosirella numbers
and diversity from past to present. Microscopic
detections of the remaining species indicate less
change in the assemblages, whereas genetic results
show diverse haplotypes in the core and recent
sediments in this lake.

Genetic diversity, evolutionary distances
and spatial diversification in Staurosira/
Staurosirella-like haplotypes

The longer rbcL_577 fragment contains additional
phylogenetic information compared to the short
rbcL haplotypes, and is useful in further decipher-
ing the relationships between the haplotypes. These
longer haplotypes were only obtained from surface
sediments, as the DNA in core sediments is
degraded and not suitable for longer amplificates.
In total, we find 19 different rbcL_577 haplotypes
belonging to the Staurosira/Staurosirella-like clade
(Fig. 3). Haplotypes [1_577 to 5_577 and 7_577,
which occur in all lakes except lake 09-Tik-09, are
predominantly found in the northern lakes (07-SA-
21 and 07-SA-17) and haplotypes 8_577 to 19_577
do not occur in northernmost lake 07-SA-21, but
show a scattered distribution in the southerly lakes.
Haplotype 6_577 matched specifically to S.
construens (HQ912451) and is only found in lake
07-34-SA. The haplotype network gives an over-
view of the distribution and relatedness of haplo-
types across the investigated lakes. This network
indicates that 42 % of haplotypes are restricted to
one individual lake and 47 % of haplotypes occur
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in two lakes at the same time (Fig. 4). Only two
haplotypes (/3_577 and 17_577) are found in three
lakes. To investigate the nucleotide distances
between the groups of haplotypes of each lake
independently from their abundances (= set the
number of haplotypes to one), we calculated p-
distances and net D, between each pair of lakes
(ESM Table 5). Lowest nucleotide distances are
between the most northern lakes (p = 0.008),
whereas the highest distances are present between
the most northerly 07-SA-21 and most southerly
lake 09-Tik-09 (p = 0.021). The net D, was also
highest between 07-SA-21 and the most southerly
lake 09-Tik-09 (net D, = 0.013) and showed lower
numbers for the other comparisons. For 07-SA-26
vs. 07-SA-31 and 07-SA-34, and 07-SA-17 vs.
07-SA-34, there was no genetic distance between
the haplotype groups of the lakes, when subtracting
within-group variation.

The genetic distance measurement of the
rbcL_577 fragment in other diatom taxa was calcu-
lated to evaluate the level of differentiation (intra-
and/or inter-specific) in the rbcL_577 haplotypes
identified in this study (ESM Tables 6 and 7).
Therefore, we reanalysed the rbcL_577 fragment for
well-known diatom taxa. To measure the nucleotide
distances, we calculated p-distances between groups
of intra- and inter-specific haplotypes. For within-
species variation, we selected sequences from Sel-
laphora pupula and Pinnularia borealis. Species
from the Sellaphora species complex, Pinnularia
species, and fragilarioid species (Staurosira, Stau-
rosirella, Pseudostaurosira and Punctastriata) were
used to estimate the p-distances between species.
This reanalysis reveals that p for the intraspecific
level ranges from 0.023 to 0.032, whereas levels of
interspecific variation are all between 0.042 and
0.048 (ESM Table 6). The mean p-distance of
haplotypes in this study is 0.023 and is even smaller
in between-lake comparisons (range from 0.008 to
0.021, ESM Table 5) and thus tends to be a signal
of intraspecific variation. Interestingly, the analysis
of genetic distance between different fragilarioid
species indicates, in some pairs of species, very low
levels of differentiation, although this comparison,
in contrast to the other, also includes different
genera, whereas pairwise distances between two
Staurosirella species indicate a higher genetic
distance of p = 0.068 (ESM Table 7).
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Discussion

Usability of sedimentary DNA for diatom
identification in paleolimnological studies

This study examined the identification of diatoms using
microscopic and genetic approaches and, for the first
time, identified amplifiable diatom DNA in recent and
old sediments from Siberian lakes. Analysis of sedi-
mentary diatom DNA is a useful method for the
identification of diatom communities and yields positive
results in both surface sediment and core material. This
relatively new tool constitutes a promising approach for
detecting minute fragilarioid diatoms that are difficult to
identify in microscopic investigations. The advantage of
genetic applications is that we can achieve finer
taxonomic resolution (below species level), which can
be important in identifying species that are morpholog-
ically hard to distinguish or morphologically very
variable and for which the taxonomy is uncertain (Paull
et al. 2008). Paull et al. (2008) pointed to the
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morphological similarity between the small Arctic
fragilarioid taxa S. venter and S. pinnata and claimed
this similarity may have caused identification problems
and led to false interpretations.

Our study has shown that with regard to estimations
of entire species assemblages in a community,
stochastic error in a genetic biodiversity assessment
may be higher than in microscopic counting, as the
number of clones (sequences) obtained is much
smaller than the number of valves counted. In future
studies, this effect can be compensated for by next-
generation amplicon sequencing methods (Kermarrec
et al. 2013; Medinger et al. 2010). Despite the fact that
more sequence data can be obtained easily, a currently
limiting factor in the analysis of this data is the
restriction to available diatom reference sequences in
GenBank. A more secure identification could be
gained by establishing reference libraries, which
specifically contain species collected from the sam-
pling localities (Sgnstebg et al. 2010). Our study
indicates a very high diversity within the Staurosira/
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Staurosirella haplotypes, even though many of the
short haplotypes could not be identified to species
level, because of the lack of suitable reference data.
Furthermore, such a genetic survey depends on the
resolution of the genetic marker. The rbcL_76 ampli-
con is very specific to diatoms (88 % specificity to
diatoms, of which 53 % of sequences within the
embl 117 database are assigned to species level). In our
study, only 24 % of all short haplotypes are assigned
to species, which is a reflection of missing reference
material rather than insufficient resolution. The sec-
ond, short rbcL. marker (rbcL_73), a modification of
the rbcL_76 amplicon, has less specificity to diatoms,
but is used to increase the diversity as it was adjusted
to preferentially amplify DNA from Asterionella and
Tabellaria. This modification reduced the specificity
towards amplification of diatoms (ESM Table 3), but
led to the successful amplification of the preferred taxa
in some samples. This demonstrates that PCR primers
constitute filters that can bias the results of genetic
barcoding in DNA composites, e.g. in environmental
samples, and thus can have a strong impact on the
number (quantity) and diversity of genetic lineages
obtained (Jahn et al. 2007). In contrast, our study
indicates that different fragments and independent
PCRs result in many identical and/or similar haplo-
types, supporting the authenticity and sensitivity of the
results. Beyond the amplification of surface samples,
we tested the use of the genetic approach to older
material. As with dissolution of valves or total absence
of diatom fossils in morphological studies, genetic
analyses of environmental samples are also generally
limited by the quality and quantity of DNA in the
sedimentary record (Coolen et al. 2004; Péébo et al.
2004). Working with older sedimentary material,
DNA degradation and fragmentation can bias the
amplification success. In surface sediments that inte-
grate both intracellular DNA of living cells and
extracellular DNA (Pietramellara et al. 2008), the
presence of intact DNA from the living benthic
community can lead to overrepresentation of these
taxa in the genetic data when analysing entire
communities and might lead to quantitative and
qualitative differences between microscopic and
genetic results. The rbcL_76 amplicon was previously
shown to yield positive results in core samples and
indicate turnover of species assemblages through time
(Stoof-Leichsenring et al. 2012). However, in this
study, we mostly identified variation within the
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Staurosira/Staurosirella-like haplotypes and were
able to detect haplotype changes comparing old and
recent samples in this group. We also detected changes
in the entire diatom community, but missing reference
data limited reliable assignments to the species level.

In summary, sedimentary DNA can supplement
morphological surveys because it can be used to refine
taxonomic determination by detecting differentiation
within similar and/or minute morphotypes over spatial
and temporal scales. It might also help unravel obscure
genetic diversity that cannot be detected solely with
microscopic methods. Generally, the genetic approach
is limited by: (1) the compromise between length,
number of informative sites, and primer specificity of
the genetic marker, (2) the quality and quantity of the
DNA present, and (3) the availability of genetic
reference data. These factors create challenges for
efforts to combine environmental genetic research and
morphological surveys and to link the genetic data
with morphologically identified species. This problem
will only be solved when we can ensure the accuracy
of morphological identification and increase reliable
genetic reference data and studies. These reference
data ideally should come from sampling localities
themselves, and in the case of diatoms from recent
sediments, could be obtained from single-cell exper-
iments or by cultivation and subsequent sequencing of
mono-specific cultures.

Detecting obscured genetic diversity in Staurosira/
Staurosirella-like haplotypes

Our study recorded the existence of distinct genetic
lineages of Staurosira/Staurosirella-like taxa in lakes
located along a latitudinal transect from Arctic tundra
to northern larch forests. We identified one clade of 19
highly related haplotypes that split into two groups.
The phylogenetic tree primarily assigned haplotypes in
group I to sequences of S. martyi, Punctastriata sp.,
Pseudostaurosira sp., and S. construens, and the
haplotypes in group II to S. elliptica. Within the first
group, the rbcL marker did not distinguish between the
different species/genera because they are too similar
with respect to their sequences. These reference
sequences originate from rivers in and around Lake
Constance, Germany (Medlin et al. 2012). Medlin et al.
(2012) claimed that the cluster of Pseudostaurosira,
Staurosirella, and Staurosira should be considered as
one genus because none of them is monophyletic. This
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set of sequences is similar to our haplotypes and both
results indicate that generic classification of fragilar-
ioids is still uncertain. This argument is supported by
the fact that our haplotypes tend to mirror intraspecific
rather than interspecific diversity (ESM Tables 6 and
7). The only other reference from the first group in the
StaurosiralStaurosirella-like clade originates from
Canadian freshwaters (S. construens HQ912451; The-
riot et al. 2010). This GenBank entry, however, is
questionable, as it was obtained from an alga culture
(UTEX, FD 323), which refers, according to the UTEX
webpage, to Pseudostaurosira construens, but was
named S. construens in Theriot et al. (2010). If we
consider the HQ912451 entry to be Pseudostaurosira,
the haplotype 6_577 that primarily assigns to this
genus could be a representative for Pseudostaurosira
pseudoconstruens.

Interestingly, S. pinnata and Pseudostaurosira spp.
are predominant in the morphological assessment (LM
and SEM), but none of the obtained haplotypes match
the GenBank entries for Pseudostaurosira brevistriata
(AB430688) or S. pinnata (HQ912484, JQ003570).
Because the sequences are of marine origin, they may
constitute divergent lineages.

The obtained Staurosira/Staurosirella-like haplo-
types are not unambiguously assignable to reference
sequences of single species because of the absence of
appropriate reference data from limnic S. venter, S.
pinnata, and Pseudostaurosira species. We are cur-
rently unable to fully resolve these taxonomic issues
within the Staurosira/Staurosirella-like species com-
plex. Nonetheless, our data clearly indicate the
presence of distinct evolutionary lineages in the rbcL
gene from different Siberian lakes, which is also
suggested by the detection of slightly different mor-
photypes by electron microscopy (ESM Fig. 2). The
light and scanning electron microscopy enumerations
identified three dominant taxa: S. pinnata, S. venter,
and Pseudostaurosira spp. Because both morpholog-
ical approaches (LM and SEM) identified S. pinnata as
dominant in the northern lakes, we assume that the /-3
and 5_577 haplotypes in the genetic data belong to S.
pinnata. In contrast, S. venter and Pseudostaurosira
valves are mostly detected in the southerly lakes,
coinciding with the detection of distinct haplotypes
(8_577 to 12_577 and 15_577 to 19_577) in these
lakes. Given the uncertainty in parts of the diatom
taxonomy, the incompleteness of the available genetic
references in GenBank (both in terms of taxonomic

and geographic coverage), and the resolution limits of
the genetic marker, it is difficult to assess the
taxonomic rank of the divergent evolutionary lineages
revealed by our analysis. One indication might be the
analysis of nucleotide distances in comparison to other
species (ESM Tables 6 and 7), which largely refer to
intraspecific diversity rather than variation between
different species or genera.

From an evolutionary perspective, it is, on the one
hand, possible that these lineages evolved rather
recently and part of this evolution may have occurred
in situ, as we identified eight locally restricted
haplotypes (Fig. 4). On the other hand, the genetic
divergence could be, in part, a reflection of geographic
isolation, as we detect phylogenetically distant hap-
lotypes in the furthermost lakes. As latitude represents
geographic distance linked to a vegetation and climate
gradient, the position of lakes across the treeline
ecotone might be influenced by many different factors
at the same time. A recent study suggests that lake-
water geochemistry, mostly alkalinity, in Yakutia is
highly correlated with catchment forest density and
thus affects diatom composition in these lakes (Herz-
schuh et al. 2013). However, the morphological
investigations of diatom assemblages in our study
suggest that the distribution is better linked to the
maximum depth and the Secchi depth of the lakes,
than to chemical variables like alkalinity, which is
possibly a consequence of the small number of lakes
investigated and their geographic position. The close
proximity of the most northern lakes (07-SA-21 and
17) to the seashore might be responsible for the higher
ion concentration in these lakes, which blurs the
alkalinity gradient across the treeline ecotone high-
lighted by Herzschuh et al. (2013). Furthermore,
latitude is related to a temperature gradient, which in
turn affects the duration of ice cover, light penetration,
and the growth period. Temperature was previously
found to affect Arctic diatom communities (Hobbs
et al. 2010; Laing et al. 1999). A few studies report
slight shifts in the distribution of diatoms with changes
in climate over different time scales, but also reveal the
continuous presence of Staurosira and Staurosirella
over long periods (Biskaborn et al. 2012; Westover
et al. 2006). The distribution of Staurosira and
Staurosirella haplotypes in our study might be driven
by some of these environmental factors, but further
investigations into these factors are needed, as is
broader geographic sampling, to address this question.
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In summary, our study reveals distinct genetic
lineages of Staurosira and Staurosirella in the lakes of
the Russian Arctic and detects subtle changes in
biodiversity across a tundra—northern taiga transect.
The genetic approach has proven to be useful for
recent and old sedimentary material and might offer an
opportunity to track genetic diversity across spatial
and temporal scales to refine biodiversity studies and
separate haplotype lineages concealed within similar
or identical morphotypes.
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