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ARTICLE INFO ABSTRACT

Edited by Dr. C. Gobler Dolichospermum is a cyanobacterial genus commonly associated with toxic blooms in lakes and brackish water

bodies worldwide, and is a long-term resident of Lake Stechlin, northeastern Germany. In recent decades, shifts

Keywords: in the phosphorus loading and phytoplankton species composition have seen increased biomass of Dolicho-
AD.A cluster spermum during summer blooms from 1998, peaking around 2005, and declining after 2020. Cyanobacteria are
Akinetes known to rapidly adapt to new environments, facilitated by genome adaptation. To investigate the changes in
Anabaena . . . . . P .

Dolichospermum genomic features that may have occurred in Lake Stechlin Dolichospermum during this time of increased phos-
Phylogenomics phorus loading and higher biomass, whole genome sequence analysis was performed on samples of ten akinetes

isolated from ten, 1 cm segments of a sediment core, representing a ~45-year period from 1970 to 2017.
Comparison of these genomes with genomes of extant isolates revealed a clade of Dolichospermum that clustered
with the ADA-6 genus complex, with remarkable genome stability, without gene gain or loss events in response
to recent environmental changes. The genome characteristics indicate that this species is suited to a deep-
chlorophyll maximum, including additional light-harvesting and phosphorus scavenging genes. Population
SNP analysis revealed two sub-populations that shifted in dominance as the lake transitioned between oligo-
trophic and eutrophic conditions. Overall, the results show little change within the population, despite diversity
between extant populations from different geographic locations and the in-lake changes in phosphorus
concentrations.

Sediment core
Single-cell genomes

1. Introduction

Cyanobacterial harmful algal blooms (cyanoHABs) form when there
is a rapid proliferation of cyanobacterial biomass in the upper surface
waters. Numerous factors have been proposed to explain the dominance
of cyanobacteria in freshwaters, including accessibility of different
organic and inorganic nutrients, resistance from grazing, and buoyancy
regulation to control their position in the water column (for a review see
Burford et al., 2016). In addition, cyanobacteria can adapt rapidly to
local conditions through intraspecific variation in a population, genetic
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drift, or the acquisition of new genetic material from local environs (via
viruses and horizontal gene transfer). These genome changes can occur
within two years (Willis et al., 2020). When sustained over long periods,
these adaptive mechanisms can reinforce stochastically acquired mu-
tations and lead to speciation (for reviews see, Willis and Woodhouse,
2020; Dvorak et al., 2023). Dolichospermum (basionym Anabaena) is a
genus of globally occurring harmful bloom-forming diazotrophic
cyanobacterium, with strains capable of producing toxins belonging to
five distinct classes, microcystins, saxitoxins, cylindrospermopsins,
anatoxins and guanitoxins (D’Agostino et al., 2016; Li et al., 2016; Lima
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et al., 2022). There is a global distribution and existence of toxic and
non-toxic strains of Dolichospermum, with high diversity suggesting
localized adaptation (Steffen et al., 2012). However, how strains or
populations adapt over time, or change in response to local conditions,
has not been explored. Understanding the process of local adaptation is
essential for understanding the potential invasion and ultimate success
of cyanobacteria.

Dolichospermum is commonly found in lakes and reservoirs across
Germany and has been reported in Lake Stechlin over the past 40 years,
with the earliest accounts in 1982 and 1983 (Casper et al., 1985, Padisak
et al., 2003a, Padisak et al., 1998). Lake Stechlin has, for most of the last
50 years, been an oligotrophic lake. However, in the past 10-20 years,
phosphorus levels have rapidly increased within the lake (Selmeczy
et al., 2019). Increases in bioavailable phosphate have coincided with
drastic change in phytoplankton and zooplankton biomass (Selmeczy
et al., 2019). Specifically, increases in cyanobacterial biomass, partic-
ularly the large filamentous form of Dolichospermum, and in a decrease in
otherwise abundant large cladocerans, have potential impacts on
nutrient cycling and ecosystem health.

Reports during the 1990s of Dolichospermum in Lake Stechlin sug-
gested that filaments matched the taxonomic description of Dolicho-
spermum (ex. Anabaena) lemmermannii and several Dolichospermum-like
filaments lacking heterocysts (Padisak et al., 2003a). Between 1994 and
2008, the biomass of Dolichospermum in the lake (averaged over the
upper 25 m of the water column) was considered an ‘occasional domi-
nant’ species (Padisak et al., 2010). Surface blooms of Dolichospermum
formed infrequently and were short-lived, contributing <5% of the
annual phytoplankton biomass, despite their occasional dominance.
This biomass might be understated, as the precise vertical distribution of
Dolichospermum over this time is unclear. However, there is a deep
chlorophyll maximum at 7-10 m, historically dominated by Planktothrix
and Cyanobium (Padisak et al., 2003b). The summers of 1998 and 1999
represent a sudden shift in this pattern with Dolichospermum biomass
exceeding 200 pg (fresh weight) L™! (Padisak et al., 2003a). Since 2005,
increasing densities of Dolichospermum and Aphanizomenon have been
reported, both within the upper mixed layer and forming a distinct
deeper chlorophyll maximum (Selmeczy et al., 2015, Giling et al., 2017,
Selmeczy et al., 2019). An exceptional bloom of Dolichospermum was
reported in 2011, following storm Otto, which appeared to be due to the
wind-induced thermocline deepening (Kasprzak et al., 2017); a response
confirmed experimentally (Giling et al., 2017).

Strains of cyanobacteria species have been found to differ in their
optimal environmental conditions. For example, in Microcystis, a non-
diazotrophic cyanoHAB genus, high-phosphorus adapted genotypes
were shown to cluster into distinct clades, occurring across different
eutrophic lakes, and low phosphorus-adapted genotypes were found in
both eutrophic and oligotrophic lakes and co-occurring with high-
phosphorus adapted genotypes (Jackrel et al, 2019). Similarly,
changes in the ratio of toxic and non-toxic genotypes in a Raphidiopsis
population occurred in response to phosphorus (Burford et al., 2014). It
is unknown if similar patterns might be observed for Dolichospermum
genotypes or species. Genome comparisons of Dolichospermum species
from a variety of sources have revealed high genomic diversity. Doli-
chospermum species are polyphyletic, with strains found within the
clades of the closely related genera Aphanizomenon (A), Dolichospermum
(D) and Anabaena (A), termed the ‘ADA cluster’ (Driscoll et al., 2018).
Phylogenomic analysis currently supports the occurrence of at least 10
distinct species within the ADA cluster (Osterholm et al., 2020; Dreher
et al., 2021a). Despite gross morphological characteristics being similar,
species within the ADA cluster exhibit a high level of morphological and
genomic diversity even within a single ADA genus complex (Cirés and
Ballot, 2016, Driscoll et al., 2018, Osterholm et al., 2020, Dreher et al.,
2021a, Dreher et al., 2021b). There have not yet been any genomic
studies suggesting co-occurring genotypes of Dolichospermum species,
although different ADA species are known to co-occur (Shan et al.,
2019).
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ADA species produce akinetes, specialized cells that function as
resting spores, allowing regeneration of populations under favorable
conditions (Kaplan-Levy, et al., 2010). Sedimentation rates in lakes can
bury akinetes, and particularly the deep center can capture dominant
communities (Weisbrod et al., 2020). Akinetes are resistant to degra-
dation and can persist in the sediment for upwards of 100 years, with
akinetes isolated from sediment cores having been revived (Wood et al.,
2009; Legrand et al., 2016). Thus, akinetes in a sediment core can then
represent a genetic history of a population (Hobbs et al., 2021; Wood
et al., 2009). Additionally, akinetes often have diacritic features used for
morphological identification of ADA species, however, typical Aphani-
zomenon akinetes have not been found in the Lake Stechlin sediment
(Ramm et al. 2012). The previous identification of Aphanizomenon and
D. circinale in Lake Stechlin, might represent morphological changes of
the population, misidentification, or a shift in the population between
species or strains.

Here, we sought to understand the genetic history of Dolichospermum
in Lake Stechlin, through whole genome sequencing of akinetes ob-
tained from a sediment core. Specifically, we sought to i) to evaluate the
extent to which genomes of Dolichospermum have changed in response to
increasing phosphorous concentrations, ii) to identify genes that pro-
mote the dominance of Dolichospermum within Lake Stechlin, and iii)
understand the phylogenomic placement the of Lake Stechlin Dolicho-
spermum in a global context.

2. Methods
2.1. Sediment sampling

A sediment core (D = 6 cm, L = 36 cm) was collected from the
deepest point of Lake Stechlin (53°9°13” N, 13°1°49”E) at 69 m depth,
on 6 June 2017, using an UwiTech corer (http://www.uwitec.at/html/c
orer.html). The core was immediately returned to the lab and sliced into
1 cm segments (volume = 28.26 cm®). Each segment was scraped into a
50 ml Falcon tube and stored at 4°C until used. Sedimentation rates
within Lake Stechlin have been previously determined via sedimenta-
tion traps and using Cesium™®’ (Fuchs et al., 2015, Wurzbacher et al.,
2017). These measurements estimate a sedimentation rate of around 5
mm per year for the last ~10 years, compared to 2 - 3 mm per year from
~1995 - ~2010, and ~1 mm per year prior to 1973. Based on these
sedimentation rates, the 10 cm sediment core provides a history from
around 1973 to 2017, or ~45 years (Fig. 1). However, these sedimen-
tation rates restrict the resolution of timescales, with each 1 cm segment
integrating from seven to two years of Dolichospermum akinete pop-
ulations. Additionally, annual mixing during December can disturb the
upper 1 cm of the sediment surface, although previous studies have
found minimal sedimentary mixing occurs (Fuchs et al., 2015, Wurz-
bacher et al., 2017). This may impact the heterogeneity of akinetes
throughout the sediment. With this in mind, downstream analysis
focused on trends occurring through time, or within groups of sediment
layers, rather than emphasizing differences occurring within a single
layer.

2.2. Akinete enumeration in sediment

To determine the counts of intact akinetes and empty akinete cases,
the top 10 cm (sliced in 1 cm portions) of the sediment core were
resuspended in diH20 to 50 mL volume; then a 1 mL sample was diluted
6-fold. Samples were counted using a Sedgewick-Rafter counter under
an inverted microscope (Eclipse Ti2; Nikon) at 100x magnification. A
total of 100 squares were counted for each sample. Counts were calcu-
lated as intact akinetes or akinete cases per cm® sediment.

2.3. Akinete isolation

Visually intact akinetes were isolated via micro-pipette from the first


http://www.uwitec.at/html/corer.html
http://www.uwitec.at/html/corer.html

J.N. Woodhouse et al.

A 0 5000 10000 15000 20000

2017

2015

&

2012
2010
2005

2001

1998

Sediment age (years)

1993

Sediment depth (cm)

1987

1980

1973

Total

12

—e— Intact Akinetes
-O- Akinete cases

Harmful Algae 133 (2024) 102600

B & 50-
S |u=0.115,p < 0.001
Z 40
()
3
8 30
o
a
2 20
[<]
<
o
=
o
-

Cc

Chlorophyll a (ug L™

Fig. 1. A) Number of straight rod-shaped akinetes per cm?® in the top ten sediment segments, each a 1 cm slice. Intact akinetes (solid circles), akinete cases (empty
circles) and total akinetes (squares). Insert shows a light microscope image of a Dolichospermum sp. akinete, compound microscope (Eclipse Ti2; Nikon) at 200x
magnification. B) Total phosphorous and C) total chlorophyll a concentrations measured from within the upper mixed layer from Lake Stechlin between from 2003-
2017. Red circles highlight periods when visible accumulations of Dolichospermum were present.

ten 1 cm sediment segments. A small amount of sediment was diluted in
diH20 in a 6 cm plastic petri dish. Akinetes were isolated manually using
a micro-pipette under an inverted microscope (Eclipse Ti2; Nikon),
washed once in diH,O and twice in PBS buffer. Ten akinetes from each of
the top 10 segments (ST_sed01-10) were isolated for genome amplifi-
cation, pooled in a PCR tube and stored frozen. In addition, two Doli-
chospermum filaments (ST_Chy and ST Epi) were collected from an
active bloom occurring in the water column of Lake Stechlin in the days
following the sediment core sampling. Each of these filaments was
processed in the same manner as the akinetes. Microscopic analysis of
one filament (ST _Chy) showed an active infection by an unknown
fungal-like parasite.

2.4. DNA isolation from akinetes

PCR tubes, each containing 10 intact akinetes, were centrifuged and
the PBS buffer removed via a pipette. The remaining liquid was removed
via speed-vac. The dried akinetes were resuspended in 3 pL lysis buffer,
and a single silica-zirconium bead (1 mm diameter) was added. DNA
from the 10 cells was isolated using an Illustra Single Cell GenomiPhy™
DNA amplification kit (Merck) with modifications to the manufacturer’s
protocol. Briefly, following the addition of lysis solution, tubes were
frozen for 1 h at -70°C, and immediately thawed at 37°C for 10 min.
After that, cells were vortexed for 30 s, followed by the addition of the
lysis neutralization buffer. The remainder of the protocol was conducted
as per the manufacturer’s specifications. The presence of cyanobacteria
gDNA was confirmed by PCR amplification using cyanobacteria 16S
rRNA gene primers (CYA106F/CYA741R, Niibel et al., 1997).

2.5. Genomic DNA sequencing and assembly

Nextera DNA libraries were generated for each of the 12 samples and
sequenced using a 2 x 150bp Nextera Kit on the Illumina NextSeq in-
strument at the Genome Sequencing Facility, Walter and Eliza Hall
Institute, Australia. Quality control of demultiplexed paired-end
sequence libraries, including removing contaminating adapter se-
quences and low-quality base-pairs, was performed using bbduk.sh
(https://sourceforge.net/projects/bbmap/). Given the likelihood for

contaminating sequences either not fully removed during washing or
introduced during genome amplification, we followed a metagenomic
pipeline for genome assembly. Raw reads were assembled into contig-
uous sequences with MEGAHIT v1.2.8 (Li et al., 2015). DasTool (Sieber
et al., 2018) was used to evaluate bins obtained using MaxBin2 (Wu
et al., 2016), MetaBAT (Kang et al., 2019) and CONCOCT (Alneberg
et al., 2014) binning algorithms. Genome completeness and contami-
nation were evaluated using CheckM (Parks et al., 2015), genome sta-
tistics with Quast (Gurevich et al., 2013), and taxonomic classification
using GTDB-TK (Chaumeil et al., 2020). A single Dolichospermum bin
was obtained for each sample, and, except for ST _sed10, completeness
was > 90%. Annotation of Dolichospermum genomes was performed
using Prokka (Seemann, 2014).

2.6. Comparative genome analysis

A phylogenomic analysis of both the akinete and single filament Lake
Stechlin Dolichospermum genomes was conducted using GTDB-TK
(Chaumeil et al., 2020) and the Anvi’o platform (Eren et al., 2015).
Using the GTDB-TK package, we inferred a de novo phylogenomic tree
containing genomes isolated from Lake Stechlin and publicly available
genomes from the ADA (Anabaena, Dolichospermum, Aphanizomenon)
cluster previously described (Dreher et al., 2021b) based on the bac120
single copy marker gene set. The same genomes were used to determine
the ADA specific pangenome and core genome using Anvi'o.
Genome-wide similarity between genomes was determined using the
PYANI function as calculated across all single-copy core genes within the
ADA cluster, and gANI (genome-wide Average Nucleotide Identity) was
determined using FastANI (Jain et al., 2018). As previously reported, the
existence of discrete species groups was confirmed using an gANI cut-off
between 95-96%. Roary (Page et al., 2015) was used to define core,
accessory and species-specific orthologous genes from Prokka generated
gff genome files for each species, and the accessory and species-specific
genes from each species clusters were manually compared to identify
functional differences. For each species cluster, using results from
CheckM, Quast, Roary, and Anvio, we calculated additional metrics
including genome size, %GC, gene number and density, in addition to
the %GC content for core, accessory and species-specific orthologous
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gene (OG) families.
2.7. Population genome analysis

Population genomic analysis of the akinete genomes was performed
using sample ST _sed9 as reference genome, initially error corrected with
Pilon v1.23 (Walker et al., 2014), which represented the oldest sample
where a near-complete genome was available. Raw reads of samples 1-8
were filtered using Trimmomatic v.0.36 (Bolger et al., 2014) and aligned
to the ST_sed9 reference genome by using Burrows — Wheeler Aligner
(BWA) v.0.7 (Li and Durbin, 2009) with default parameters. Single
Nucleotide Polymorphisms (SNPs) were detected by using Genome
Analysis Toolkit (GATK) v3.7.0 and performed default hard filtering
according to GATK’s best practices workflow to avoid false positives
(Van der Auwera et al., 2013).

All identified SNPs (695) were used to perform population structure
analyses. To assess the clustering among samples 1 through 9, we con-
ducted Principal Component Analysis (PCA) employing the ’prcomp’
function in the R. This analysis utilized all SNPs and was executed with
the default parameters. An unrooted phylogenetic tree was generated
based on the neighbour-joining algorithm using SNP occurrence be-
tween genomes in Molecular Evolutionary Genetics Analysis 7 (MEGA)
software (Stecher et al., 2020) with default parameters. Furthermore, we
utilized a quantitative clustering method to calculate the proportion of
shared ancestry among the isolated genomes, a process executed using
the STRUCTURE software v.2.3 (Pritchard et al., 2000). The STRUC-
TURE analysis was conducted with a burn-in period of 20,000 iterations
followed by 100,000 Monte Carlo Markov Chain (MCMC) iterations
using the admixture model. We performed 20 runs for each value of K,
ranging from 1 to 10, where K is the number of genetic clusters in the
population. The best value for K was estimated by using Clumpak
(Kopelman, et al., 2015). Population genetic analyses were performed
using R package PopGenome (Pfeifer et al., 2014) to calculate nucleotide
diversity, fixation index (Fst) i.e. variance, genetic divergence (Dxy), and
Tajima’s D. Nonsynonymous and synonymous substitution ratio was
calculated by using KaKs_Calculator (Zhang et al., 2006), with the Nei
and Gojobori method. The results were plotted with the R statistical
programming language (version 3.6.1).

3. Results
3.1. Akinete isolation and enumeration

In the sediment core obtained from the deepest point of Lake
Stechlin, akinetes were present as a straight (D. circinalis) rod shape
(Fig. 1ab), consistent with the current dominance of D. circinalis in the
epilimnic water of the lake (Selmeczy et al., 2019). We approximated
time periods for each sediment segment using published values of
sedimentation rates that used measurements of Cesium'>’ (Fuchs et al.,
2015, Wurzbacher et al., 2017). Lake Stechlin is very well characterised,
and the sediment layering is known to be stable without annual mixing
beyond the top centimetre (Fuchs et al., 2015; Wurzbacher et al., 2017)

The average number of all akinetes were calculated for each of the
top ten sediment segments (1 cm depth each) (Fig. 1a). A peak in total
(including intact and empty cases) akinetes was measured in segments
ST sed2 and ST _sed3 (2010-2015), below which the number of akinetes
cm™2 decreased. This period coincides with an increase in total phos-
phorous concentrations in the epilimnion (Fig. 1b) and an increase in
chlorophyll a concentration including a greater number of Dolicho-
spermum dominated events (Fig. 1c). Akinete concentrations in the
sediment appear stable throughout the period 1970-2010 with a mini-
mum occurring between 1998-2001. Deeper sediment layers, integrate a
greater number of years and therefore likely overrepresent the annual
export of akinetes to the sediment.
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3.2. Lake Stechlin akinete genomes

Genomes were assembled with > 98% completeness for ST sedl —
ST_sed9, 55% for ST_sed10, 55% for ST chy and 70% for ST Epi
(Table 1). Each genome represents a ‘population’ genome assembled
from DNA from the ten akinetes isolated from each sediment segment.
The genomes are available at NCBI Genbank with BioProject number
PRJINA787667 and for accession numbers, see Table 1.

3.3. Comparative genomics of Lake Stechlin cyanobacterial akinetes

We performed a phylogenomic analysis of our Lake Stechlin akinete
genomes, in the context of other publicly available ADA genomes using
the bacl20 single copy gene marker set implemented in GTDB-TK
(Chaumeil et al., 2020). The Lake Stechlin genomes formed a mono-
phyletic clade with the ADA-6 genus complex, including the isolate
Dolichospermum sp. DET69 (Dreher et al., 2021b) (Fig. 2).

This clade of Dolichospermum akinetes and single filaments grouped
with a > 98% ANI and formed a distinct species cluster (Supplementary
Fig. 1), with between species ANI < 95%. Genomes derived from the
single-filaments exhibited a greater dissimilarity to akinete derived ge-
nomes. However, this likely arose due to reductions in genome coverage
of the single-filament genomes, a result of genome completeness of only
~70%, compared to the genome completeness of ~98-99% of the aki-
nete genomes (see Table 1, Supplementary Fig. 1).

The genome characteristics of Dolichospermum derived from Lake
Stechlin with Dolichospermum sp. DET69 forming ADA-6 were most
similar to those of the ADA-3 lineage (Fig. 2, blue, Supplementary
Fig. 1). The Lake Stechlin/ADA-6, and ADA-3 lineages possessed simi-
larly sized genomes (~5.8 Mbp), similar numbers of OG families and a
similar coding density. However, the %GC content, which can also be a
marker of species differentiation, of the two lineages was different, with
the %GC of the Stechlin/ADA-6 lineage estimated at ~37.5% and the
ADA-3 lineage estimated at 38.5%. In this respect, the %GC of Lake
Stechlin/ADA-6 were among the lowest within the ADA group, similar
to the ADA-1 (Fig. 2, red) lineage, but not as low as that of the ADA-4
lineage, which had a %GC content of around 37% (Table 2).

3.4. Comparison of Lake Stechlin akinetes with the ADA cluster

To investigate the basis of the differences in %GC content, we
compared genome sequences for the Stechlin genomes and the closest
ADA genome clusters (ADA-2, ADA-3, ADA-4) (Table 2). We calculated
the %GC content of the pan-genome, the shared core, shared accessory,
and clade-specific OGs (Table 2, Supplementary Table 1). The %GC
content of the shared core genome was similar for all groups (~39.55 +
0.65%). We also found no discernible variation in %GC content of
accessory OGs shared within the Stechlin and three closest ADA clusters.
We identified a total of 816 OGs specific to the ADA-Stechlin lineage
(with 45 OGs present across all 12 genomes), with an average %GC of
34.3%, therefore, the difference in genome GC% is a result of clade-
specific OGs.

Comparison of the accessory genomes of ADA clusters identified
functional genes that varied in copy number or presence/absence be-
tween clusters (Fig. 2, Supplementary Table 1). Genome assemblies
using short-read sequencing can be prone to gene absences as a result of
incomplete assemblies, or contamination via errors in metagenome
binning, thus we report the follow average differences between genome
clusters acknowledging this. The Lake Stechlin akinete genomes
compared to other ADA genomes have an additional copy of KaiB and
KaiC circadian clock regulator proteins, expansion of Cphl, Cph2 and
BchB light harvesting proteins, an additional copy of the bacA, vitamin-
B12 uptake protein, and an additional copy of the PhnD (organic phos-
phate import protein). In the opposite direction, we observed an absence
of Cas viral modifying enzymes, and NrtA, NrtB nitrate uptake proteins,
and a reduction in the copies of GvpA, GvpC gas vesicle proteins.
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Table 1
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Statistics of akinete genome assemblies of Lake Stechlin, each genome includes DNA from ten akinetes, from each sediment segment (ST _sed1 — ST_sed10) and the
extant sample (ST_Epi, calculated with QUAST Gurevich et al., 2013) and CheckM (Parks et al., 2015).

Akinete Genome No. Total GC N50* Completeness Contamination Strain Coding Accession number
Assembly (sample contigs length (bp) (%)* (bp) (%) (%) heterogeneity sequences (Genbank)

number) (CDS)

ST _sedl 647 6020366 37.56 15674 99.85 1.67 0 5276 JAKOGR000000000
ST_sed2 525 5748588 37.5 19684 99.44 0.44 0 4096 JAKOGS000000000
ST_sed3 782 6304092 37.6 16590 99.89 2 0 4942 JAKOGT000000000
ST_sed4 706 5873098 37.5 18889 98.78 1.22 22.22 5271 JAKOGU000000000
ST _sed5 1020 6622813 37.51 10561 97.26 13.78 97.1 5259 JAKOGV000000000
ST_sed6 611 5942300 37.62 16863 99.56 3.33 90.91 5163 JAKOGW000000000
ST_sed7 633 5767940 37.58 15016 98.5 0.3 50 4999 JAKOGX000000000
ST _sed8 532 5781196 37.57 18532 99.33 0.44 50 5195 JAKOGY000000000
ST_sed9 1078 7103190 37.27 14776 99.22 5.56 83.33 5264 JAKOGZ000000000
ST_sed10 779 4218483 36.82 8838 55.33 0 0 5313 JAKOHA000000000
ST Epi 1086 4448791 36.51 6570 70.06 1.49 0 4867 JAKOHB000000000

*QUAST: statistics are based on contigs of size > 500 bp.

§ Strain heterogeneity: an index between 0 (no strain heterogeneity) and 100 (all markers present, >1 appear to be from closely related organisms). If the SH index is
high (ideally 100%), it suggests most of the contamination is from very similar species and thus any contamination is likely from the pangenome of the species being
considered. Alternatively, if the SH index is very low (ideally 0%) this indicates all the contamination is likely from other species.
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Fig. 2. Phylogenomic analysis of Lake Stechlin Dolichospermum genomes in the context of other ADA genome clades. Phylogenomic tree was generated using GTDB-
TK and is based on the bac120 single copy marker gene set. Genomes are colored according to the ADA clades based in Driscoll et al., (2018) and Dreher et al. (2021a)
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Table 2

Overview of the differences in the size and %GC content of the pangenome, core and accessory genomes of ADA-Stechlin and the closest ADA genome clusters.

Clade Pan-genome Shared Core Shared Clade-specific Core Clade-specific Accessory
Accessory
# OGs % GC # OGs % GC # OGs % GC # OGs % GC

ADA 15,190 38.15

Stechlin 5931 37.5 920 39.4 4919 37.1 45 34.3 816 34.3
ADA-2 7237 38.16 920 39.9 4838 37.24 0 1264 37.7
ADA-3 6618 38.35 920 40.1 4685 37.38 9 39.54 1003 37.5
ADA-4 5664 37.41 920 38.8 3169 37 36 34.54 1538 42.4

3.5. Population genome analysis

Approximately 700 polymorphic sites (SNPs) were identified across
the nine high-quality Stechlin akinete population genomes (low-quality
ST_sed10 excluded). Genetic differences were not correlated signifi-
cantly with sample depth (cm) (Fig. 3A). Rather, SNP based phyloge-
netic analysis identified two clades: samples ST_sed1 — ST _sed4, ST_sed8
— ST_sed9, created one clade, and samples ST sed5 - ST _sed7, a second

clade (Fig. 3B). The presence of population sub-structuring was further
corroborated by Principal Component Analysis (PCA), with PC1 ac-
counting for 54% of the variability between the two clades (Supple-
mentary Fig. 3). Consistent with these findings, the STRUCTURE
analysis, when set to the best K = 4, delineates two primary populations.
The first population comprises isolates ST_sed1 — ST sed4 and ST sed8,
all of which possess a distinct genomic background indicated in blue.
This background is unshared by the isolates ST sed5 — ST _sed7, which
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Fig. 3. Population genome analysis of akinete genome sequences. a) The plot
illustrate the number of SNPs between each pair of genomes collected from
different sediment depths. The x-axis represents the distance between the
depths of each pair of genomes, while the y-axis represents the number of SNPs
between that pair. Positive slope of the regression line between pairwise SNP
difference and sample depth in sediment (age) of the akinete genomes (R* =
0.02088, p-value = 0.399), u and dotted lines represents the linear trend line
with standard deviation, with p-value from t-test; b) Sub-populations based on
phylogenomic clustering of Lake Stechlin akinete population genomes based on
whole genome SNPs.

constitute a separate population and display a unique genomic back-
ground, highlighted in green (Supplementary Fig. 4). Fifty-five poly-
morphic genes (Nucleotide diversity (1) > 0) were detected between the
two populations (Supplementary Table 2). Only, two genes, 01883
(Serine/threonine protein kinase) and 01166 (domain of unknown
function, DUF29), appeared to be responsible for the divergence (high
Dxy) and differentiation (high variance, Fst) of the two populations,
these genes were also under-balancing selection (indicated by a positive
Tajima’s D) (Fig. 4). The first sub-population contained samples from
two time periods, samples ST_sed9 — ST_sed8 represent a period from
~1950 - 1990, when warmer water from the adjacent eutrophic Lake
Nehmitz was mixed with Lake Stechlin, reducing the lake water reten-
tion time from ca. 60 years to only 300 days. The samples ST sed4 —
ST_sedl correspond to the current eutrophic period beginning ~2010,
with a lake water retention time of ca. 60 years and an increase in
phosphorus concentration (Fig 1b, Selmeczy et al., 2019). The second
sub-population containing samples ST _sed7 — ST _sed5 corresponds to a
time frame of 1990s - 2010, occurring between the time periods of the
first population samples, and which correlates with an oligotrophic
period with a lake water retention time of ca. 60 years,
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Fig. 4. Population genetic measurements for each gene identified with SNPs, a)
scatter plot with Fst (variance) vs Dxy (divergence), and nucleotide diversity
indicated by the colour gradient, and b) Tajima’s D; with genes 01883 and
01166 labelled.

4. Discussion

Genomes of Dolichospermum akinetes isolated from 1cm segments of
the top 10 cm of a sediment core from Lake Stechlin had high genome
similarity, to one another and the extant pelagic population. Each
genome was assembled from DNA from ten akinetes isolated from each
lem sediment segment, with this upper 10 cm representing a time-
period of around 45 years, as confirmed by previous radioisotope
dating (Fuchs et al. 2015, Wurzbacher et al., 2017). During this time
period, closure of the adjacent nuclear power plant in 1990 increased
water retention times from one to sixty years, and total phosphorous
levels increase from ~ 15 ug 17! in the early 2000s to 40 ug 1~ in 2016.
The increase in total phosphorus has not coincided with a known
external phosphorus source and is likely to have resulted from climate
change-induced stronger and longer-lasting stratification that has led to
the altered coupling of the hypo- and epilimnion, and release of phos-
phorus from the sediment (Selmeczy et al., 2019). The sediment has
been shown to have a high phosphorus content of ~1.29 g kg™! dry
weight sediment (Gonsiorczyk et al., 1998). This change in phosphorus
levels correlated with increases in the total biomass of Dolichospermum
sp. and Aphanizomenon flos-aqua, and a decrease in zooplankton biomass
(Selmeczy et al., 2019; Uveges et al., 2012). However, no akinetes or
genomes were found of Aphanizomenon spp. potentially indicating an
historic misidentification. Thus, the stability of the Lake Stechlin Doli-
chospermum genomes over this time illustrate a population of a single
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genotype, without evidence of adaptation to the increasing phosphorus
loads during the past ~20 years or changes in genomic elements that
might explain its expansion in recent years.

Interestingly, population analysis based on SNP occurrence in the
akinete genomes revealed two discrete intraspecific Dolichospermum
populations. The occurrence of the two Dolichospermum populations
changed over time and correlated with changes in the lake’s trophic
status (Fig. 1). One population occurred twice, firstly during the warm/
mixing period (1950s — 1990) and secondly returning during the
eutrophic period (~2010 - 2017). The second population occurred once
during the cooling oligotrophic period (1990s — ~2010) (Selmeczy et al.,
2019). Based on high variance (Fst) and divergence (Dxy) (Fig. 4) two
genes appeared responsible for the divergence of the two populations: a
serine/threonine-protein kinase (gene 01883) and a hypothetical pro-
tein characterized as a ‘domain of unknown function’, DUF29 (gene
01166). Serine/threonine-protein kinases control phosphorylation and
are important regulators of protein expression and thus cell metabolism
(Zhang et al., 2007, Yang et al., 2013). The DUF29 has been found across
many cyanobacteria, and its structure suggests a possible role in DNA
helicase activity. The SNPs in these two genes were responsible for slight
changes in amino-acids in the two proteins. Although these amino-acid
changes did not appear in predicted functional domains, they may affect
the solubility of the proteins (Islam et al., 2012), which in turn may
affect their rates of activity (Han et al., 2020), perhaps an important
difference between oligotrophic and eutrophic lake conditions. Despite
no clear functional change in the two populations, their shift over time
does suggest environmental influences on intraspecific population
dynamics.

The stability of the Dolichospermum genomes across the environ-
mental changes, has two potential implications for their adaptation. In
the first case, the genome is sufficiently expansive, possessing a suite of
proteins that allow for growth under a range of varying environmental
conditions, or adaptation has occurred at a transcriptional/translational
level that is undetected through genomics. This is supported by the
finding that some of the genes undergoing positive selection are
involved in post-translation modifications (Fig. 4, Table S1). In the
second case, Dolichospermum did not adapt to the environmental
changes, but rather that the changes led to an environment more suited
to buoyant nitrogen-fixing cyanobacteria: which can move between
illuminated surface waters and phosphorus-enriched bottom waters, use
luxury phosphorus storage, and supplement low dissolved nitrogen
availability through nitrogen fixation, combining to a competitive
advantage over other phytoplankton (Carey et al., 2012). Thus, the
environmental changes favored Dolichospermum and resulted in higher
biomass.

Phylogenomic analysis showed that the Lake Stechlin Dolicho-
spermum species formed a clade with Dolichospermum DET69, isolated
from the USA, which has been described as ADA-6 (Dreher et al.,
2021b), and is closely related to the ADA-3 Dolichospermum clade. The
ANI of < 96% (Supplementary Fig 1.), and difference in GC content,
indicates ADA-6 and ADA-3 are distinct species. The ADA-3 clade con-
tains mostly Aphanizomenon morphotypes and produces the secondary
metabolites, anatoxin-a and anabaenopeptin, while the Lake
Stechlin/ADA-6 clade contain the gene cluster only for anabaenopeptin.
This is in line with previous analysis of Lake Stechlin water samples that
found no evidence of toxins produced by Aphinozemonon or Dolicho-
spermum spp. (Dadheech et al., 2001).

Compared to other ADA species clusters, the genomes of the Lake
Stechlin akinetes contains additional genes for light-harvesting and
increased phosphorus scavenging capacity (Fig. 2). This is in line with
their occupancy in the deep chlorophyll maxima of an oligotrophic lake
(Leach et al., 2018). The increase in vitamin B12 transport gene copies
suggest interdependence with co-occurring bacteria, and the low inci-
dence of CRISPR-Cas elements suggests infrequent encounters with
cyanophages. Together with the overall reduction in %GC content of
Lake Stechlin genotypes, these functional genome traits, particularly the

Harmful Algae 133 (2024) 102600

phosphorous and vitamin B12 metabolism, are similar to differences
observed amongst oligotrophic and eutrophic Microcystis genotypes
(Jackrel et al., 2019). Both ADA and Microcystis clades have an extensive
pangenome and exhibit global distribution (Driscoll et al., 2018). Par-
allels existing between how particular ADA and Microcystis clades adapt
to oligotrophic and eutrophic conditions may suggest common mecha-
nisms by which cyanobacteria inhabit these different environmental
conditions.

Sequences of ADA genomes are still underrepresented in databases
and literature, with fewer than 100 representing at least 10 identifiable
species clusters (Dreher et al., 2021b). Whether the number of ADA
species continues to expand as more genomes become available is un-
clear. Strains from geographically distinct locations are present together
within various ADA clades, indicating that ADA taxa are not inherently
restricted in their migration. The emergence of Lake Stechlin Dolicho-
spermum sp. as an ADA-6 species clustering with USA strain DET69,
suggests that additional sequencing may reveal this as a global species
that occurs in a distinct environmental niche: with a deep chlorophyll
maxima. Lake Stechlin is a groundwater-fed lake, and although con-
nected by channels to nearby Lake Nehmitz, it has remained isolated
since its formation ~10,000 years ago following the retreat of the gla-
ciers across Europe. The fish Coregonus fontanae that is endemic to Lake
Stechlin supports this physical isolation. Ultimately, extensive genome
sequencing of ADA taxa, particularly in oligotrophic-mesotrophic lakes,
will reveal how this species is unique.

In conclusion, we sequenced the genomes of 10 akinetes from each 1
cm sediment segment, representing 45 years of the historical population
of Dolichospermum to understand its increasing dominance within Lake
Stechlin. However, comparative genomics revealed a single ADA-6 ge-
notype with remarkable genome stability, without gene gain or loss
events across 45 year period or in response to recent environmental
changes. The genome’s core characteristics imply occupancy of the
deep-chlorophyll maxima are supported by additional light-harvesting
capacity and phosphorus scavenging genes. Analysis of SNPs revealed
two intraspecific populations, that shifted in dominance, corresponding
to the oligotrophic and eutrophic states of the lake. Overall, our findings
support the stable occurrence of a species with the capacity to proliferate
both in the deep-chlorophyll maxima of oligo-mesotrophic lakes and the
epilimnion of eutrophic lakes.
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