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Abstract This study aimed to unravel the taxo-
nomic structure and functional potential of the
cyanobacterial community in a large, shallow meso-
eutrophic lake in Central Italy (Lake Trasimeno)
through shotgun metagenomic analysis. The metagen-
omic profiling of samples allowed to characterize the
structure of the bacterial community, also includ-
ing the identification of rare species, not detected
with the determination of metagenome-assembled
genomes (MAGS), in the successive assembling and
binning steps. The taxonomic identification of MAGs
was based on the computation of genome similarity

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10750-026-06250-8.

Guest Editors: Petr Znachor, Pavel Rychtecky, Eliska
Kozlikova-Zapomélova, Luigi Naselli-Flores & Judit
Padisék / Phytoplankton at Various Temporal and Spatial
Scales.

N. Salmaso (<)) - L. Cerasino - M. Pindo - A. Boscaini
Research and Innovation Centre, Fondazione Edmund
Mach, Via Edmund Mach, 1, 38098 San Michele all’Adige,
Italy

e-mail: nico.salmaso@fmach.it

L. Cerasino

e-mail: leonardo.cerasino@fmach.it

M. Pindo

e-mail: massimo.pindo@fmach.it

A. Boscaini
e-mail: adriano.boscaini @fmach.it

Published online: 09 June 2026

metrics (average nucleotide and amino acid identity
values; ANI, AAI) and phylogenomic analyses, which
confirmed the presence of several cyanobacteria pre-
viously identified during the monitoring campaigns,
and the identification of taxa new for the Mediter-
ranean region, such as Prochlorothrix hollandica
and an uncharacterized Prochlorothrix. The genome
annotation of the Prochlorothrix MAGs was consist-
ent with that of oxygenic, non-diazotrophic, chloro-
phyll-b-producing, photosynthetic cyanobacteria. The
annotation of cyanobacterial MAGs did not reveal the
presence of operons encoding cyanotoxins. Based on
a conservative analysis, the presence of antimicrobial
resistance genes (ARGs) was exclusively identified
in Vibrio cholerae (Enterobacterales) and in a few
unbinned contigs, confirming the global relevance of
the ARGs spread in freshwater environments.
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Introduction

The combination of morphology and molecular
data, as well as ecological and physiological char-
acteristics, represents a gold standard for a compre-
hensive and accurate classification of cyanobacteria
(Komarek, 2016; Rzymski et al., 2017; Kozlikova-
Zapomélova et al., 2025). The polyphasic approach
is limited to the study of isolated and cultured speci-
mens, single individuals or colonies, and monospe-
cific environmental samples (Komarek, 2015; Capelli
et al., 2017; Zubia et al., 2019; Pokorny et al., 2023).
This approach is fully coherent with the require-
ments of the International Code of Nomenclature
of Prokaryotes (ICNP) and the International Code
of Nomenclature for algae, fungi, and plants (ICN),
which require that the designation of type materials,
phylogenetic analyses, and taxonomic identifications
is based on isolated strains. An advantage of this
approach is the possibility to associate the classified
species with morphotypes, allowing their discrimina-
tion at the microscope, even if this is restricted to the
species possessing a suitable number of phenotypic
diacritical characters, and therefore excluding most
of the picocyanobacteria (but see Komarek et al.,
1999) and many other simple forms. The association
of species names to recognizable morphotypes allows
the direct and measurable identification of functional
traits and physiological functions of ecological rel-
evance, such as shapes and dimensions, maximum
growth rates, environmental tolerances, grazer sus-
ceptibility, and metabolite production (including
cyanotoxins) (Litchman et al., 2007; Salmaso et al.,
2015; Liu et al., 2022). The requirement of isolated
specimens is an important bottleneck in the use of the
polyphasic approach since many unculturable organ-
isms will remain undetected. Similarly, owing to the
laboratory time required for the isolation and analy-
sis, many species have not yet been isolated and cul-
tivated (Rossell6-Méra & Whitman, 2019; Hay et al.,
2023; Pessi et al., 2023).

In the last two decades, the use of high-through-
put sequencing (HTS) technologies has paved the
way for the study of environmental DNA using a
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range of techniques specifically adapted to the char-
acterization of organisms using culture-independent
methods. Amplicon sequencing (metabarcoding)
approaches have been widely used for the charac-
terization of organisms from microbes to mammals
(Ruppert et al., 2019; Compson et al., 2020). Owing
to the relatively easy implementation and affordable
costs of metabarcoding, several large-scale inves-
tigations on the distribution of cyanobacteria have
been carried out in a range of aquatic environments
(e.g., among others, MacKeigan et al., 2022; Nico-
losi Gelis et al., 2024; Salmaso et al., 2024a; Vet-
torazzo et al., 2024; Moretto et al., 2025). Neverthe-
less, the short length and resulting low taxonomic
resolution of the marker genes (mostly rRNA) after
bioinformatic processing (less than ca. 400 bp) do
represent important drawbacks, intrinsically limit-
ing taxonomical classification to the genus level
and impeding a thorough functional analysis. The
parallel introduction of genomic and metagen-
omic methods based on either short-read assembly
(whole-genome shotgun sequencing) or long-read
assembly (PacBio and Oxford Nanopore Tech-
nologies [ONT]) has enabled the reconstruction of
draft or circular cyanobacterial genomes in isolates
(e.g., Velichko et al., 2016; Nitnaware et al., 2021)
or complex microbial communities (e.g., Cissell
& McCoy, 2021; Valadez-Cano et al., 2025), pro-
viding information on taxonomy at the strain level
and metabolic functions through genome annota-
tion (Leao et al., 2017; Bullerjahn et al., 2023; Cai
et al., 2023; Strunecky et al., 2023; Lefler et al.,
2025). Besides identification of fundamental meta-
bolic and functional patterns (Ramond et al., 2025),
the annotation of cyanobacterial genomes from
water bodies has enabled the identification of sev-
eral biosynthetic gene clusters (BGCs) associated
with the production of a wide range of cyanotoxins
and other bioactive secondary metabolites, as well
as a number of genes and operons linked to anti-
microbial resistance acquisition in bacteria (Bashir
et al., 2023; Khatiebi et al., 2024; Salmaso et al.,
2024b; Stern et al., 2025). Overall, though based
on genomic analysis (and not on gene expression),
these discoveries opened new perspectives in the
assessment of potential risks for human health,
which would otherwise be more difficult to appraise
using traditional analytical methods or (in the case
of cyanotoxins BGCs) less efficient if based on
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the analysis of single or only a few gene markers
(Timms et al., 2023; Djordjevic et al., 2024; Pereira
et al., 2026). In this study, we report the results of a
comprehensive shotgun metagenomic analysis con-
ducted on environmental samples collected during
the summer of 2023 from two littoral stations of
Lake Trasimeno, in Central Italy. The lake is meso-
eutrophic and strongly dominated by cyanobacteria,
principally Raphidiopsis raciborskii (Woloszyn-
ska), Aguilera et al., whose presence was described
in the lake for the first time in 1995 (Manti et al.,
2005; Mugnai et al., 2008). A characterization of
the taxonomy and metabolic functions of this spe-
cies has been recently performed on a cultivated
strain isolated during the same sampling campaign
of this study from a sample collected at Castiglione
del Lago (Salmaso et al., 2025). Besides R. racibor-
skii, many other cyanobacteria have been identified
during routine sampling for the control of bathing
waters (https://apps.arpa.umbria.it/). Most of these
presented a challenge for taxonomic determination
based on the use of conventional approaches, while
others were overlooked, such as Prochlorothrix hol-
landica Burger-Wiersma, Stal & Mur, which was
identified for the first time during this investiga-
tion. Among cyanobacteria, and along with a few
other genera, this species possesses a unique pho-
tosynthetic apparatus, lacking phycobilisomes and
including, besides chlorophyll-a (Chl-a), chloro-
phyll-b (Chl-b), which is typical of eukaryotic pho-
tosynthetic organisms. The discovery of this species
at the northern border of the Italian Mediterra-
nean region was unexpected, because, until now,
the known distribution of this species was circum-
scribed to Northern Europe.

The main objective of this study is the taxonomic
and functional characterization of selected cyano-
bacterial taxa identified in Lake Trasimeno during
the summer period. Specific tasks include: (i) the
metagenomic characterization of the cyanobacte-
rial community and taxonomical identification of
the main bacterial groups; (ii) the taxonomic assess-
ment and functional annotation of secondary metabo-
lites (including BGCs encoding cyanotoxins) of the
cyanobacterial metagenome-assembled  genomes
(MAGsS); (iii) the phylogenomic, functional, and
pangenomic assessment of two Prochlorothrix taxa
new for the Mediterranean area; (iv) the identifica-
tion of antimicrobial resistance (AMR) genes (ARGs)

in the bacterial and cyanobacterial MAGs and DNA
contigs.

Materials and methods
Study site

Lake Trasimeno is a large (surface, ca. 124 km?; vol-
ume, ca. 586 x 10° m?) and shallow (z,,,,, ca. 6 m) lake
located at 258 m a.s.l. in Central Italy. The lake basin
falls within the northern inland region of the Mediter-
ranean-type climatic zone (Csa) in Italy (Beck et al.,
2023) (https://koppen.earth/). The basin is endorheic
and the water level and lake size can vary consider-
ably in response to atmospheric precipitation. Infor-
mation on the long-term trend of water temperatures
and main limnological variables has been reported
in Ludovisi & Gaino (2010), Pareeth et al. (2017),
Morabito et al. (2018), and Ludovisi et al. (2021).

Sampling stations and field and laboratory
measurements

Samplings were carried out on September 12, 2023,
at the boat piers located at Castiglione del Lago
(CAST) (43°07'23.6" N 12°03"26.5" E) and San Feli-
ciano (SFEL) (43°07'02.4" N 12°09'53.6" E), which
are 8.5 km apart (Supplementary Fig. 1). Samples
were collected at the surface using a sterilized bucket;
as for cyanotoxins, further samples were collected by
concentrating the biomass using 80-pm mesh nets.
Subsamples for the cyanotoxins and metagenomic
analyses were stored in refrigerated conditions until
filtration, performed on the successive day. Subsam-
ples (250 ml) for phytoplankton analyses were fixed
after collection with Lugol’s solution and succes-
sively stored at 4 °C. At the sampling points, water
temperatures were measured using a handheld ther-
mometer and transparency using a Secchi disk.

In laboratory, a complete set of physical and water
chemical analyses was performed by the local envi-
ronmental agency (ARPA Umbria) on two pelagic
samples collected the day before (September 11,
2023) off the coasts of Passignano sul Trasimeno
(TRS30; 43°09'17.1" N 12°06'46.6" E) and Magione
(TRS35; 43°06'18.0" N 12°09'34.0" E) (Supplemen-
tary Fig. 1). Results have been reported in Salmaso
et al. (2025), Table 1.
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The methods used for the microscopical observa-
tions in the CAST and SFEL stations, and cyano-
toxins analyses, i.e., microcystins (MCs), anatoxins
(ATXs), cylindrospermopsins (CYNs), and saxitoxins
(STXs), were described in Salmaso et al. (2025) and
Rott et al. (2007).

DNA extraction and sequencing

Samples were filtered through 0.2-pm IsoporeTM
GTTP polycarbonate membranes (Merck Millipore).
After DNA extraction using PowerWater Kit (Qia-
gen), the library was prepared using the Kapa Hyper-
Plus Kit (Roche) and processed by 150 bp paired-end
sequencing on an Illumina NovaSeq 6000 (Illumina
Inc., San Diego, CA, USA) (Salmaso et al., 2024b).

Read quality checking and community metagenomic
profiling

All the bioinformatic analyses were performed sepa-
rately on the two individual samples. Reads quality
checking, removal of residual adapters, and trim-
ming, keeping only reads with quality scores greater
than 20, were performed with FastQC 0.12.1 (github.
com/s-andrews/FastQC) and bbduk 39.26 (https:/
jgi.doe.gov). Removal of human DNA contaminants
was performed by mapping reads on the human refer-
ence genome GRCh38.p14 using Bowtie 2.5.4 (Lang-
mead & Salzberg, 2012) and successive filtering with
SAMtools 1.21 (Danecek et al., 2021).

A read-based metagenomic profiling was per-
formed using a sketch-based k-mer containment
(Koslicki & Zabeti, 2019) method implemented by
Sylph 0.8.1 (Shaw & Yu, 2024; Rozday, 2025). The
approach used in Sylph allows for estimating the frac-
tion of sample k-mers in the DNA reads that are pre-
sent in a reference genome; these values can then be
used to calculate containment ANI and relative abun-
dances (Sun et al., 2021). From the output of Sylph,
the taxonomic profiles were obtained using Sylph-tax
1.5.1 (github.com/bluenote-1577/sylph-tax) and the
GlobDB-1r226 taxonomic reference database (Speth
et al., 2025).

Assembling, binning, and MAGs classification

Assembling and binning followed the procedures
described in detail in Salmaso et al. (2025), using the
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latest versions of the packages and updates, as briefly
described below. Paired filtered reads were corrected
with metaSPAdes 4.2.0 (—only-error-correction)
(Nurk et al., 2017) and assembled with megahit 1.2.9
(—presets meta-sensitive) (Li et al., 2015). Contigs
shorter than 1000 bp were discarded using anvi’o 8
(Eren et al., 2021). After binning using CONCOCT
1.1.0 (Alneberg et al., 2014), MetaBAT 2.18 (Kang
et al., 2019), and SemiBin2 2.2.0 (Pan et al., 2022),
the bins were filtered and combined using DAS Tool
1.1.7 (Sieber et al., 2018). Presence of chimerism
and contaminations were checked and removed using
GUNC 1.0.6 (Orakov et al., 2021) and MDMcleaner
0.8.7 (Vollmers et al., 2022). MAGs were then clas-
sified using GTDB-Tk 2.5.2, using the 10-RS226
GTDB taxonomy (Chaumeil et al., 2022) and skani
0.3.1 (Shaw & Yu, 2023) for ANI screening. Cyano-
bacterial MAGs were further checked for contamina-
tions using FCS adaptor and FCS-GX 0.5.5 (Astashyn
et al., 2024). Taxonomical classification of cyanobac-
terial MAGs was further assessed by computing ANI
values using skani 0.3.1 (Shaw & Yu, 2023) against
a complete set of “Cyanobacteriota” genomes down-
loaded from GTDB RS226. In the two samples, the
resulting MAGs were de-replicated, choosing the
best representative genome for each group of highly
similar genomes using dRep 3.6.2 (last updated 2025)
(Olm et al., 2017); in the selection process, dRep
retains only dereplicated genomes with a minimum
completeness of 75% and maximum contamination
of 25% as computed using CheckM v1.2.4 (Parks
et al., 2015). Completeness and contamination of
MAGs were finally estimated using CheckM2 1.1.0
(Chklovski et al., 2023) and coverages using CoverM
0.7.0 (github.com/wwood/CoverM). The Genome
Shotgun project has been deposited at DDBJ/ENA/
GenBank under the project number PRINA1395559;
besides high-throughput sequencing reads, the project
includes high-quality Prochlorothrix and Raphidiop-
sis cyanobacterial draft genomes.

Phylogenomic and pangenomic analysis of
Prochlorothrix MAGs

The MAGs classified under the Prochlorothrix genus
by GTDB-Tk were further analyzed and compared
with a selection of genomes of the genus Prochloro-
thrix obtained from the curated GTDB RS226 data-
base (Parks et al., 2022) and from NCBI (Schoch
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et al., 2020) (Supplementary Table 1). Considering
the implications of microbial genome completeness
for metagenomic functional inference (Eisenhofer
et al., 2023), the final list only included genomes with
completeness >80% and contamination <6% esti-
mated using Checkm?2.

Average nucleotide identity between genomes was
computed using ANI, (blast-based) with pyANI-plus
1.0.0. (Pritchard et al., 2016). Additionally, potential
discrimination at the level of genus was also evalu-
ated by computing the average amino acid identity
(AAI) using EzAAI 1.2.4 (Kim et al., 2021). When
compared with ANI, AAI showed better resolution
in describing taxonomic structure beyond the species
rank (Konstantinidis & Tiedje, 2005). Phylogenomic
analyses were performed using GTolree 1.8.16
based on pre-packaged HMM single-copy genes set
specific for Cyanobacteria (251 genes) (Lee, 2019),
alignment using muscle 5.1 (Edgar, 2022), and tree
building using IQTree, with parameters -m MFP -B
1000 (Nguyen et al., 2015). The tree was rooted using
ETE3 (Huerta-Cepas et al., 2016) and Gloeomarga-
rita lithophora (Moreira et al.), strain Alchichica-D10
as outgroup. The final tree was annotated with the R
package ggtree 3.10.1 (Yu, 2020).

Pangenome analysis was performed following
the anvi’o 8 pangenomic workflow (Delmont et al.,
2018; Eren et al., 2021), as implemented in Salmaso
et al. (2025); after protein sequence extraction from
genomes, proteins were identified using KEGG and
COG classifications. In the pangenome, gene clus-
ters were identified using the option —mcl-inflation
5. A subset of single-copy core genes (SCGs) was
extracted and used to build a phylogenomic tree using
IQTree (-m MFP) with midpoint rooting using the
ETE3 package. A second pangenomic analysis was
computed by means of PIRATE 1.0.5 (Bayliss et al.,
2019), based on annotation gff tables obtained by
prokka 1.15.6 (Seemann, 2014) and using mcl=5.
The Heaps law (n=kN") was applied to evaluate if the
pangenome was open (y <0) or closed (y > 0) (Tettelin
et al., 2008). Heaps parameters were estimated using
a sample-based rarefaction approach (Gotelli & Col-
well, 2001) with 1000 genome random samples using
the specaccum function in the R package vegan 2.7.1
and nonlinear least squares fit of the power law to the
average values calculated for each distribution; con-
fidence intervals were computed from the standard

deviations with the option “polygon” and default “ci”
parameter value (2) (Oksanen et al., 2025).

Functional annotations

Functional annotations of the draft genomes were per-
formed using Bakta v1.11.4 with Database: v6.0, full
(Schwengers et al., 2021), and the NCBI stand-alone
software package Prokaryotic Genome Annotation
Pipeline (PGAP) version 2025-05-06.build7983 (Li
et al., 2020). Based on the Bakta/PGAP annotation
tables, a selection of rRNA and housekeeping genes
relevant for taxonomic assessment was extracted
from the Prochlorothrix draft genomes; besides 5S,
16S, and 23S rRNA, marker genes did include rbcX
(RuBisCO chaperone), rplB (large subunit riboso-
mal protein L2), leuS (leucyl-tRNA synthetase), fusA
(elongation factor G), and RNA polymerase subunits
alpha, beta, and gamma (rpoA, rpoB, rpoC2, rpoCl).
Identification of ribosomal rRNA genes was further
performed using Barrnap 0.9 (github.com/tseemann/
barrnap). Presence of ARGs was assessed using
AMREFinderPlus 4.2.5 with Database version: 2025-
12-03.1 (Feldgarden et al., 2021).

Metabolism of the Prochlorothrix genomes was
evaluated using the metabolism suite of programs
in anvi’o 8 (Eren et al., 2021; Watson et al., 2023).
Functional annotations used the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) (Kanehisa
et al., 2014), matching KEGG Orthology identifiers
(KOs) to metabolic pathways (modules) (Kanehisa
& Sato, 2020). Selected phenotypic traits were ana-
lyzed using KEGG pathway maps (Kanehisa et al.,
2022). Considering the peculiar traits characterizing
the photosynthetic machinery and antenna pigments
in Prochlorothrix, specific attention was given to the
identification of gene complexes involved in the bio-
synthesis of chlorophyll-b and phycobiliproteins. The
essential and discriminant enzyme for Chl-b synthesis
in Prochlorothrix and prochlorophytes is the chloro-
phyllide a oxygenase (CAO), which converts chloro-
phyllide-a to chlorophyllide-b (Averina et al., 2019);
this enzyme is not present in other non-synthesizing
Chl-b cyanobacteria. Furthermore, the primary light-
harvesting system of P. hollandica is associated with
the chlorophyll a/b-binding apoproteins encoded by
the tightly linked pchbABC gene cluster (Nikolait-
chik & Bullerjahn, 1998). More broadly, this operon
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is also referred to as the CBP (Chl-binding protein)
superfamily (Averina et al., 2019).

Secondary metabolite BGC profiles in the cyano-
bacterial genomes were predicted using antiSMASH
8.0.4 (default mode) (Blin et al., 2025). Identification
of a selection of individual genes encoding legacy
cyanotoxins (MCs, ATX-a, CYNs, and STXs) and
odorous compounds (geosmin), was assessed using
ISeqDb 0.0.6 (github.com/hts-tools/iseqdb).

Results
Environmental data and cyanotoxins analysis

In the two sampling sites, surface water temperatures
were between 24.6 °C and 25.0 °C, while transpar-
ency was 0.3 m. In the two pelagic stations sampled
by ARPA Umbria, water temperature and transpar-
ency showed equivalent values as those recorded in
the two littoral stations, while the high values of solu-
ble reactive phosphorus (17-18 pg P 171), total phos-
phorus (70-80 pg P 1Y), chlorophyll a (44-50 pg 171),
pH (9), and dissolved oxygen saturation (110-126%)
were consistent with the meso-eutrophic/eutrophic
status of the lake. Nitrogen compounds always
showed concentrations <0.1 mg 17! (NO,~N and
NH,—N) and <2 mg 17! (total nitrogen) (Salmaso
et al., 2025), suggesting potential limitation by N.
Conductivity was between 1826 and 1841 pS cm™' at
20 °C.

The analysis by LC-MS did not reveal measur-
able concentrations of cyanotoxins in the whole set
of environmental and net samples collected in the two
littoral stations.

Light microscopy

In the two littoral sampling sites analyzed in this
work (CAST and SFEL), the phytoplankton com-
munity was completely dominated by R. raciborskii,
with abundances between 22,600 filaments ml~! (CL)
and 37,200 filaments ml~!. Other rare cyanobacteria,
difficult to observe due to crowding and despite sam-
ple dilutions (1:4, 1:10), included species determined
only qualitatively and belonging to Anabaenopsis,
Pseudanabaena, Planktothrix, Merismopedia, as well
as undetermined filaments (which, based on current
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metagenomic analyses, included the P. hollandica
population), and Nostocales.

Read-based metagenomic profiling and identification
of MAGs

In the two stations, the fraction of corrected raw DNA
reads mapped on the reference genomes was between
27 and 28%. Average and standard deviations of
the containment ANI values of all the taxa identi-
fied in the two stations were 97.6+ 1.4 (CAST) and
97.8 +1.4 (SFEL).

Excluding the unmapped fraction, the contribu-
tion of the bacterial species identified in the two lit-
toral stations is reported in Fig. 1A. The prokaryotic
community in the two stations showed a coincident
structure, with the dominant bacterial classes (>5%)
mostly represented by a common presence of Nan-
opelagicaceae (including Nanopelagicus spp.), Aqui-
luna spp., and Pontimonas spp. (Actinomycetes),
Burkholderiaceae, Steroidobacteraceae, Pseudo-
hongiella spp., Vibrio cholerae Pacini, and Rubriv-
ivax spp. (Gammaproteobacteria), Pollutibacter spp.,
Chitinophagaceae, Crocinitomicaceae, and Schleif-
eriaceae (Bacteroidia), Fonsibacter spp., Candidatus
Fonsibacter ubiquis Henson et al., Neoroseomonas
spp-, Rhodobacteraceae, Hyphomonas spp. (Alp-
haproteobacteria), and Ilumatobacteraceae (Acidimi-
crobiia). Among the less abundant bacteria, it was
worth highlighting the presence, in both stations, of
Patescibacteriota.

The largest fraction of mapped reads in photosyn-
thetic cyanobacteria indicated a clear dominance of
Raphidiopsis | R. raciborskii, followed by Nodosi-
linea spp., Prochlorothrix (P. hollandica), Pseudan-
abaena spp., Anabaenopsis arnoldii  Aptekarj,
Sphaerospermopsis  kisseleviana  (Lemmermann)
Zapomelova et al., and Cyanobium spp. (Fig. 1B).
Besides unclassified species belonging to Microcolea-
cee, Geitlerinemataceae, and Cyanobiaceae, other
rare taxa grouped under “Other_taxa” in Fig. 1B
included Planktothrix spp. and Planktothrix agardhii
(Gomont) Anagnostidis & Komarek, Dolichosper-
mum heterosporum (Nygaard) Wacklin et al., Cus-
pidothrix sp., Microcystis sp., Vulcanococcus spp.,
Woronichinia sp., and Umezakia ovalisporum (Forti)
McGregor et al.. In both stations, non-photosynthetic
cyanobacteria were represented by Vampirovibrionia
(Fig. 1B; Supplementary Table 2).
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Overall, the identification of the cyanobacte-
rial taxa distinguished by the metagenomic profil-
ing was confirmed by the assembly and binning
of MAGs, which included the main dominant taxa
reported in Fig. 1B (Table 1). The list of MAGs did
not include S. kisseleviana and Vampirovibrionia
JACEUUO1, which were discarded by dRep due to
their low completeness (<70%) in the CAST and
SFEL stations, respectively. The cyanobacterial
MAGs included in Table 1 are represented by both
high-quality (completeness>90% and contami-
nation<5%) and medium-quality draft genomes
(completeness >50% and contamination < 10%),
except for Nodosilinea sp014697375, which was
characterized by a higher contamination (Table 1).
It is worth highlighting the very close correspond-
ence between the relative contribution (sequence
abundance) of genera estimated by Sylph and the
coverage values of the corresponding draft genomes
estimated by CoverM (r=0.94; taking into account
the unmapped fractions).

The cyanobacterial taxa common to the two sam-
ples collected at CAST and SFEL showed coincident
genomic similarity (ANI, between 0.988 and 0.997).
The same high ANI, values (0.997) were computed
between the two draft genomes of the R. raciborskii
assembled from the two environmental samples and
the R. raciborskii LT_0923 strain isolated at CAST on
the same date (Salmaso et al., 2025). The dominance
of R. raciborskii documented by the microscopical
analyses and metagenomic profiling was confirmed
by the high coverage values of the respective MAGs
computed in the two stations (Table 1).

In both stations, Prochlorothrix was identified
with two different organisms, i.e., P. hollandica and
an undetermined Prochlorothrix sp.. The two pairs
of genomes in the CAST and SFEL stations were
practically coincident (ANI,>0.99). However, only
P. hollandica showed clear correspondence and high
skani ANI values after comparisons with the corre-
sponding GTDB strains (ANI,>0.98; Table 1). Con-
versely, owing to lower skani ANI values, the two
undetermined Prochlorothrix genomes were classi-
fied at the genus level by GTDB-Tk using a classifica-
tion method based on placement in a class-level tree
(pplacer; Table 1) (Chaumeil et al., 2022).

Taxonomy and main functional characteristics of the
Lake Trasimeno Prochlorothrix assemblies

The P. hollandica and Prochlorothrix sp. draft
genomes assembled from the Lake Trasimeno sam-
ples were between 4.3 and 4.4 Mbp and 4.8 and
5.0 Mbp, while GC content values were 0.56 and
0.57, respectively (Table 1). The number of contigs
was between 454 and 472 and 321 and 338, while the
number of coding genes was between 3704 and 3815
and 3441 and 3522, respectively. Genome complete-
ness and contamination computed with CheckM?2
or CheckM1 (marker lineage, Cyanobacteria) were
greater than 89-90% and lower than 1%, respectively.
Two identical copies of 5S rRNA were identi-
fied in each of the two Prochlorothrix sp. assemblies
(Supplementary Table 3). By querying the wgs NCBI
database, the 5S rRNA sequences corresponded to
the Prochlorothrix sp. isolate Tbon (USA: Louisiana,
Terrebonne Bay off Cocodrie) and to the Prochloro-
thrix sp. isolate 315547 (India: Chilika Lagoon, Odi-
sha) (query length 100%, pident 99.1%). No complete
or partial 16S rRNA and 23S rRNA were identified
in the four draft genomes. The results obtained from
the other marker genes fully confirmed the identity of
P. hollandica, while the two Prochlorothrix assem-
blies showed only a moderate correspondence (pident
around 90%) with other Prochlorothrix sampled in
North America and Asia (Supplementary Table 3).
The reactions necessary for the basic metabo-
lisms of photosynthetic cyanobacteria in the four
draft genomes incorporated modules involved in oxy-
genic photosynthesis (photosystems II and I; modules
MO00161 and M00163), including beta-carotene bio-
synthesis (M00097), the reductive pentose phosphate
cycle (Calvin cycle) (M00165), the tricarboxylic acid
(Krebs) cycle (M00009), and glycolysis (M00001,
MO00002). Excluding the modules heavily incomplete
(e.g., only represented by 1-block in multi-block mod-
ules), other modules were representative of the car-
bohydrate, energy, lipid, nucleotide, amino acid, and
glycan metabolism, metabolism of cofactors and vita-
mins, and biosynthesis of terpenoids and polyketides.
The presence of the chlorophyllide a oxygenase
(CAO) (orthology, K13600; enzyme, EC:1.14.13.122)
was confirmed by the anvi’o metabolomic analy-
sis in all four genomes (Supplementary Table 4A).
Blast analyses showed full correspondence between
the CAO sequences of P. hollandica from Lake
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Fig. 1 Relative abundance of (A) the bacterial and (B) cyano-
bacterial community in the two sampling stations (CAST, Cas-
tiglione del Lago; SFEL, San Feliciano) of Lake Trasimeno.
The fraction of unmapped reads (without taxonomic classifica-

Trasimeno and those characterized in P. hollandica
AB126597.1 (Nagata et al., 2004), confirming the
inclusion of CAO in the Rieske non-heme iron oxyge-
nase superfamily (pident, 100%). The corresponding
pident values computed for the two uncharacterized
Prochlorothrix were lower (76-89%). As for the pcb
genes, Bakta did indicate the presence of Chlorophyll
a/b light-harvesting protein in the four genomes,
with the exclusion of Prochlorothrix_LT_SFP (Sup-
plementary Table 4B). After blasting the correspond-
ing protein sequences on the UniProt KB reference
proteomes, the results confirmed the presence of the
PcbABC proteins in the P. hollandica genomes from
Lake Trasimeno (with a pident value of 98.9-99.7%)
and in the Prochlorothrix determined in the CAST
station, with a lower pident value of 86.6-94.6%.

The complete set of genes involved in phyco-
bilisome biosynthesis was not present in the four
Prochlorothrix genomes. Indeed, no KOs correspond-
ing to genes encoding allophycocyanin (AP) (apcA-
F), phycocyanin (PC)/phycoerythrocyanin (PEC)

p_Pseudomonadota_c_Gammaproteobacteria

Relative Abundance (%)

Taxon
c_Vampirovibrionia_g_JBEAYS01
f Microcoleaceae_g_Planktothrix
{_Cyanobiaceae_g_UBA5018
f_Cyanobiaceae_g_Vulcanococcus
f_Geitlerinemataceae_g_RDYZ01
f_Cyanobiaceae_g_NIES-981
o_Cyanobacteriales_f_Microcoleaceae *
f_Cyanobiaceae_g_Cyanobium_A
Other_taxa
f_Cyanobiaceae_g_Cyanobium
f_Nostocaceae_g_Anabaenopsis *
f_Nostocaceae_g_Sphaerospermopsis (*)
¢_Vampirovibrionia_g_LMEP-6097 *
f Pseudanabaenaceae_g_Pseudanabaena *
f_Prochlorotrichaceae_g_Prochlorothrix *
f_Phormidesmidaceae_g_Nodosilinea *
f_Nostocaceae_g_Raphidiopsis *
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tion) is not included. Prefixes indicate the taxonomic ranks at
the level of phylum (p_), class (c_), order (o_), family (f_), and
genus (g_). In (B), the cyanobacterial taxa characterized at the
genomic level are indicated by asterisks

(cpcA-G), and phycoerythrin (PE) (cpeA-E, cpeR-S,
cpeU, cpeY-Z), were identified, with the exception
of the presence of an isolated cpeT gene in all four
genomes.

Nitrogen metabolism was maintained by assimi-
latory nitrate reduction (MO00531), while genes
involved in N-fixation were not identified. Nitrogen
uptake was inferred based on the presence of spe-
cific ATP-binding cassette (ABC) transporter genes,
in particular the nitrate/nitrite (nrtABD) transporter
genes. Besides N, several other ABC transporters
involved in the transport of nutrients, microelements,
and organic molecules were identified. Among others,
these included transporters for Phosphate and Phos-
phonate, a-Glucoside, Chitobiose and Phospholipids,
amino acids and Urea, Iron and Molybdate, Lipo-oli-
gosaccharide and Lipopolysaccharide. The potential
uptake of osmoprotectants, which may confer toler-
ance to elevated osmotic stress in this ion-rich lake,
was potentially sustained by an OpuBC-BB-BA ABC
transport system.
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Following the Bakta annotation, both P. hollandica
draft genomes included genes encoding functional
gas vesicles (gvpA, gvpC, gvpN, gvpJ, gvpK). A
reduced and different set of genes (gvpA, gvpC, gvpN,
gvpG) was detected in the two undetermined Prochlo-
rothrix genomes.

Comparison of the main functional characteristics
with other Prochlorothrix assemblies analyzed in this
work

Overall, the comparison of the KEGG modules
in the Lake Trasimeno draft genomes to the other
assemblies considered in this study revealed no sig-
nificant differences between the P. hollandica and
the Prochlorothrix taxa. In particular, the CAO and
the chlorophyll a/b binding light-harvesting protein
were identified in all the assemblies, whereas com-
plete complexes of genes involved in the biosynthe-
sis of phycobilisomes or nitrogen fixations were not
present.

Based on the Bakta analysis, all the P. hollandica
showed a comparable set of gvp genes, including
gvpACNJK, also complemented by gvpG. While all
the assembled draft genomes from the Louisiana
environmental samples (see Supplementary Table 1)
showed only the presence of the gvpG gene, the other
unclassified Prochlorothrix taxa contained combina-
tions of gypACNG genes. A broader functional analy-
sis is included in the next two sections.

Phylogenomic and pangenomic analyses of
Prochlorothrix

A clear separation between the P. hollandica
and the undetermined Prochlorothrix assemblies
emerged from the phylogenomic analysis (Fig. 2).
The separation of the two clades was confirmed
by the low interclade ANI, (range, 0.76-0.78) and
AAI (0.74-0.75) values. Nevertheless, while the
intraclade ANI, and AAI values were always over
0.99 in the P. hollandica clade, the corresponding
ANI, and AAI values in the Prochlorothrix clade
were much lower and dispersed (ranges, 0.79-0.99
and 0.81-0.99, respectively), clearly indicating the
existence of different subclades within this group
(Fig. 2). It is interesting to observe that the two cou-
ples of MAGs assembled from the US samples and
the two Indian assemblies were included in different

@ Springer

subclades. In the tree, the presence of the CAO and
pcb genes described in the previous sections was
highlighted.

Overall, the Prochlorothrix pangenome was rep-
resented by a total of 52,502 genes grouped in 8772
gene clusters (Fig. 3). Single-copy core gene clus-
ters (SCGs) and genes present in a single genome
(singletons) were 7.7% and 24.4% of the total gene
clusters, respectively. Total gene clusters annotated
with COG functions were 71%, while SCGs and sin-
gletons showed an annotation rate of 87% and 24%,
respectively. The phylogenomic analysis computed
using the 677 SCGs was fully congruent with the
corresponding tree based on the analysis of selected
marker genes and with the heatmap of ANI, values,
which confirmed the separation of P. hollandica and
Prochlorothrix, and the recognition of three sub-
clades within the Prochlorothrix group (Figs. 2 and
3). Differences between the two main clades were
supported by the presence of different groups of gene
clusters in the pangenome graph, particularly appar-
ent in the top-left sector of Fig. 3.

Based on and adapted from the pangenome types
discussed in Matthews et al. (2024), the principal
COG20 categories classified within the Soft Core
genome (genes present in the majority of genomes)
included genes involved in processes necessary for
primary, non-dispensable physiological functions,
such as energy production, translation and protein
quality control, cytoskeleton (maintenance of cell
structural integrity), coenzyme metabolism, and over-
all general metabolism (Supplementary Fig. 2). Con-
versely, in the Shell and Cloud pangenome, besides
unknown (especially Cloud) and “general function
prediction only” genes, the most striking contrast
differences with the Soft Core pangenome were rep-
resented by Mobilome (prophages, transposons) and
Defense Mechanisms, including toxin—antitoxin sys-
tems, CRISPR, phage resistance, surface structure
variability. The Signal Transduction category was
well represented in the three pangenome types (Sup-
plementary Fig. 2), including over 260 COG20 dif-
ferent functions for adapting to various stimuli, such
as, among others, light (bacteriophytochrome and
light-regulated signal transduction histidine kinase),
nitrogen availability (N-regulatory protein PII and
GInK), and redox sensors like thioredoxin, which
were all widely represented in the Soft Core or Shell
pangenome.
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_'+ProchlorothrixLT_SFP

-Prochlorothrix LT_CAP

0.5

Fig. 2 Phylogenomic tree of Prochlorothrix, including a
selection of genomes from the Genome Taxonomy Database
(GTDB) and NCBI GenBank, and the four genomes assem-
bled from the two stations of Lake Trasimeno, which are high-
lighted in bold; details on the taxa included in the analysis are
reported in Supplementary Table 1; taxa are indicated with the
genus or species name, and the NCBI accession codes. The
color code columns CAO and pcb indicate the presence of
chlorophyllide a oxygenase and pchABC genes encoding chlo-
rophyll a/b-binding apoproteins, respectively; the numbers in
the legend resume the pident values reported in Supplementary

Prochlorothrix GCA_049459435 1

-Prochlorothrix GCA_049457675 1
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Prochlorothrix hollandicalLT_SFPh
'-Prochlorothrix hollandicalLT_CAPh
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--Prochlorothrix hollandica GCA_040378905 1 . ‘ GTDB
] T NA
--Prochlorothrix hollandica GCA_000341585_2 . NCBI
‘Prochlorothrix hollandica GCA_000332315_1 . CAO
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Prochlorothrix GCA_035285005_1 | ,7\1‘;80
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APC/PC/PE
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Table 4 (ND, not detected). The presence of genes involved in
the biosynthesis of phycobiliproteins are reported in the col-
umns APC (allophycocyanin), PC_PEC (phycocyanin/phy-
coerythrocyanin), and PE (phycoerythrin); these complexes
of genes were not detected in all the Prochlorothrix genomes,
with the exclusion of single genes (indicated by small dots; see
text). The tree was rooted with G. lithophora Alchichica D10
as outgroup. The UFBoot supporting values >98% and <98%
are reported in blue and gray, respectively. The scale bar indi-
cates the number of substitutions per site
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Fig. 3 The pangenome of Prochlorothrix. The 8772 gene
clusters are represented by radii containing one or more amino
acid sequences from one or more genomes, which are repre-
sented by the 14 circles. Gene clusters that occur together in
the same group of genomes are closer together. Genomes are
ordered consistently with the phylogenomic tree on the top
right side of the figure, computed from the single-copy core

The comparison of the two main clades high-
lighted the presence of gene clusters involved in
specific functions present exclusively in Prochlo-
rothrix or P. hollandica (Supplementary Table 5).
Considering that the enrichment test is not reliable
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Prochlorothrix hollandica LT SFPh
Prochlorothrix hollandica LT CAPh

Prochlorothrix hollandica GCA 040378 ...--
Prochlorothrix hollandica GCA 000341

Prochlorothrix hollandica GCA 000332

\

genes (SCGs). The order is also consistent with the symmet-
rical matrix reporting the ANIy values computed between all
the 14 genomes. The outer circle highlights the two regions of
the pangenome including the single-copy gene clusters (SCGs;
core genome) and the singletons. Details on the taxa object of
the pangenome analysis are reported in Supplementary Table 1

when the number of cases is low, the table reports
only the functions exclusively present in one of
the two groups. Exclusive functions in Prochloro-
thrix showed a higher representation of signaling
domains to sense environmental and intracellular
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stimuli, inorganic ion transport and metabolism pro-
cesses (glna and carbonic anhydrase), membrane
functionality and transport (e.g., ABC permeases).
Among others, exclusive metabolic functions in
P. hollandica included osmoprotectant transport
systems (OpuBA/OpuBB, OsmF) involved in the
adaptation to osmotic fluctuations, proteins linked
to cell-wall functionality and processes, intermem-
brane transporters (PqiABC; Mg, and Co," trans-
porters), mobile genetic elements, phage-related
proteins, and a peculiar (Csm3) CRISPR, suggest-
ing exclusive interactions with bacteriophages, and
other metabolic and regulatory functions contribut-
ing to distinguish the two groups of Prochlorothrix.
Further information is reported in Supplementary
Table 5.

The Heaps models obtained from the anvi’o and
PIRATE workflows indicated the existence of an
open Prochlorothrix pangenome, with k=3728 and
y=0.33, and k=3557 and y=0.32, respectively
(Fig. 4).

5000 6000 7000 8000 9000

Number of gene families

4000

3000
1

—— Anvi'o model
—— PIRATE model

2 4 6 8 10 12 14
Number of genomes

Fig. 4 Accumulation curves calculated from the pangenome
analyses of Prochlorothrix by Anvi’o and PIRATE. The curves
and the parameters of the Heap’s model k and y were calcu-
lated from the average values (connected by dashed lines)
obtained from 1000 random genome combinations, fitted with
nonlinear least squares (solid lines). Confidence intervals were
computed from standard deviation values and reported as "pol-

ygon."

Secondary metabolites

After annotation of secondary metabolites, the four
Prochlorothrix draft genomes determined in Lake
Trasimeno did show the presence of a few main types,
represented by terpene, terpene-precursor, NRPS/
NRPS-like, but without showing any significant simi-
larity with specific known clusters. Widening the
analysis to the other cyanobacteria detected in Lake
Trasimeno, a few other types were added, including
hglE-KS, lanthipeptide-class-v, arylpolyene, RiPP-
like, TIPKS, T3PKS, mycosporine, T1PKS-NRPS,
and cyanobactin. Distinct BGCs were identified in
the Nostocales taxa (heterocyst glycolipids; A. arnol-
dii and R. raciborskii), R. raciborskii (hassallidin C/
hassallidin D), A. arnoldii (hexose-palythine-serine/
hexose-shinorine), and Vampirovibrionia (carote-
noid). No operons encoding legacy cyanotoxins were
identified in the whole group of cyanobacteria deter-
mined in Lake Trasimeno. With the exclusion of a
short (70 bp) cyrJ fragment gene (pident 98.6% to R.
raciborskii) in R. raciborskii assembled in the CAST
station, this was further confirmed by the absence
of selected genes encoding legacy cyanotoxins in all
the Lake Trasimeno cyanobacterial assemblies, and,
excluding two minor hits (mcyB, 113-78 bp, pident
86-87% to Oscillatoria sp./M. aeruginosa, and mcyD,
197-201 bp, with MITE insertions, pident 93-94% to
Anabaena sp.) in the whole set of the two unassem-
bled contigs.

Apart from the addition of a triceptide, the full set
of Prochlorothrix taxa included in the phylogenomic
and pangenomic analyses showed the presence of the
same main BGCs identified in the four Lake Trasi-
meno Prochlorothrix genomes, without any further
similarity with specific known clusters. Similarly, no
genes encoding legacy cyanotoxins were identified in
the whole set of Prochlorothrix genomes analyzed in
this work.

Antimicrobial resistance

No ARGs were identified by AMRFinderPlus in all
the cyanobacterial genomes assembled from eDNA
collected in Lake Trasimeno. Similarly, no ARGs
were identified in all the Prochlorothrix genomes
analyzed in this work. Conversely, the analyses per-
formed by AMRFinderPlus on the whole set of
assembled bacterial genomes of the two stations
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identified with a strong confidence in genes identity
and coverages (99-100% and 100%, respectively) the
presence of a contiguous almEFG cluster (core colis-
tin-associated determinants) in the V. cholerae MAG
in the CAST station. These genes encode the lipid A
glycine modification system previously associated
with reduced susceptibility to polymyxins, includ-
ing colistin (Herrera et al., 2014). It is interesting to
observe that in this genome, excluding the foxR (a
major virulence regulatory gene), the genes linked to
virulence, i.e., ctxA, ctxB, and tcpA (Miller & Mekala-
nos, 1985; Taylor et al., 1987; Kaper et al., 1995),
were not detected in the current assembly and annota-
tion and should require phenotypic confirmation.

A wider analysis performed on the whole set of
contigs, including the unbinned fraction and those
<1000 bp, identified other set of ARGs in the two
stations, which included, besides the almEFG operon,
the lincosamide class (Lnu(H), Lnu(l)), beta-lactam
class (blaVCC-1, blaOXA, blaM, cphA), and mercury
class (merR).

Discussion

The metagenomic analyses of two environmental
samples collected in the large and shallow Lake Trasi-
meno allowed to clarify the taxonomic nature of the
cyanobacterial community and accompanying bacte-
ria and to investigate the taxonomical and functional
characteristics of two groups of Prochlorothrix identi-
fied for the first time in Central Italy, at the northern
border of the Mediterranean region.

Taxonomic nature of cyanobacteria and co-living
bacteria

The metagenomic profiling method used in this work
proved to be efficient in microbial species identifica-
tion and microbial abundance estimation. The k-mer
approaches, such as that implemented in Sylph, do not
rely on sequence alignment or assembly of shotgun-
sequenced reads, therefore avoiding computationally
expensive analysis steps, and allowing detection of
rare genomes present in the samples (Ghylin et al.,
2014; Kim et al., 2019). As with all the metagenomic
profiling techniques, this approach provides informa-
tion on taxonomical and not on functional character-
istics of organisms.
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Metagenomic profiling showed that a large frac-
tion of sequenced reads (around 70%) did not find
known taxonomic correspondence. This fraction was
comparable with those commonly detected in aquatic
environmental samples (e.g., Giordano et al., 2024;
Salmaso et al., 2024b; Rodriguez-Gijon et al., 2025),
indicating a common presence of several microbial
populations still not represented in reference taxo-
nomic databases. Among the principal groups of
bacteria found in the two sampling stations, Nan-
opelagicus, part of the acl lineage, and other Act-
inobacteria are often well represented in freshwater
habitats, particularly in oligotrophic lakes (Newton
et al., 2011; Garcia et al., 2013). In eutrophic envi-
ronments, this group may play important roles in
the cycling of dissolved organic carbon (DOC) and
dissolved organic matter (DOM) produced by phy-
toplankton (Xie et al., 2024). The presence of taxa
adapted to saline environments, such as Pontimonas
(Actinobacteria) and, among Gammaproteobacteria,
Pseudohongiella (Gorrasi et al., 2022), is consistent
with the large fluctuations in water level and salin-
ity that characterize Lake Trasimeno (Frondini et al.,
2019). Gammaproteobacteria were further repre-
sented by a well-diversified group. The Burkholde-
riaceae and Steroidobacteraceae families are able to
break complex organic compounds, which is consist-
ent with the presence of high levels of organic mat-
ter in Lake Trasimeno; Rubrivivax spp. is represented
by photoheterotrophic or chemoheterotrophic bacte-
ria, which can exploit light or organic compounds;
in aquatic environments, V. cholerae strains are gen-
erally associated with warm, nutrient-rich, and salty
waters (Singleton et al., 1982; Hugq et al., 2005). Bac-
teria within the Bacteroidia group are linked to high
DOM recycling, connected with the decomposition
of the high phytoplankton biomass. The large group
of Alphaproteobacteria comprises a variety of species
often linked to DOM degradation, also including pho-
toheterotrophs or facultative degraders (Rhodobac-
teraceae and Neoroseomonas) (Pohlner et al., 2019).
Within this group, Hyphomonas attaches to surfaces,
such as resuspended particles (Quintero et al., 1998).
Ilumatobacteraceae are often associated with organic-
matter degradation and uptake from sediments (Silva-
Solar et al., 2024; Zhang et al., 2024b). We should not
disregard the presence of Patescibacteria (Candidate
Phyla Radiation), a large but poorly studied group of
tiny, mostly uncultivated microbes, characterized by
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reduced genomes missing key pathways, and there-
fore relying on host bacteria for growth (Tian et al.,
2020; Wang et al., 2023). The overall picture is that
of a lake characterized by elevated internal input of
organic matter produced by phytoplankton and sus-
tained recycling by a diversified bacterial community.

Metagenomic profiling identified a large number of
cyanobacterial taxa, of which only a few among the
most abundant found correspondence in the micro-
scopical examination, which did not detect Prochlo-
rothrix, Nodosilinea, and Sphaerospermopsis, as well
as all the tiny picocyanobacteria (Cyanobium spp.),
the undetermined groups and non-photosynthetic
cyanobacteria (Vampirovibrionia) listed in Fig. 1B,
and other rarest taxa additionally listed in Supple-
mentary Table 2. As for Vampirovibrionia, excluding
Vampirovibrio chlorellavorus Gromov & Mamkayeva
(Soo et al., 2015), which was not detected in this
work, no morphological descriptions for this group
are available.

Compared to metagenomic profiling, the num-
ber of medium-/high-quality cyanobacterial draft
genomes was circumscribed to only the most abun-
dant taxa (Fig. 1B). The number of MAGs that may
be potentially characterized is limited by the sequenc-
ing depth, while the sequenced reads are partitioned
among the bacterial draft genomes. Therefore, though
not relevant for direct functional characterization,
metagenomic profiling can complement the descrip-
tion of a limited number of draft genomes by provid-
ing more extensive taxonomic classifications.

Prochlorothrix MAGs distribution

The species P. hollandica was established in 1989
by Burger-Wiersma et al. (1989), based on a strain
isolated from a sample from a mixed water column
from the eutrophic Lake Loosdrecht (The Nether-
lands). The isolated strain was successively stored as
CALU1027 at the CALU Culture Collection, while
other strains have been reported with different col-
lection indexes (Velichko et al., 2016), including an
axenic strain (PCC 9006) isolated at the Pasteur Cul-
ture Collection (Schyns et al., 1997). Besides P. hol-
landica, a second species, P. scandica, originating
from Lake Mailaren (Central Sweden), was character-
ized by Pinevich et al. (1999). The filamentous and
freshwater species of the genus Prochlorothrix are
distinct from the other Chl-b synthesizing unicellular

and mostly marine counterparts, i.e. Prochlorococ-
cus, Acaryochloris, and Prochloron (the latter an
obligate symbiont of ascidians) (Pinevich et al., 2012;
Nielsen et al., 2015; Pinevich & Averina, 2024).

The ANI,, the AAI values, and the phylogenomic
analyses clearly showed the existence of a com-
pact cluster including all the P. hollandica assem-
blies (Richter & Rossell6-Moéra, 2009). With the
same criteria, though being formally part of a con-
gruent genus, the unclassified Prochlorothrix spp.
MAGs showed the existence of different geographi-
cal subclades originating from diverse geographi-
cal areas. Furthermore, the lower AAI values com-
puted between the two main clades P. hollandica
and Prochlorothrix (range 0.74-0.75) may still be
considered within the AAI cutoff value applied for
the delineation of genera, which was indicated in the
range 0.60-0.80 (Konstantinidis & Tiedje, 2005; Park
et al., 2022).

Information on the geographical distribution of
Prochlorothrix is quite scanty. Available observations
identified Prochlorothrix species in eutrophic fresh-
water or brackish habitats of North Europe, mostly
dominated by cyanobacteria, while there was no indi-
cation of their presence in oligotrophic lakes (Pinev-
ich et al., 2012). Nevertheless, a reliable assessment
of the geographical distribution range was largely
impeded by the difficulty to firmly discriminate by
light microscopy Prochlorothrix species from other
filamentous cyanobacteria and particularly from mor-
phologically undistinguishable species belonging to
Pseudanabaena, Planktothrix, and Limnothrix (Geiss
et al., 2003; Pinevich et al., 2012). Additional infor-
mation was obtained from the analysis of environ-
mental DNA, with amplification of pcb genes, which
documented the presence of Prochlorothrix in the
eutrophic Darss-Zingst estuary (southern Baltic Sea)
(Geiss et al., 2003). The discovery was further sup-
ported by the detection of autofluorescent Prochlo-
rothrix-like filaments consistent with the presence
of Chl-b. Potential presence of Prochlorothrix was
also suggested by large-scale metabarcoding surveys
in the Alpine region, where several short 16S rRNA
variants were identified in the plankton and biofilm in
Germany, France, Austria, Switzerland, and Slovenia,
with pident values, after blastn, from 100% (uncul-
tured Prochlorothrix sp.) to 92.8% (Prochlorothrix
hollandica PCC-9006=CALU-1027) (zenodo.org/
records/5822484). Furthermore, metabarcoding based
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on the same SSU rRNA gene target detected the
potential presence of Prochlorothrix sp. in the New
Orleans region (USA) (Amaral-Zettler et al., 2008).
Rare filaments of Prochlorothrix sp. were also listed
at the Messolonghi saltworks (Western Greece), with
a salinity range between 50 and 80 ppt (Hotos, 2021),
but no other supporting evidences were reported.
More recently, a few draft genomes of Prochlorothrix
sp. assembled from freshwater samples collected in
India, Singapore, and the USA have been deposited in
public repositories (Supplementary Table 1). Despite
scarce, these observations suggest that Prochlorothrix
may be more widely distributed, confirming the note
by Bullerjahn & Post (2014).

Overall, the genomic and phylogenomic charac-
terization of P. hollandica and other undetermined
Prochlorothrix assemblies does represent the first
documented detection of these taxa in the Mediterra-
nean region. More in general, considering the difficul-
ties intrinsic in the microscopical discrimination of
species possessing a simple set of diacritical morpho-
logical characters (such as Prochlorothrix and several
other cyanobacteria), the application of metagenomic
profiling and characterization of MAGs from envi-
ronmental samples does represent a straightforward,
robust, and objective approach to unveil taxa distribu-
tion and functional characteristics of cyanobacteria.
The downside of this approach is that the genomes so
determined do not have a corresponding culture to be
used for morphological, morphometric, and physio-
logical assessment. In the two sets of taxa included in
the phylogenomic (Fig. 2) and pangenomic analyses
(Fig. 3), only two genomes originated from an axenic
culture (GCA_000332315.1) and a unialgal, non-
axenic culture (GCA_000341585.2), both derived
from strain PCC 9006 (Supplementary Table 1).
While the morphological characteristics of P. hol-
landica have been described, which allow tentative
classifications under the microscope, the phenotypic
characteristics of the Prochlorothrix spp. taxa remain
incomplete and elusive (next section).

Main functional characteristics of the Prochlorothrix
MAGs

The basic annotation of the genomes of P. hollandica
and Prochlorothrix was congruent with that expected
in oxygenic, non-diazotrophic photosynthetic cyano-
bacteria, showing no significant differences in the
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KEGG modules between the two clades. The annota-
tion highlighted the presence of CAO and pcbh genes,
i.e., the main diacritical traits distinguishing the Chl-
b containing cyanobacteria from the other members
of this phylum. Nevertheless, the evaluation of the
CAO and pcb sequences was heavily influenced by
the scarcity of corresponding reference sequences in
public databases, which are essentially still limited
to those determined in P. hollandica. More specifi-
cally, regarding the filaments ascribed to Prochloro-
thrix spp., the findings relating to Chl-b associated
sequences will need to be validated on a larger scale.
This will require examination of the full extent of
variability found in orthologous genes across a wider
range of species within this genus to ensure a more
comprehensive understanding of their genetic diver-
sity and functionality.

Other basic potential structural differences
regarded the set of gvp genes detected in the two
clades. The set of gvp genes in P. hollandica was
indicative of an expected capacity to produce gas
vesicles, as confirmed by their direct observation at
the cell poles of the PCC 9006 strain by transmission
electron microscopy and further confirmed by pres-
sure nephelometry that showed a critical pressure of
gas vesicles of around 9 bars (Burger-Wiersma et al.,
1989). Conversely, excluding incomplete annotations
(Eisenhofer et al., 2023), the presence of a reduced set
of gas vesicle encoding genes in Prochlorothrix spp.
(gvpACNG) may still include a minimal functional
set of genes (possibly forming incomplete or less
robust gas vesicles), while the presence of only the
gvpG gene, lacking the structural gvpA gene (Pfeifer,
2012), cannot sustain the formation of the gas vesi-
cles walls. This could lead to the conclusion about the
existence of localized populations ascribed under the
genus Prochlorothrix with adaptations to illuminated
shallow and turbulent environments or to periphytic
lifestyle.

Core and cloud pangenome

Considering the low number of genomes, the number
of gene clusters obtained from the pangenome analy-
sis was relatively high, especially when compared
with species analyzed with a much more numer-
ous number of assemblies and using the same com-
putational approach (Salmaso et al., 2025). The two
main clades and, partly, the Prochlorothrix subclades
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defined by the phylogenomic analyses showed corre-
spondence with the subgroups in the shell and cloud
gene clusters, which further consolidated the differ-
ences at the level of dispensable genes. Contrary to
the core genome, which generally includes genes
vertically inherited necessary for primary metabolic
activities, the shell and cloud pangenome include
genes related to the adaptation to specific environ-
ments (Riley & Lizotte-Waniewski, 2009; Matthews
et al., 2024). For example, besides Soft Core, the high
representation of signal transduction mechanisms in
the Shell pangenome (and partly Cloud) was indica-
tive of an important role of this category in the regu-
lation of the response to specific environmental sig-
nals, allowing rapid adaptation to fluctuating nutrient
availability (Watzer et al., 2019; Zhang et al., 2024a),
light (Bhaya, 2004; Montgomery, 2007), tempera-
ture (Suzuki et al., 2001; Llop et al., 2025), and other
stress-related stimuli (Rachedi et al., 2020; Rai et al.,
2021). Overall, environmental sensing functions are
linked to a wide range of both universal signals (e.g.,
basic nutrient status) and varying niche-specific sig-
nals (e.g., chemotaxis, pathogen—host interactions,
competitors), allowing species and populations to
adapt to a different range of environmental condi-
tions (Alm et al., 2006; Los et al., 2010; Matilla &
Krell, 2018; Matthews et al., 2024). Conversely,
defense mechanisms and mobilome were increas-
ingly or exclusively (the latter) present in the Shell
and Cloud pangenome, a highly dynamic region
involved in the development of new CRISPR-Cas
systems and restriction—modification systems (Tock
& Dryden, 2005; Pattharaprachayakul et al., 2020;
Jungblut et al., 2021; Papoulis et al., 2021) for protec-
tion against local bacteriophages and foreign genetic
elements. The abundance of mobile genetic elements
underscores the dynamic nature of the cloud pange-
nome, a genomic region characterized by horizontal
gene transfer (HGT) and extensive genomic plasticity,
enabling rapid adaptation and diversification through
recently acquired genetic material (Tokuda & Shin-
tani, 2024; Bhaya et al., 2025; Stark et al., 2025).
This aspect could contribute to explaining the higher
fraction of unclassified gene families in the Cloud
pangenome compared to the Soft Core and Shell
pangenomes.

Differences in the exclusive presence of COGs in
the two P. hollandica and Prochlorothrix spp. clades
indicated peculiar functional adaptations and lifestyle

strategies, which are commented on in Supplemen-
tary Table 5. It is important to note that the presence
of unique gene clusters in one clade does not imply
the presence of unique life traits. Differences may be
mitigated considering the relatively small number of
exclusive gene clusters, suggesting that many traits
are not clade-specific and that genes with closely
related functions may be scattered across both clades.
For example, though not present in all assemblies, an
ABC-type proline/glycine betaine transport system
(ProW) (Kempf & Bremer, 1995) with osmoprotec-
tion functions and similar to that exclusively detected
in P. hollandica (OpuBA/BB) was also detected in a
few Prochlorothrix MAGs.

The Prochlorothrix pangenome has several charac-
teristics conforming to open pangenomes, which have
a small fraction of core genes and high rates of gene
acquisition by HGT (Brockhurst et al., 2019). These
characteristics originated from the presence of two
different clades in the analysis, which acquired genes
from other species or developed different adaptations
to survive in different habitats. In this regard, it can-
not be overlooked that rarefaction analysis is funda-
mentally limited by the number and characteristics of
genomes that are sampled. Estimating if a pangenome
is open or closed depends on the number of genomes
analyzed, the biases present in the dataset, and the
bioinformatic tools used for the pangenome estima-
tion (Tonkin-Hill et al., 2022, 2023; Salmaso et al.,
2025).

Secondary metabolites and ARGs

Excluding the sporadic presence of very short single
genes encoding cyrJ and mcy on the full set of con-
tigs, the absence of operons encoding cyanotoxins
resulting from genome annotation was fully congru-
ent with results obtained with the analytical deter-
minations performed on the water and net samples
by LC-MS, which showed the complete absence of
a wide range of legacy cyanotoxins. Considering the
dominance of non-toxigenic strains of R. raciborskii
in European countries and Lake Trasimeno (Austoni
et al., 2025; Kokocinski et al., 2025; Salmaso et al.,
2025), the absence of toxicity was not unexpected but
still remarkable, given the presence of a wide range of
other cyanobacterial species. In this regard, the meso-
eutrophic Lake Trasimeno stands out as an exception
in Central Italy, where many other lakes did show the
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presence of measurable concentrations of MCs and
CYN, associated to the development of other domi-
nant species, mostly Planktothrix rubescens (De Can-
dolle ex Gomont) Anagnostidis & Komarek, Aphani-
zomenon sp., and Microcystis sp. (Manganelli et al.,
2014).

The only ARG detected in the Lake Trasimeno
MAGs was found in the V. cholerae assembly. Nev-
ertheless, the presence of other ARGs belonging to
the lincosamide, beta-lactam, and mercury classes
detected after the analysis of the whole set of con-
tigs highlighted the presence of a wide range of
ARG classes in the bacterial community. It is worth
emphasizing that in this work, the detection of ARGs
was performed using a conservative approach imple-
mented in AMRFinderPlus, based on homologies
with a curated NCBI database, and stringent identity
and coverage thresholds. The adoption of less strin-
gent criteria would have identified additional distant
homologs (data not shown), although these results
may be associated with an increased risk of false
positives assignments. Furthermore, while discuss-
ing AMR, we should consider that freshwater envi-
ronments host bacteria that contain both inherent and
acquired antimicrobial-resistant genes (Martinez,
2009), and that potential AMR connections should be
verified by phenotypic data (van Belkum et al., 2020;
Banerjee & Patel, 2023). As for the V. cholerae strain,
if further confirmed, the annotation results would
substantiate the frequent absence of cholera toxin
genes in many environmental strains (Faruque et al.,
1998), even though other virulence factors may be
retained in this species (Gherlan et al., 2025).

Applicability of results and methodological
considerations

The metagenomic assessment of water samples pro-
vides an objective, robust, and replicable method to
evaluate in detail the taxonomic and functional char-
acteristics of cyanobacterial species developing in
aquatic ecosystems. In water bodies used for recrea-
tional purposes, the exact recognition of potentially
toxic strains has important implications for the man-
agement of risks connected with human health. The
resulting taxonomic and functional profiles provide
robust guidance to the regular monitoring activities.
While this study is based on two summer samples,
we are confident that the main cyanobacterial species
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representative of the warmest months are included in
this work. Nevertheless, since the analysis is based
on a single set of samples collected in summer, these
results cannot be considered exhaustive of the bacte-
rial and cyanobacterial communities and functions
developing during a whole annual cycle in Lake
Trasimeno and would require analysis of samples rep-
resentative of other seasons.

Conclusions

While confirming the presence of several known spe-
cies already identified during the monitoring cam-
paigns in Lake Trasimeno, the results of the metagen-
omic analysis distinguished a few new species never
detected before in the Mediterranean area, such as P.
hollandica and an uncharacterized Prochlorothrix.
The evolutionary relationships between P. hollandica
and the more heterogeneous and geographically dis-
persed group of wuncharacterized Prochlorothrix
assemblies remain unclear and open to updates,
requiring the analysis and, possibly, phenotypic char-
acterization of more strains than those analyzed in the
present study. Except for two P. hollandica genomes,
all the MAGs included in the present analyses were of
metagenomic origin, i.e., exclusively obtained from
environmental samples. The annotation of the com-
plete set of cyanobacterial MAGs did not reveal the
presence of operons encoding cyanotoxins, providing
an important background for environmental monitor-
ing. Based on a conservative analysis, the absence
of ARGs in all the analyzed cyanobacterial genomes
was equally significant. Conversely, the identifica-
tion of different classes of ARGs in V. cholerae and
unbinned contigs underscores the global relevance
of antimicrobial resistance and the need for accurate
evaluation and interpretation of AMR patterns also
in freshwater environments. Finally, it is important
to note that this work is open to updates also consid-
ering the analysis of samples representative of other
seasons.
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