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Abstract 

Background  The order Nanopelagicales is the most abundant bacterioplankton lineage in freshwater lakes 
and exhibits typical streamlined genomic characteristics such as small cell volumes (<0.1 μm3), reduced genome sizes 
(<1.5 Mbp), and low GC content. These characteristics reflect adaptations to a free-living life strategy in oligotrophic 
environments. While many Nanopelagicales metagenome-assembled genomes and single-amplified genomes are 
available in public databases, strain-level microdiversity within this lineage remains poorly understood. This is mainly 
attributed to the incomplete nature of these genomes and the difficulty in isolating and maintaining pure cultures, 
with only 20 genome-sequenced cultures available to date.

Results  Here, we report the isolation and genome analysis of 72 new Nanopelagicales strains, including mem-
bers of Planktophila and a novel, previously uncultured genus, Aquilimus. High interspecific diversity and microdi-
versity were observed in the genus Planktophila, which likely facilitates the coexistence of closely related species 
within the same habitats by allowing fine-scale niche partitioning. The unusually high diversity of transporters 
for small organic compounds, along with carbohydrate-active enzymes, suggests that Planktophila members 
can degrade plant and algal polymers and import the resulting products to support growth. A notable finding 
is the repeated, independent loss of the oxidative phase of the pentose phosphate pathway in abundant Nanope-
lagicales species, which may represent an energy-saving adaptation in oligotrophic waters. Two species (Planktophila 
vernalis and Nanopelagicus abundans) seem to be equally abundant on a global scale, with water pH likely being 
the most significant factor influencing the predominance of one group over the other in different water bodies. 
Additionally, P. vernalis may tolerate periods of anoxia due to genomic encoding of respiratory nitrate reductase 
and nitrate/nitrite antiporters.

Conclusions  In conclusion, this work increased to a great degree the cultivated diversity of the abundant Nanope-
lagicales order. Analysis of over 1700 metagenomes showed that only a few cultivated species are globally dominant, 
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and time-series analyses revealed consistent spring and autumn peaks. Key metabolic adaptations, such as loss 
of the oxidative phase of the pentose phosphate pathway and a high microdiversity of genes involved in cell surface 
biosynthesis and modifications, are likely to help these species survive periods of starvation and avoid predation. 
These findings highlight the ecological importance of Nanopelagicales and suggest that microdiversity underpins 
their adaptability. This work lays a foundation for studying their physiology, ecology, and strain-specific functional 
variation.

Keywords  Nanopelagicales, Planktophila, Nanopelagicus, Aquilimus, Genomics, Microdiversity, Seasonal variation, 
Bacterial cultivation

Background
The pelagic zone of lakes and oceans is often dominated 
by genome-streamlined microbes adapted to the scarce 
nutrients available in oligotrophic environments [1]. 
Their reduced genome size (<1.5 Mbp), low GC con-
tent, and small cell sizes (cell volumes <0.1 μm3) reflect 
their competitiveness for resources leading to minimal 
nutrient requirements for survival and reproduction 
[1–4]. The same evolutionary pressure favors gene loss, 
a low number of paralogs and pseudogenes, reduced 
intergenic spacers and a stable core genome [1], as well 
as an increased dependency on co-occurring microbes 
[5]. Among such streamlined microbes are members of 
the order Nanopelagicales (also referred to as acI, hgcl, or 
the ACK-M1 clade [6, 7]) within the phylum Actinomyce-
tota. These bacteria have been recovered primarily from 
freshwater lakes, rivers, and estuaries, with only limited 
occurrence in brackish waters [6, 8–10], suggesting a spe-
cialization to the freshwater environment.

Members of the Nanopelagicales order are often the 
dominant bacterioplankton group in the pelagic zone of 
freshwaters worldwide [11, 12], where they can make up 
>  50% of all bacterial cells [11, 13]. Until recently, little 
was known about their physiology because streamlined 
microbes are difficult to cultivate and maintain in labo-
ratory settings, largely due to their unknown nutritional 
requirements, despite significant efforts [3]. Unsurpris-
ingly, most studies explored their ecology and physiology 
with molecular approaches such as single-cell genomics, 
metagenomics, metatranscriptomics, fluorescence in situ 
hybridization (FISH), or microautoradiography-FISH 
(MAR-FISH) [12, 14–20], limiting an in-depth assess-
ment of their biology. This is very much in contrast to the 
abundant marine streamlined microbial groups such as 
Pelagibacter (SAR11) and Prochlorococcus that have been 
successfully brought into culture and maintained decades 
ago [21, 22].

While there is no shortage in the number of metage-
nome-assembled genomes (MAGs) and single-amplified 
genomes (SAGs) affiliated to Nanopelagicales, since 
more than 1400 genomes are available in the Genome 
Taxonomy Database (GTDB) repository (release 220, 

18.04.2024), only 20 genomes originate from isolates [3, 
23]. Following their initial isolation, genome sequenc-
ing, and characterization, these strains were classified as 
Planktophila, Nanopelagicus, and the IMCC26077 genus 
of Nanopelagicaceae [3, 23]. Although auxotrophies for 
essential cofactors and amino acids that were predicted 
from MAGs and SAGs [3, 23] were taken into account in 
these cultivation attempts, none of the 20 cultures could 
be maintained due to the lack of other unknown growth 
requirements. However, two isolates have been success-
fully revived from glycerol stocks and kept in stable cul-
tures after the addition of catalase to the growth medium 
[24]. The addition of catalase also led to the isolation of 
another 75 Nanopelagicales strains from eight tribes 
(species-like groups) from Lake Soyang, South Korea; 
however, these isolates were not analyzed further [25]. 
Later, genome analyses of the 20 genome-sequenced iso-
lates coupled with physiological experiments of the two 
revived strains revealed that all 20 isolates lacked the 
gene cluster required for heme biosynthesis and that this 
auxotrophy rather than a need for (heme-containing) cat-
alase prevented stable cultivation [26].

Given the recently acquired knowledge about their 
heme auxotrophy, here we report the isolation and 
genome analysis of 72 new Nanopelagicales strains affili-
ated with the genus Planktophila and a novel, previously 
uncultured genus for which we propose to name Aquili-
mus gen. nov. (AAA044-D11, GTDB r220). The new 
isolates were obtained from 20 lakes of various trophic 
levels in Europe and Asia (Japan), as well as from several 
locations at the coast of the Baltic Sea. The complete, cir-
cular genomes obtained in this work analyzed together 
with 20 previously available complete genomes allowed 
for an unprecedented survey of microdiversity and inter-
species diversity, biogeography, seasonality, and potential 
niche specialization in one of the most significant fresh-
water bacterial lineages. This allows us to speculate that 
the high microdiversity observed within Planktophila 
is indicative of adaptive radiation driven by special-
ized ecological niches across different freshwater habi-
tats, potentially contributing to the lineage’s widespread 
distribution.
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Methods
Isolation of planktonic Nanopelagicales
The isolation of novel Nanopelagicales strains followed 
a dilution-to-extinction approach [27] in artificial lake 
water medium supplemented with various nutrient and 
carbon sources [28] (Suppl. Table  1). Water samples 
were collected in several sampling campaigns between 
2019 and 2022 from 20 freshwater lakes in Europe (11 
countries) and Japan, ranging from ultra-oligotrophic to 
eutrophic and dystrophic. Additionally, several locations 
at the Vistula Lagoon, Vistula River, and the coastal Bal-
tic Sea in Poland have been sampled [29] (Suppl. Table 2). 
Ten milliliters of water were filtered from several sam-
pling depths (Suppl. Table  2) through either 0.4  µm or 
20 µm filters and cell abundances in filtrates were deter-
mined using either a CytoFlex flow cytometer (Beckman 
Coulter; Brea, CA, USA) equipped with a blue laser (488 
nm, bandpass filters 525/40 and 690/50) after staining of 
a 190 μl subsample with SYBR Green I (0.5× standard-
ized concentration; Lonza, Rockland, ME, USA) [30] or 
an epifluorescence microscope (Olympus BX53 or Zeiss 
Axioscope) after staining of a 1 ml subsample with DAPI 
(4′,6-diamidino-2-phenylindole, final concentration 0.01 
µg/ml [31]). Dilution-to-extinction of the filtrate with 
approximately 1 cell per well was performed in 96-well 
plates filled with 1.5 ml of medium [28] and incubated for 
6–8 weeks at either 16 °C (samples collected from 0.5 to 
5 m) at 12:12 h light dark cycles or 8 °C (samples from 
deeper water layers) in the dark. Afterwards, growth was 
evaluated using flow cytometry as described above. Wells 
with microbial growth were transferred into fresh media 
in a proportion of 1:10 and were further maintained 
through subsequent transfers every 6–8 weeks. Screening 
of 16S rRNA genes and glycerol stocks (20% final concen-
tration) were done as previously described [3, 32]. Plank-
tophila dulcis strains IIB-125 and IIB-161, which were 
previously isolated [3], were successfully revived from 
glycerol stocks in med2 medium (Suppl. Tables 1, 2).

Whole genome sequencing, assembly, and annotation
A total of 72 Nanopelagicales strains were isolated and 
grown in 400–500 ml culture medium until stationary 
phase. Cells were filtered onto 0.2 µm PES filters (Merck, 
Germany) and genomic DNA was purified using the 
Quick-DNA HMW MagBead Kit (Zymo Research, USA). 
Paired-end sequencing (PE150) was performed on an 
Illumina Novaseq 6000 instrument by an external pro-
vider (Novogene, HK). Raw reads were quality trimmed 
using BBMap v36.x (https://​sourc​eforge.​net/​proje​cts/​
bbmap/) with default parameters and assembled with 
SPAdes v3.12.0 (using k-mers 29, 49, 59, 69, 79, 89, 99, 
109, 119, 127) [33]. Genomes were checked for circular-
ity as described before [28, 29]. Briefly, all single-contig 

genomes were analyzed for circularity using an in-house 
perl script that detects direct repeats of at least 30 nucle-
otides at the contig ends. If such repeats were found, the 
overlapping region was trimmed from one end, and the 
genome was classified as circular. Based on this approach, 
48 genomes were identified as circular. Genomes assem-
bled into one contig, but without direct repeats at the 
ends, and assemblies consisting of multiple contigs were 
manually curated to circular chromosomes through iter-
ative reads mapping to contigs using Geneious Prime 
2022.1.1 (default mapper with high sensitivity; www.​
genei​ous.​com). Contigs were extended bidirectional fol-
lowed by de novo assembly with Geneious 10 assembler 
(high sensitivity settings) and the “find repeats” option 
in Geneious (minimum repeat length 50 nucleotides), 
until overlapping ends were identified. In six cases, direct 
repeats were detected at the ends of the contigs, but the 
sequence following the repeat at one end did not match 
the opposite end, suggesting a possible assembly artifact. 
To verify this, we designed primers flanking the repeat 
regions (Suppl. Table  3), performed PCR amplification, 
and sequenced the products using Sanger sequencing 
performed at SEQme s.r.o. (Czech Republic). The PCR 
products confirmed that the extra sequence was artificial 
and introduced during assembly. Based on the validated 
sequence, the genomes were closed. Prokka [34] was used 
for gene prediction and the annotation was performed 
with hmmsearch [35] against collections of Interpro [36], 
COG [37], TIGRFAM [38], Pfam [39], and KEGG [40] 
hidden Markov models (HMMs). Carbohydrate-active 
enzymes (CAZy) were searched in the genomes using 
hmmscan [41] and the dbCAN CAZyme domain HMM 
database v11 (release date 14.08.2024) [42]. CheckM 
v1.1.3 [43] was run to estimate completeness, contamina-
tion, and strain heterogeneity of the genomes, while tax-
onomy was assigned using GTDB-Tk [44] v2.3.2 toolkit 
(https://​ecoge​nomics.​github.​io/​GTDBTk/) based on the 
GTDB release r220 (April 2024). Twenty previously pub-
lished genomes of other Nanopelagicales isolates [3, 23] 
were included in the analysis and annotated as described 
above (Suppl. Table 2). Average nucleotide identity (ANI) 
and average amino acid identity (AAI) were calculated 
using established methods [45, 46], applying a 95% ANI 
threshold to delineate species and a 65% AAI threshold 
to differentiate genera. The complete set of 92 genomes 
belonging to Nanopelagicales isolates were dereplicated 
using dRep [47] (default parameters, > 95% ANI), result-
ing in 41 representative genomes (Suppl. Table  4). In 
order to determine proteins specific for abundant Plank-
tophila species, the genomes were grouped in two sets: 
abundant (> 1× coverage per Gb in > 10% of freshwater 
metagenomes from a collection of 1720 publicly avail-
able and newly sequenced metagenomes—see below 

https://sourceforge.net/projects/bbmap/
https://sourceforge.net/projects/bbmap/
http://www.geneious.com
http://www.geneious.com
https://ecogenomics.github.io/GTDBTk/
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Metagenomic fragment recruitment) versus rare (>  1× 
coverage per Gb in <  10% of freshwater metagenomes), 
and their proteins were clustered using MMseqs2 [48] 
(0.3 identity, 0.8 coverage).

Phylogeny of Nanopelagicales isolates and MAGs
In order to observe the placement of the new isolates, 
a phylogeny of the entire Actinomycetes class was per-
formed with a collection of 1044 high-quality genomes 
(Suppl. Table  5). For this, all genomes affiliated to the 
order Nanopelagicales with >  70% completeness and 
< 5% contamination (as determined using CheckM [43]) 
were queried on GTDB (n = 865; GTDB r220 [49], April 
2024), retrieved from National Center of Biotechnology 
Information (NCBI), and dereplicated using the default 
parameters in dRep [47] to a final set of 212 genomes. 
Additionally, genomes of all isolates (Nanopelagicales 
n = 92, Actinomycetes isolates from other orders n = 38) 
were added, as well as the most complete genome (> 90% 
completeness, <  5% contamination) of each Actinomy-
cetes genus (n = 702; Suppl. Table 5). A collection of 120 
single-copy protein sequences [43] was used to gener-
ate the phylogenomic tree using the complete genomes 
of Listeria monocytogenes EGD-e and Staphylococ-
cus aureus NCTC-8325 as an outgroup, as previously 
described [3]. Briefly, individual markers were aligned 
with PRANK (-protein +F) [50], trimmed with BMGE 
(-m BLOSUM62 -t AA -g 0.5 -b 5) [51] and concat-
enated. The best evolutionary model for the dataset was 
determined using ModelFinder [52] and the maximum 
likelihood tree was generated with IQ-TREE2 [53] (evo-
lutionary model LG+F+I+G4, 1000 ultrafast bootstraps).

Rhodopsin identification and phylogenetic analysis
Genomes of all isolates were scanned for rhodopsin 
genes to identify their potential for photoheterotrophic 
growth. Protein-coding sequences were predicted using 
Prodigal v2.6.3, and candidate rhodopsins were identi-
fied using HMMER (hmmsearch) [54] with Pfam HMMs 
corresponding to bacteriorhodopsin and heliorhodopsin. 
Only hits longer than 150 amino acids and with P values 
<  0.01 were kept for further analysis. To classify these 
proteins, sequences were queried against a curated rho-
dopsin database (including all UniProt50 and GTDB rho-
dopsins), dereplicated using MMseqs2 [48] (easy-cluster, 
90% identity) [55], and the top 50 matches per query were 
retrieved. These sequences were aligned using MAFFT 
[56] (--localpair --maxiterate 1000) to allow the com-
parison of functionally relevant residues, particularly in 
the retinal-binding region and transmembrane domains. 
Transmembrane helix topology was predicted using 
PolyPhobius [57], and each sequence was examined for 
the presence of seven transmembrane helices and the 

conserved retinal-binding motif in TM7 (DxxxK for type 
I rhodopsins; SxxxK for heliorhodopsins). These heli-
ces are a conserved feature of rhodopsins that form the 
core of the protein and the binding pocket for the retinal 
chromophore [58]. To classify the rhodopsins phyloge-
netically, a total of 643 sequences (including the curated 
rhodopsin database with representative sequences of dif-
ferent rhodopsin subfamilies [55] and rhodopsins pre-
dicted in the new Nanopelagicales isolates) were aligned 
with PASTA [59], and a maximum likelihood tree was 
inferred using IQ-TREE2 [53] (Q.pfam+F+G4 model, 
with 1000 ultrafast bootstraps and SH-aLRT support). 
This analysis enabled us to determine whether genomes 
encoded for actinorhodopsins and heliorhodopsins.

Metagenomic fragment recruitment
The global distribution of the isolates obtained in this 
study across freshwater and brackish environments was 
assessed using metagenomic fragment recruitment. 
For this purpose, we collected 1720 publicly available 
and newly sequenced freshwater/brackish metagen-
omes (Suppl. Table  6). All metagenomes were quality 
trimmed using BBDuk.sh script from the BBTools pack-
age (https://​archi​ve.​jgi.​doe.​gov/​data-​and-​tools/​softw​
are-​tools/​bbtoo​ls/) using the following parameters: 
-Xmx100g qtrim=rl trimq=18 tbo. The adaptors were 
removed using BBmerge.sh [60] with the -outa flag. To 
reduce computational cost, individual metagenomes 
were subsampled to 20 million reads using the reformat.
sh script of BBTools. Ribosomal RNA (rRNA) genes in 
our 41 assembled representative genomes were identified 
with barrnap version 0.9 (https://​github.​com/​tseem​ann/​
barrn​ap) and masked (their sequences were replaced with 
“N”s) prior to recruitment analysis to avoid biases. This 
is necessary because rRNA genes are highly conserved 
and can have multiple copies in genomes, which can 
result in disproportionately inflated recruitment signals 
and misleading abundance estimates [9]. MMseqs2 [48] 
was used to map metagenomic reads onto the genome 
representatives and base coverage per gigabase (Gb) 
was calculated (-minid 0.95 -mincov 0.9 -minlen 50). 
Metagenomic reads were mapped to the entire genome 
sequence of each isolate. However, we only considered a 
genome to be present in a given metagenome if at least 
40% of its length was covered by recruited reads. This 
breadth threshold was chosen because the core genome 
of Planktophila accounts for 40% or more of the total 
genome. An in-depth analysis of recruitment analysis 
results in four time-series (Římov Reservoir, Lake Stech-
lin, Breiter Luzin, and Tiefwaren) was performed for the 
33 representative genomes of Planktophila. To identify 
Planktophila species that exhibit similar temporal abun-
dance patterns across samples, we calculated pairwise 

https://archive.jgi.doe.gov/data-and-tools/software-tools/bbtools/
https://archive.jgi.doe.gov/data-and-tools/software-tools/bbtools/
https://github.com/tseemann/barrnap
https://github.com/tseemann/barrnap
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Spearman correlations between their recruitment values 
over time. A distance matrix was then generated using 
1 − ρ (Spearman’s rho) as a measure of dissimilarity. Next, 
hierarchical cluster analysis was done using the hclust 
function from the stats package (version 4.3.2) in R with 
complete agglomeration method and the optimal num-
ber of clusters was computed using the Kelley-Gardner-
Sutcliffe penalty function [61]. Spearman’s correlations 
were calculated to explore the relationship between the 
abundance of Planktophila strains (expressed as average 
coverage per Gb) and physicochemical parameters.

Microdiversity of Planktophila isolates
To investigate the microdiversity of the Planktophila 
genus, we identified genomic islands in Planktophila spe-
cies groups containing at least two sequenced isolates 
(n = 69). Clonal genomes (n = 15) have been removed 
for simplicity. Single nucleotide polymorphisms (SNPs) 
were identified with parsnp [62] by comparing individ-
ual genomes to species-representative genomes (Suppl. 
Table 4), and rates of synonymous substitutions per syn-
onymous site (dS) were computed with the R package 
orthologr [63]. Genomes were aligned in a pairwise man-
ner following phylogenetic relationships and reciprocal 
BLASTn analyses were performed to identify contiguous 
regions exhibiting consistent low sequence similarities 
between individual genomes and to detect disruptions in 
genomic synteny. Stretches of genes with consistent low 
alignment scores (e-value threshold of 1e−3) were con-
sidered as part of a potential genomic island and selected 
for manual inspection as performed previously [3, 30]. 
Specifically, all-versus-all BLASTp comparisons of pro-
tein sequences (e-value  ≤ 1e−3, BLOSUM62 matrix, 
minimum alignment length 0.5, minimum identity 90%) 
[64] within each species (ANI > 95%) were conducted to 
pinpoint the gene content of individual genomic islands. 
Flex2 (https://​github.​com/​asier​zarag​oza/​flex2) was used 
to plot the whole genome alignments depicting the syn-
teny and different degrees of sequence identity between 
genomes. The core and pangenome of Planktophila was 
calculated across all genomes (n = 84, Suppl. Table 2) fol-
lowing the approach previously used by Neuenschwan-
der et  al. [3]. Briefly, a random order of genomes was 
created. All proteins from the first and second genome 
were clustered at >50% identity and >50% coverage using 
usearch6 (https://​www.​drive5.​com/​usear​ch/) and num-
bers of ortholog clusters (core genes) and unclustered 
genes (flexible genes) were enumerated. Sequentially, 
additional genomes were added, clustered, and core and 
flexible genes enumerated until all genomes were pro-
cessed, resulting in an estimate of the number of shared 
genes in all genomes. Ten independent iterations with 
randomized genome order were done to obtain the final 

number of core and flexible genes unbiased by genome 
order.

Scanning electron microscopy
Planktophila alpina GksH-29 and P. landstejnensis Bala-9 
were cultivated as described above until late stationary 
phase and fixed overnight at 4 °C with glutaraldehyde 
(final concentration 2.5%). Four milliliters of culture were 
filtered onto white polycarbonate filters (0.2 µm pore 
size, Millipore, Germany) and subsequently dehydrated 
stepwise in 30%, 50%, 70%, and 100% ethanol, 10 min 
each. After drying, filters were stored at 4 °C until further 
processing. For imaging, filters were cut with a blade and 
mounted on a metal stub using conductive copper tape. 
Samples were sputter-coated with a 10-nm gold layer in a 
Polaron Sputter Coater chamber (Polaron Ltd., Watford, 
UK) and examined using a JEOL 7401-F field emission 
scanning electron microscope (JEOL Europe, Prague, 
Czech Republic).

Results
Diversity, genomic characteristics, and distribution 
of Nanopelagicales strains
A total of 72 new Nanopelagicales isolates were culti-
vated and their genome were sequenced in this study. The 
genomes of these isolates were dereplicated together with 
the 20 publicly available isolates’ genomes [3, 23], result-
ing in 41 species-level representatives (Suppl. Table  4). 
Until now, cultured isolates of Nanopelagicaceae were 
affiliated to six Planktophila species, three Nanopelagi-
cus species, and one species of the IMCC26077 genus [3]. 
Based on ANI and AAI analyses (Suppl. Tables 7, 8), the 
72 isolates represent 24 newly cultured species of Plank-
tophila and four species of the newly cultured genus, 
AAA044-D11 (GTDB v.220, April 2024) (see Fig.  1A; 
Suppl. Tables 2, 4, 7, 8), for which we propose the name 
Aquilimus gen. nov.. Details on the proposition of the 
new genus and of novel species names that were regis-
tered at SeqCode [65] can be found as Supplementary 
information. For morphological characterization, SEM 
imaging of two Planktophila strains (P. alpina GksH-29 
and P. landstejnensis Bala-9) showed that the cells are 
curved rods with very small volumes (<0.1 μm3), consist-
ent with previous reports [24]. By contrast, DAPI staining 
of Aquilimus zluticensis MZLE-12 revealed even smaller 
cell sizes in this newly isolated genus (Suppl. Fig. 1).

A phylogenomic tree using 120 marker protein 
sequences [43] of all Nanopelagicales representative 
genomes included in GTDB (April 2024, dereplicated 
genomes) together with the new isolates shows that nine 
other genera in this family remain uncultured (Fig. 1A). 
While previous isolates were obtained from only two 
locations, Lake Zurich [3] and Lake Soyang [23–25], the 

https://github.com/asierzaragoza/flex2
https://www.drive5.com/usearch/
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newly isolated strains originate from 20 different loca-
tions. These cultures opened the opportunity to study 
the genome structure of a new genus, as well as the meta-
bolic microdiversity of Planktophila.

The genomes sequenced in this study were polished 
to circular chromosomes with sizes varying from 1.16 
to 1.55 Mbp. As expected for streamlined genomes, all 

four cultivated genera—Planktophila, Nanopelagicus, 
Aquilimus, and IMCC26077—have a low GC content 
for Actinomycetota, ranging between 40 and 51% (Suppl. 
Figs.  2, 3 A), and high coding densities (95.2–96.1%) 
(Suppl. Fig. 2, 3 A; Suppl. Table 9). As anticipated, there 
is a correlation between the genome size and the GC 
content with smaller genomes having lower GC content 

Fig. 1  A A maximum likelihood phylogeny of the class Actinomycetes was constructed using 120 single-copy marker protein sequences. The 72 
new isolates obtained in this study were compared to all available complete genomes of published Nanopelagicales isolates (n = 20 [3, 23]), as well 
as the dereplicated Nanopelagicales MAGs with >70% completeness from GTDB r220 (April, 2024) (n = 212), and the most complete genome (>90% 
completeness) from each genus within the Actinomycetes class (n = 702). Genomes from this study are marked with a red dot while previously 
published culture genomes are marked with a blue dot at the tip of their branch. B Global distribution and relative abundance (coverage per Gb) 
of the most prevalent Planktophila and Nanopelagicus species



Page 7 of 21Chiriac et al. Microbiome           (2026) 14:27 	

(Pearson’s R = 0.357, P value < 0.001) (Suppl. Fig. 2; Suppl. 
Table 9). The shift toward lower GC content, likely driven 
by selective pressures, was accompanied by a change 

in stop codon usage, with TAA being favored over the 
GC-rich TGA and TAG. Moreover, minimal nitrogen 
utilization appears to be reflected also in the preference 

Fig. 2  The completeness of KEGG modules in the genomes of Nanopelagicales isolates. A simplified phylogenetic tree is plotted at the top. 
Different KEGG categories are indicated by color; if a pathway is complete in at least one isolate of a genus, the corresponding symbol is filled; 
if the symbol has a black border, the pathway is complete in all genomes of the genus; a symbol filled with white indicates that one enzyme 
of the pathway or one subunit of a complex is missing in all genomes of that particular genus. If more than one enzyme is missing in all isolates 
of a genus, no symbol is shown. A manual inspection of all pathways was done for the InterPro, COG, KEGG, TIGR, and Pfam annotations



Page 8 of 21Chiriac et al. Microbiome           (2026) 14:27 

for lysine over arginine and histidine as the positively 
charged amino acid (Pearson’s R = −0.73 and −0.85, 
respectively; P value < 0.001 for both) (Suppl. Fig.  2). 
Another adaptation to the oligotrophic pelagic zone of 
lakes is the preservation of a minimum number of sen-
sor domains and sigma factors [66], with Nanopelagicales 
members encoding only between two to four sigma fac-
tors (Suppl. Table 9). The core genome of the 84 Plank-
tophila strains consisted of 736 genes, representing 
48.4–62.8% of the entire genome, while the pangenome is 
open and estimated at >6800 genes (Suppl. Fig. 3B).

Global distribution of Nanopelagicales isolates 
in freshwater lakes
Recruitment results for all dereplicated culture genomes 
against a collection of 1720 freshwater and brack-
ish metagenomes (samples collected from 230 differ-
ent lakes, rivers, estuaries, and coastal oceans—Suppl. 
Tables 4, 6) revealed that only a few cultured species affil-
iated to Planktophila, Nanopelagicus, and to some extent, 
the newly isolated genus Aquilimus, were truly ubiqui-
tous and represented major components of the micro-
bial community (Fig.  1B; Suppl. Figs.  4–7). None of the 
species occurred in dystrophic lakes with low pH (e.g., 
Grosse Fuchskuhle, Trout Bog, Crystal Bog; n = 554), in 
anoxic samples (n = 16), and in the African Great Lakes 
Tanganyika, Malawi, and Kivu (n = 42; Suppl. Table  6). 
Seven species of Planktophila and two of Nanopelagicus 
reached abundances >1× coverage per Gb (Cov/Gb) in 
~10% of the analyzed metagenomes, the most abundant 
and common being P. vernalis (maximum recovery 39× 
Cov/Gb; >  1× in 606 metagenomes) and N. abundans 
(40× Cov/Gb; > 1× in 580 metagenomes). Based on the 
analysis of the four isolated species, the Aquilimus genus 
was recovered >1× Cov/Gb in 65 metagenomes, mainly 
in the epilimnion and hypolimnion of Žlutice and Římov 
Reservoirs (Czech Republic), and sporadically in Lakes 
Stechlin and Tiefwaren (Germany). While in Lake Zurich 
and Žlutice Reservoir they appeared simultaneously 
with Planktophila, in Lake Tiefwaren they were found 
together with both Planktophila and Nanopelagicus, but 
in much lower abundances (Suppl. Table 6). Planktophila 

vernalis and N. abundans were recovered in high abun-
dances in some instances in the same samples, for exam-
ple, in the German Lakes Tiefwaren (max. 39× and 17× 
Cov/Gb for P. vernalis and N. abundans, respectively), 
Breiter Luzin (max. 27× and 25× Cov/Gb), and Stech-
lin (max. 21× and 35× Cov/Gb) as well as in the Klíčava 
Reservoir, Czech Republic (max. 19× and 7× Cov/Gb). 
While up to 21 of the isolated species co-occurred in the 
same samples (>1× Cov/Gb), only one genus and often 
one species appeared to be clearly dominant in some 
freshwater lakes (Suppl. Table  6). For example, only P. 
vernalis was recovered from eutrophic Lake Loclat and 
the eutrophic surface water of River Torrens in Adelaide, 
South Australia. On the other hand, N. abundans domi-
nated oligotrophic boreal and humic lakes (Canada, USA, 
Finland) reaching its maximum abundance of 40× Cov/
Gb in Lake Pine, while being also recovered with high 
values in Lake Michigan (USA) (27× Cov/Gb), and in 
the epilimnion of Lake Maggiore (Italy) (23× Cov/Gb). 
Even though N. limnes never reached the abundances of 
the other two Nanopelagicus species, it was much more 
widespread than N. hibericus, having Cov/Gb > 1× in 487 
metagenomes. At specific time points, it appeared to be 
the dominant Nanopelagicales species in the epilimnion 
of mesotrophic Lakes Erken (Sweden) and Biwa (Japan), 
or in meso-eutrophic Lake Tiefwaren (Germany). It usu-
ally co-occurred with N. abundans in boreal lakes (e.g., 
Canada, Northern Europe), and with P. vernalis and N. 
abundans in Lake Tiefwaren, Breiter Luzin, and Stech-
lin (Germany) (Suppl. Table  6). The IMCC26077 genus, 
with only one isolate (GCA_002284915), was recovered 
in just seven metagenomes with >1× Cov/Gb, specifi-
cally in subtropical locations such as Lake Biwa and Ikeda 
(Japan) and in River Pearl (China) (Suppl. Fig.  7; Suppl. 
Table 6).

Time‑series patterns in Planktophila, Nanopelagicus, 
and Aquilimus
To assess how the abundance of Nanopelagicales iso-
lates changes over time, metagenomic time-series data 
were analyzed. These datasets consist of metagenomes 
collected at regular time intervals for 5–9 years from 

Fig. 3  A Schematic representation of the metabolism in Planktophila. Characteristics for abundant Planktophila species are highlighted with red. 
Abbreviations: I: NADH:quinone oxidoreductase; II: succinate dehydrogenase; III: cytochrome bc1 complex; IV: cytochrome c oxidase/cytochrome 
bd ubiquinol oxidase; 6PGL: 6-phosphogluconolactone; 6PG: 6-phosphogluconate; CAZy: carbohydrate-active enzymes; ComEF: competence 
proteins E and F; Cyt bd: cytochrome bd; Cyt C: cytochrome c; FAD/FADH2: flavin adenine dinucleotide; Formate DH: formate dehydrogenase; GA3P: 
glyceraldehyde 3-phosphate; NAD/NADH: nicotinamide adenine dinucleotide; NarK: nitrate/nitrite antiporter; S-7P: sedoheptulose 7-phosphate; 
Sec: general secretion system; Tat: twin-arginine translocation pathway; TCA cycle: tricarboxylic acid cycle; TKT: transketolase. B Total number 
(top panel) and presence/absence of transporters for low molecular weight organic compounds encoded in each genus. C Number of structural 
proteins per genome involved in membrane transport as annotated using KEGG database. D Total number of CAZy per genome and number 
of different CAZys encoded by the isolates of each cultivated Nanopelagicales genus

(See figure on next page.)
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five freshwater lakes from Europe (Římov Reservoir 
[67–69] in Czech Republic, Lakes Breiter Luzin, Grosse 
Fuchskuhle, Stechlin, and Tiefwaren in Germany) and 

Lake Mendota, USA [70]. Recruitment analysis for the 
genomes of isolates in these samples provided details 
about seasonal fluctuations in the abundance of each 

Fig. 3  (See legend on previous page.)
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species and their relationships with physicochemical 
parameters (Suppl. Tables  6, 10; Suppl. Figs.  8–21). As 
up to 20 Planktophila species co-occurred in the same 
sample (recruitment values > 1× Cov/Gb), cluster analy-
sis was performed for the representative Planktophila 
strains (n = 33), which revealed six clusters with differ-
ent temporal behaviors at the surface (0.5 m depth) and 
five in the hypolimnion (30 m depth) of Římov Reservoir 
(Suppl. Table 11; Suppl. Fig. 8). At both depths, genomes 
affiliated with P. vernalis were often the dominating 
group (cluster 3), although different species belonging to 
cluster 1 (P. landstejnensis, P. lacus, and P. vulgaris) were 
sometimes dominant at the surface, as well as cluster 5 
(P. thermolimnae and P. calida), which peaked in summer 
months in the epilimnion (0.5 m depth). At the surface of 
the Římov Reservoir, P. vernalis reached annual maxima 
during the colder months (October–March) and faded 
away by mid-summer (recruitment values ≤  1× Cov/
Gb). The highest abundances were observed in autumn, 
followed by another bloom in spring. Abundances in the 
hypolimnion (30 m depth) tended to follow the same pat-
tern as at the surface, but recruitment values remained 
elevated during the summer months (1–3× Cov/Gb) in 
the stratified reservoir, suggesting a preference for colder 
temperatures (Suppl. Fig.  8; Suppl. Table  6). Interest-
ingly, although N. abundans was the second most preva-
lent Nanopelagicales isolate in freshwater environments 
worldwide, it was absent in the Římov Reservoir, the only 
representative of this genus here being N. limnes, which 
occurred sporadically and in lower abundances compared 
to Planktophila species (Suppl. Table  6). Even though 
Aquilimus species were in general less frequent, they were 
present with lower recruitment rates than Planktophila 
all year round in the Římov Reservoir, especially A. com-
munis. Aquilimus species were positively correlated with 
diatoms (Spearman’s rho = 0.47, P value < 0.05) and with 
green algae (Spearman’s rho = 0.35, P value < 0.01; Suppl. 
Table 7). Spearman’s correlations between physicochemi-
cal parameters and genome recruitment values suggested 
that in the surface layer (0.5 m depth), most Planktophila 
species are negatively associated with dissolved organic 

matter and some species associated positively with 
the presence of diatoms or cryptophytes (Suppl. Fig.  9; 
Suppl. Table 10). In contrast, a negative association was 
observed between N. limnes and diatoms (Spearman’s 
rho = −0.62, P value < 0.01; Suppl. Table 10, Suppl. Fig. 9). 
In the hypolimnion of Římov Reservoir (30 m depth), 
some Planktophila species and all Aquilimus species 
were associated with lower temperatures and higher dis-
solved oxygen levels (Suppl. Table 10). Planktophila ver-
nalis and Planktophila sp. IMCC19121 (GCA_00228495) 
were notable exceptions as both correlated negatively 
with dissolved oxygen (Spearman’s rho = −0.33 and 
−0.43, respectively, P values < 0.01). In Lake Mendota, 
Planktophila species, including P. vernalis, P. landstejnen-
sis, and P. vulgaris, appeared only occasionally with Cov/
Gb > 1. Here, N. abundans was the dominant species, 
with peaks from May to August and to a lower extent, in 
September–October, having a slight negative association 
with temperature (Spearman’s rho = −0.28, P value < 0.05) 
(Suppl. Tables 6 and 10; Suppl. Fig. 11).

In the lakes from Northeastern Germany, Planktophila 
species formed 4 to 5 clusters with distinct but consist-
ent temporal patterns over the 9-year sampling period 
(Suppl. Table  11; Suppl. Figs.  12, 16, 19). An exception 
is Lake Grosse Fuchskuhle, where none of the analyzed 
Nanopelagicales members was present, most prob-
ably due to its low pH. Lake Stechlin was dominated by 
N. abundans and N. limnes, which seem to preferen-
tially bloom in autumn, while members of Planktophila 
cluster 3 (P. vernalis, Planktophila sp. IMCC19121) and 
cluster 4 (P. ortensis, P. lacus, and P. calida) had peaks in 
spring and summer (Suppl. Fig. 12). In the epilimnion (5 
m depth), the abundance of both Planktophila and Nan-
opelagicus were predicted to be positively influenced by 
temperature, and negatively by total phosphorus and 
nitrate concentrations (Suppl. Table  10; Suppl. Fig.  13). 
Interestingly, water pH appeared to influence nearly all 
Planktophila species, with acidic conditions being unfa-
vorable (Suppl. Table  10; Suppl. Fig.  13). In general, the 
abundances of Nanopelagicales members in the hypolim-
nion of Lake Stechlin (40 m depth) tended to fluctuate 

(See figure on next page.)
Fig. 4  Microdiversity in Planktophila isolates. Genomes have been linearized for simplicity, and the order follows the histogram generated using 
average nucleotide identity (ANI) values. Species with > 2 previously isolated strains are highlighted with a gray shade, while newly isolated 
species with > 2 strains are highlighted with a brown shade. Based on fragment recruitment of > 1700 freshwater metagenomes, representative 
genomes of highly abundant and widespread species (> 1× Cov/Gb in > 20% of metagenomes) are marked with red stars and medium 
abundant and widespread (> 1× Cov/Gb in ~10% of metagenomes) are marked with blue stars. Nucleotide identity between genomes 
is represented by a color scale (90–100% identity). Genomic islands (GI) are marked with different colors in the genome alignments and numbered 
above the alignments. dS profiles of each species with > 3 strains are shown below each alignment group using one genome as reference, tRNAs 
are shown as dark blue arrows, and rRNA is represented by orange arrows. Clonal genomes have been removed for simplicity. LanE-43 and Bala-9 
are representative genomes for P. landstejnensis (clonal isolates Bala-138, Bala-106, Bala-103, Bala-114, Bala-156, Bala-19, Bala-220, Bala-242, Bala-34, 
Bala-43, Bala-69, Bala-80, Bala-132, Bala-209) and MKE-5 also represents the clonal MRE-22 strain
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less over the seasons, with one exception in the sum-
mer of 2017, when a unique peak of Nanopelagicus spe-
cies was observed. In the hypolimnion, the occurrence 
of both Planktophila and Nanopelagicus members was 

positively associated with dissolved oxygen and pH, and 
negatively with nitrate, total and soluble reactive phos-
phorus (Suppl. Table 10; Suppl. Fig. 14). In Lake Breiter 
Luzin, cluster 3 of Planktophila (P. vernalis, Planktophila 

Fig. 4  (See legend on previous page.)
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sp. IMCC19121) and N. abundans and N. limnes showed 
very rhythmic fluctuations in Cov/Gb. A maximum of 
Planktophila cluster 3 appeared in early summer, while 
Nanopelagicus species had a peak in late summer and 
autumn (Suppl. Fig.  16). As in the epilimnion of Lake 
Stechlin, most members of both genera were favored by 
high temperatures. In addition, they showed negative 
correlations with total chlorophyll a, phosphorus, and 
nitrate concentrations, while Planktophila members were 
negatively impacted by a decrease in pH (Suppl. Fig. 17; 
Suppl. Table  10). Lake Tiefwaren stood apart from the 
other investigated German lakes, showing a higher abun-
dance of Planktophila, specifically of P. vernalis and to a 
lower extent of Planktophila sp. IMCC19121, which are 
both part of cluster 3, compared to Nanopelagicus spe-
cies (Suppl. Tables  6, 11; Suppl. Fig.  19). Here, the sea-
sonal pattern was not as clear as in the case of Lake 
Breiter Luzin, as the spring and summer-autumn maxima 
were sometimes dominated by different groups, although 
more common was a Planktophila peak in spring and a 
Nanopelagicus maximum in summer-autumn (Suppl. 
Fig.  18). In Lake Tiefwaren, both N. abundans and N. 
limnes had a positive association with temperature 
(Spearman’s rho between 0.45 and 0.51, respectively, P 
values < 0.001) and a negative one with dissolved oxy-
gen (Spearman’s rho −0.39 and −0.64, respectively, P 
values < 0.001) (Suppl. Fig.  20; Suppl. Table  10). Similar 
correlations were observed for P. lacus and P. ortensis, 
although these taxa were never as abundant. In contrast, 
P. vernalis and Planktophila sp. IMCC19121 exhibited 
opposite patterns (for both species Spearman’s rho for 
temperature −0.34, P value < 0.05; for dissolved oxygen 
Spearman’s rho 0.38, P value < 0.01).

General metabolic capabilities in Nanopelagicales isolates
The genome-based analysis indicated that isolates of all 
genera had the potential to perform glycolysis (Figs.  2, 
and 3; Suppl. Tables 12, 13). The complete pyruvate dehy-
drogenase complex, which is responsible for the oxida-
tion of pyruvate to acetyl-CoA, was present in 48 isolates 
from all four cultivated genera. The oxidative phase of 
the pentose phosphate pathway (glucose-6-phosphate to 
ribulose-5-phosphate) was present only in some Plankt-
ophila strains (Suppl. Table 13), while the genes involved 
in the non-oxidative phase (fructose-6-phosphate to 
ribose-5-phosphate) were present in all groups. Phos-
phoenolpyruvate carboxylase was detected in all isolates, 
which is a conserved trait in the Nanopelagicales order 
[3]. Regarding lipid metabolism, the genes responsible for 
the biosynthesis of fatty acids were present in members 
of the Aquilimus, Planktophila, and IMCC26077, while 
the 3-ketoacyl-ACP (acyl carrier protein) synthase, an 
enzyme involved in the elongation of fatty acids [71], was 

not annotated in any Nanopelagicus isolates. As Nanope-
lagicus isolates encoded the later steps in the elongation 
process, they are probably able to perform this reaction 
using a yet undescribed protein. Members of all groups 
were able to perform beta-oxidation of fatty acids (Suppl. 
Tables 12, 13).

Nanopelagicales isolates harbor genes required to 
synthesize between 17 to 20 amino acids (Fig.  3; Suppl. 
Table  14); Planktophila and Nanopelagicus contained 
genes responsible for cysteine and asparagine biosynthe-
sis, which were lacking in Aquilimus and in IMCC26077 
genomes. Nanopelagicus was auxotrophic for histidine, 
phenylalanine, and leucine, as opposed to the three 
other genera (except for P. perrara MRE-203 which also 
lacked a histidine biosynthesis pathway). Members of 
only six Planktophila species were able to de novo syn-
thesize all amino acids. Given the amino acid auxotro-
phies observed in Nanopelagicales members, particularly 
those other than Planktophila, it is likely that they sur-
vive by taking up amino acids from their environment. 
They could achieve this using various ABC transporters, 
including commonly encoded branched-chain amino 
acid transporters (livKHMGF), putative polar amino 
acid transporters, and peptide/nickel transporters. In 
contrast, Planktophila also encodes oligopeptide trans-
porters (oppABCDF) (Fig.  3B; Suppl. Tables  12, 13, 15). 
Imported peptides can be digested via aminopeptidases 
encoded by nearly all Nanopelagicales isolates (pepA, 
pepO, pepP, pepN, map, glutamate carboxypeptidase). 
Further, all groups, except for Aquilimus, encoded for 
cyanophycinase (Suppl. Table  13), an exopeptidase 
responsible for the degradation of cyanophycin, which 
can constitute an important source of carbon and nitro-
gen in freshwaters [72].

Ten isolates affiliated to Planktophila, Aquilimus, and 
IMCC26077 were prototrophs for vitamin B2 (ribofla-
vin). Strains affiliated to different species from all four 
genera also encoded for the enzymes involved in vitamin 
B3 (NAD), B6 (pyridoxal-P), and coenzyme A biosynthe-
sis (Suppl. Table  13). Other vitamins and cofactors are 
probably taken up from the surrounding microenviron-
ment through specific transporters (Suppl. Tables  12, 
15). An exception regarding cobalamin (vitamin B12) 
biosynthesis was identified in five Planktophila strains 
(the three P. alpina strains, P. polyoliphila MRE-193, and 
P. limnetica MMS-VB-114) that can produce cobalamin 
from cobinamide through a salvage pathway that was 
previously reported in both bacteria and archaea [73]. 
As observed before for the previously available Nanope-
lagicales isolates [3, 23, 24], none of the newly isolated 
strains, including the newly isolated genus Aquilimus, 
harbored all genes required for assimilatory sulfate 
reduction. Therefore, Nanopelagicales members are 
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probably dependent on exogenous sources of reduced 
sulfur. Additionally, four Planktophila strains (P. sulfonica 
MMS-IA-56, P. estivalis MRE-130, P. grossartii MRE-217, 
and P. grossartii RE-155) encoded for ssuABC, an ABC 
transporter that is expressed in sulfate-limiting condi-
tions and can facilitate the uptake of aliphatic sulfonate 
compounds from the environment [74]. Interestingly, 
the thiosulfate uptake transporter YeeE [75] was identi-
fied in 34 genomes, specifically in all isolates belonging 
to P. fontis, P. dulcis, P. lacus, and P. versatilis, as well as in 
A. klicavensis and ten other Planktophila species (Suppl. 
Table  15). This could imply that thiosulfate might serve 
as an inorganic sulfur source for their growth, consistent 
with reports on the freshwater SAR11 genus Fontibacte-
rium [29]. An auxotrophy that likely hindered the isola-
tion and stable cultivation of Nanopelagicus species, both 
in this study and in a previous one [3], is their require-
ment for purine precursors. Our analysis revealed that 
all Nanopelagicus species lack the pathway for de novo 
purine biosynthesis (Fig.  2; Suppl. Tables  12, 13). How-
ever, the artificial lake water medium used here did not 
contain purine precursors such as inosine 5′-monophos-
phate (IMP). Future cultivation efforts targeting this 
genus should therefore supplement the medium with 
purines or purine precursors.

An electron transport chain composed of NADH: 
quinone oxidoreductase, succinate dehydrogenase, and 
cytochrome c oxidase was encoded in all isolates, with 
oxygen as terminal electron acceptor, and an F-type ATP 
synthase (Fig.  3; Suppl. Table 12). Additionally, some 
members of Aquilimus and Planktophila encode the 
subunits of cytochrome bd ubiquinol oxidase (Fig.  3A), 
which probably provides an increased tolerance for 
reduced oxygen concentrations [76]. Further, actinorho-
dopsins and heliorhodopsins were encoded by all isolates 
(Suppl. Fig.  22), and most Planktophila and Aquilimus 
members were likely able to de novo synthesize reti-
nal (Fig. 3, Suppl. Table  16). Therefore, they are prob-
ably capable of using light to generate a proton gradient, 
which can be used either to produce energy or to drive 
membrane transport processes.

The ecological success of Planktophila
The reasons for the dominance of Planktophila in fresh-
water systems are far from being understood. Here, we 
observed that genomes with high recruitment values 
(Suppl. Table  6) did not have the oxidative part of the 
pentose phosphate pathway (ox-PPP) (Fig.  3A), regard-
less of phylogenetic distance among them (Fig. 4; Suppl. 
Table  13). The intermediates or products of ox-PPP 
could be obtained in strains missing this pathway with 
the use of ABC transporters specific to ribose (rbsABC), 
fructose (frcABC), and xylose (xylFHG) (Fig.  3A; Suppl. 

Tables  12, 15). Additionally, cluster analysis of proteins 
encoded by abundant versus non-abundant Planktophila 
isolates revealed that the dominant strains encode for a 
distinct and specific RbsK sugar kinase, responsible for 
the phosphorylation of D-ribose to D-ribose 5-phos-
phate, and for a xylose isomerase which can produce 
xylulose from imported xylose. Moreover, although all 
genomes encode for transketolase, a key enzyme in the 
non-oxidative part of the PPP (non ox-PPP), cluster-
ing analysis showed that some abundant strains encode 
for a distinct type of transketolase, which is located in a 
replacement genomic island (GI1—see below) (Suppl. 
Table 17; Fig. 4). We hypothesize that the transketolase, 
RbsK sugar kinase, and xylose isomerase enhance fitness 
through greater efficiency of the non ox-PPP. Addition-
ally, the most abundant Planktophila species, P. vernalis 
and Planktophila sp. IMCC19121, are able to synthesize 
all 20 amino acids (Suppl. Tables 6, 12, 14), a capacity that 
would provide them with a higher level of independence 
from co-occurring microbes [77].

Besides the aforementioned ABC-type sugar trans-
porters, an unusually high number of transporters for a 
variety of low molecular weight organic compounds was 
predicted in the genomes of Planktophila (31 different 
transporters, including some exclusively found in Plank-
tophila, such as putative sorbitol/mannitol transporters, 
glycerol and erythritol transporters, a sulfonate trans-
porter, a cellobiose transporter, and an ABC-type multi-
ple sugar transporter) compared to other Nanopelagicales 
genera with similar genome sizes (eight–13 different 
transporters) (Fig. 3B; Suppl. Tables 12, 14). Additionally, 
considering the streamlined genomes of Planktophila, 
they encode not only a high diversity of carbohydrate-
active enzymes (CAZy; median = 23 different CAZy per 
genome), but also a relatively high copy number per 
genome (median = 38 total CAZy), several times more 
than any other Nanopelagicales group (Fig.  3C; Suppl. 
Table  18). Although the classification of CAZy is based 
on sequence similarity and not substrate affinity [78] 
and therefore the precise enzymatic activity is difficult to 
predict, some occurrence pattern can be distinguished 
among genera (Suppl. Table  18). Carbohydrate-binding 
module (CBM) family proteins were encountered only in 
Planktophila, including CBM41 and CBM91 which are 
likely to have pullulanase and β-xylosidase activity. As in 
the case of all CAZy families, carbohydrate esterases (CE) 
were more diversified in Planktophila. Two enzymes that 
were only found in this genus were CE15, a 4-O-methyl-
glucuronoyl esterase that occurs in cellulolytic organisms 
and cleaves the bond between glucuronoxylan and lignin 
alcohols [79], and CE7, which probably has acetylxylan 
esterase activity. Leaving aside the CAZy for which sub-
strate utilization is difficult to predict, those families with 
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specific activity ranges suggest that Planktophila may be 
capable of degrading and using plant polymers such as 
hemicellulose as a growth substrate. However, consider-
ing the diversity of CAZy, their substrate range is very 
likely much broader. Another advantage of Planktophila 
over the other genera might be given by the capacity for 
one-carbon metabolism as several of the most abun-
dant Planktophila species, including the two P. vernalis 
strains, Planktophila sp. IMCC19121, P. limnetica, and 
P. polyoliphila, encoded all subunits for formate dehy-
drogenase and molybdenum cofactor biosynthesis from 
guanosine 5′-triphosphate (GTP), glycine hydroxymeth-
yltransferase, methylenetetrahydrofolate dehydrogenase, 
and formate-tetrahydrofolate ligase. Additionally, the 
topmost abundant Planktophila species (P. vernalis, P. 
vulgaris, and P. landstejnensis among others) encoded for 
gamma-glutamyl transpeptidases.

Since up to 20 different Planktophila species co-occur 
at the same times of the year, we investigated the micro-
diversity contained in genomic islands (GIs) within this 
genus to evaluate the extent of metabolic diversification 
and niche specialization that might enable the coexist-
ence of various species, as previously explored by Neu-
enschwander et al. [3]. To predict GIs in the genomes of 
Planktophila strains and identify hypervariable regions, 
we aligned 69 genomes in a pairwise manner that fol-
lowed phylogenetic relationships (Fig. 4). Because hyper-
variable regions can be better predicted in complete 
genomes, we excluded MAGs or SAGs from the analysis. 
In some cases, due to a high evolutionary distance and 
low nucleotide identity, genomes of certain species (e.g., 
P. glycosidica, P. stagnalis, P. hypolimnetica) were difficult 
to compare to others. Additionally, we found six large 
inversion events which made comparing the genome 
architecture challenging. Nevertheless, 10 species con-
taining between two and 12 closely related genomes 
allowed the identification of five major GIs (contain-
ing ≥10 genes; named GI1–GI5). Four were present 
across multiple species (GI1–GI4), while one particularly 
important insertion event was only present in P. verna-
lis MKE-45 (GI5) (Fig. 4; Suppl. Table 17). Reassuringly, 
our results reproduced and expanded the inter-species 
diversity and microdiversity previously described for four 
Planktophila species [3] (Fig. 4).

One large replacement GI (GI1, containing between 
13 and 50 genes) encoded functions related to synthesis 
and modification of cell surface structure, as well as for 
a specific transketolase in strains missing the ox-PPP, as 
mentioned before. GIs 2 to 4 were additive and flanked 
by transfer RNAs (tRNAs). GI2 (between 4 and 10 genes) 
contained genes encoding for the pilus assembly proteins 
CpaF and TadBCG, but also for the ABC-type trans-
porter AraH which enables the import of L-arabinose 

and for the broad activity transcriptional regulator IclR 
[80]. It also contained a high proportion of hypotheti-
cal proteins which prevented a detailed analysis of its 
genomic content (Suppl. Table  17). GI3 (between 3 and 
44 genes) encoded for a variety of type I (e.g., HcdS, 
HsdM) and II (BglII) restriction endonucleases and site-
specific DNA methylases (Dcm). Additionally, it encoded 
for DarT, a single-stranded DNA (ssDNA) thymidine 
ADP-ribosyltransferase involved in the stress response 
system [81], and NucS—an endonuclease able to recog-
nize and cleave double-stranded DNA (dsDNA) contain-
ing mismatched base pairs [82]. Therefore, this island was 
predicted to have functions related to phage defense and 
the maintenance of chromosomal integrity. However, in 
P. versatilis strains IIB-76 and BluE-5, it contained sugar 
transporters and in the latter case, also sugar isomerases/
epimerases. GI4 (between four and 43 genes) had very 
distinctive gene sets in different species. In P. dulcis, it 
encoded for ABC-type branched-chain amino acid trans-
porters (LivKMH), while in P. warneckii, it encoded for 
transcriptional regulators (e.g., MarT, PurB), response 
regulators (e.g., OmpR, BaeS), and various ABC-type 
sugar (UgpABE) and di-/oligopeptide (e.g., DppABE) 
transporters. In P. grossartii, only hypothetical proteins 
are encoded in GI4 (Suppl. Table 17). Interestingly, in the 
genomes of the most ubiquitous and abundant isolate (P. 
vernalis MKE-45, Suppl. Table 6), we detected a GI (GI5, 
11 genes) that encoded for all subunits of respiratory 
nitrate reductase NarGIJK, the Nar two-component reg-
ulatory system, and two copies of the NarK nitrate/nitrite 
antiporter (Suppl. Table 17).

Discussion
In the current study, we isolated and genome-sequenced 
72 new Nanopelagicales strains from 20 locations in 
Europe and Japan. They were classified into 24 new 
Planktophila species and four novel species of the pre-
viously uncultured Aquilimus genus (AAA044-D11 
in GTDB) (Suppl. Tables  4, 7). Their complete, cir-
cular chromosomes allow for a better understand-
ing of genomic organization, especially regarding 
Planktophila members, expanding the general charac-
teristics described previously for the 20 isolates obtained 
from Lake Zurich and Soyang [3, 23, 24, 26]. All genomes 
showed typical streamlining traits such as small size (< 2 
Mbp), high coding density (> 95%), and low GC content 
(< 50%) (Suppl. Fig. 2; Suppl. Table 9), all being adapta-
tions to nutrient-limited lake environments [1, 32]. These 
features align with small, non-motile cells with low rep-
lication rates, suited for oligotrophic conditions. Unsur-
prisingly, only two to four sigma factors were encoded, 
reflecting minimal regulatory needs under the relatively 
stable conditions of the pelagic environments. Although 
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these environments are nutrient-limited (oligotrophic), 
their nutrient scarcity is persistent rather than fluctuat-
ing, reducing the need for extensive regulatory flexibility 
[83].

An additional adaptation to oligotrophic environments 
is the use of light-driven, proton-pumping rhodopsins for 
producing energy [84], which are commonly encoded in 
both marine and freshwater pelagic microbes [66, 85, 86]. 
One copy of the gene for green light absorbing actinorho-
dopsins [87] was present in all Nanopelagicales isolates 
(Suppl. Fig. 22). However, only Planktophila (with a few 
exceptions) and the newly isolated genus Aquilimus can 
de novo synthesize retinal, the covalently bound chromo-
phore necessary for rhodopsin activity. As previously 
observed [3, 23], Nanopelagicus members encode for 
all steps in the biosynthesis of β-carotene, missing only 
the last gene (blh) for its conversion to retinal (Suppl. 
Table  18). Whether these bacteria rely on exogenous 
retinal or, as described for Aurantimicrobium minu-
tum, encode a hitherto unknown blh equivalent is cur-
rently unknown [88]. In addition, all our isolates encode 
another rhodopsin, heliorhodopsin. The function of this 
protein is not yet completely understood, but it has been 
associated with a range of regulatory activities, from 
multidrug resistance and light modulation of ABC trans-
porters to light-induced membrane lipid modifications 
and protection against oxidative stress [89–91].

Many studies have characterized the abundant fresh-
water order Nanopelagicales and achieved important 
results regarding seasonality [12–14, 92], diversity, nutri-
ent uptake [15, 93–95], and trophic state preferences of 
these microorganisms [3, 96]. However, the resolution of 
these studies was limited due to the use of various FISH 
probes, some of which failed to detect between nine 
and 40% of Nanopelagicales cells [14] or were unable to 
distinguish between different clades, such as acI-A and 
acI-B (now known as Planktophila and Nanopelagicus), 
by merging their signals. Only one study used genus- or 
even species-specific probes [3].

Recent metagenomic studies allowed for species- and 
strain-level resolution [69, 70, 97, 98]; however, because 
these studies relied on short reads, they have been unable 
to link the success of certain groups to specific metabolic 
adaptations encoded in GIs. Over the years, studies that 
approached the seasonality of Nanopelagicales obtained 
sometimes conflicting results [11, 14, 15]. In general, two 
distinct peaks were observed in many freshwater lakes, 
one during spring and summer, and another one in the 
autumn [3, 12, 15]. Between 2003 and 2004, Allgaier and 
Grossart [14] monitored Planktophila sp. (acI-A) and 
Nanopelagicus sp. (acI-B) in four northeastern German 
lakes (Lakes Stechlin, Grosse Fuchskuhle, Breiter Luzin, 
Tiefwaren) using FISH probes. Distinct peaks occurred 

during May to June and October to November, showing 
a seasonal pattern that closely resembles the trends we 
observed through recruitment analysis from 2012 to 2020 
in the same lakes (Suppl. Figs. 12, 16, 19; Suppl. Table 6). 
One notable exception is the absence of any of the iso-
lated species in dystrophic Lake Grosse Fuchskuhle in 
the present analysis compared with notable occurrences 
in the early FISH-based study [14]. This hints at other, 
low-pH adapted species of Nanopelagicales that so far 
escaped cultivation [18]. Nanopelagicus abundans, N. 
limnes, P. vernalis, and Planktophila sp. IMCC19121 were 
the dominant actinobacterial species in the other three 
German lakes (Suppl. Table 6), and Planktophila species 
showed a significant positive correlation with pH (Suppl. 
Figs.  14, 17, 20). A similar observation was reported in 
a study that explored the bacterial diversity in 18 lakes 
over a pH gradient (5.1–8.9), showing that Planktophila 
were restricted to pH ranges between 6.8 and 8.9 and 
reached the highest abundances between pH 8.6 and 8.9 
[11], which is in line with the total absence of any of the 
Planktophila isolates in dystrophic lakes (n = 554, Suppl. 
Table 6). One particularly surprising isolate in this con-
text is P. jirickensis JirE-27, which was obtained from the 
slightly acidic Jiřická Pond in the Czech Republic (pH 6.5 
at the time of isolation). However, this strain was success-
fully isolated and has since been maintained in media 
with a pH of 7.5. Recruitment analysis showed that this 
species has a low abundance in freshwater, and in our 
analyzed dataset it is restricted to Jiřická Pond (Suppl. 
Table 6). The two seasonal peaks of Nanopelagicales were 
previously observed to co-occur with picocyanobacterial 
or algal blooms (e.g., Asterionella formosa) [3, 14, 16], as 
it was also the case in our study for P. rubra, P. grossartii, 
P. zluticensis, and P. warneckii (Suppl. Table 10), or they 
followed protistan grazing events [15, 99] during which 
Nanopelagicales cells might be protected from the top-
down control due to their minuscule size [100, 101] and 
Gram-positive cell walls [102]. At this point, the high 
number of diverse CAZy and membrane transporters for 
small molecular weight organic compounds (Fig. 3B, C) 
could favor the growth of Planktophila by breaking down 
and importing algal exudates or byproducts released 
through protistan predation or viral lysis [3, 99]. Addi-
tionally, because some diatom blooms can surpass very 
low phosphorus concentrations and might act as a phos-
phorus sink in oligotrophic environments [103], they 
might favor the development of Nanopelagicales popu-
lations, which are particularly well adapted to survive 
nutrient-limiting conditions [1, 15].

Considering the high global abundance of only a 
few Planktophila species (Fig.  1B), we analyzed their 
genomes to understand what advantages they might have 
over other related strains or genera. We could identify 
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some genomic traits present only in globally abundant 
Planktophila strains, while being absent in others. One 
factor was the repeated loss of the oxidative phase of the 
pentose phosphate pathway (ox-PPP) during the diversi-
fication of Planktophila species (Fig.  3; Suppl. Tables  6, 
12, 13). This has been previously reported for Plankt-
ophila species, except for P. dulcis and P. sulfonica, which 
were not abundant in the analyzed dataset; likewise, the 
pathway was absent in all Nanopelagicus isolates [3]. As a 
major consumer of glucose in the cell [104], the loss of ox-
PPP suggests the utilization of glucose in these microbes 
preferentially for energy production through glycolysis, 
tricarboxylic-acid (TCA) cycle, and electron transport 
chain (ETC), rather than in anabolic processes like the 
biosynthesis of ribose-5 phosphate, nucleotides, or eryth-
rose 4-phosphate for the production of various vitamins 
and aromatic amino acids [104–106]. The absence of this 
pathway was also reported for other abundant microor-
ganisms in oligotrophic environments, such as marine 
and freshwater SAR11 [107], implying that it could rep-
resent a common adaptation to nutrient limitations. 
Although the products of ox-PPP could be obtained from 
the surrounding microenvironment using ABC-type 
transporters for ribose (RbsABC), fructose (FrcABC), 
and xylose (XylFHG) (Fig.  3A; Suppl. Tables  12, 15), 
another concern might be that the loss of ox-PPP could 
lead to NADPH depletion in the cell. Indeed, some glu-
cose-6-phosphate dehydrogenase-deficient bacterial 
strains exhibit slower growth rates compared to wild 
types and an increased sensitivity to oxidative stress 
[108]. However, adding glucose to the medium redirected 
the carbon flow to the glycolysis and the non ox-PPP in 
an Escherichia coli ox-PPP knock-out mutant, while also 
enhancing the activity of the TCA cycle. This redirection 
resulted in a higher growth rate compared to the wild-
type strain [106, 108]. Other enzymes might compensate 
for NADPH regeneration, such as the malate dehydroge-
nase and the isocitrate dehydrogenase in the TCA cycle, 
or the NAD+ kinase, universally present in Planktophila, 
which catalyzes the conversion of NAD+ to NADP+, and 
it is essential for NADP+ and NADPH availability in the 
cell [108]. The redirection of carbon flow was experi-
mentally proven in different bacteria, and we therefore 
hypothesize that it is one of the metabolic adaptations in 
successful Planktophila and Nanopelagicus species. Nev-
ertheless, because the ox-PPP is also absent in the newly 
isolated genus Aquilimus and in IMCC26077 (Fig. 3), its 
loss alone might not be the only key to success. Another 
trait common to Planktophila species is the capacity for 
one-carbon interconversions. Specifically, serine/glycine 
hydroxymethyltransferase, an enzyme encoded in the 
genome of all Nanopelagicales isolates (Suppl. Table 13), 
catalyzes the reversible conversion between serine and 

glycine, generating one-carbon units via tetrahydro-
folate [109]. Importantly, the serine produced can be 
catabolized by serine dehydratase, encoded by several 
Planktophila members and the IMCC26077 isolate, into 
pyruvate [110], which is then converted to acetyl-CoA 
and enters the TCA cycle, thereby providing a mechanis-
tic link in which one-carbon metabolism can modulate 
the flux into central carbon metabolism. Additionally, it 
can be speculated that glutathione usage, which can be 
found in nanomolar concentrations in freshwater lakes 
[111], could act as a source of amino acids and sulfur to 
the same abundant Planktophila species. Although not 
many specific uptake mechanisms for glutathione have 
been characterized so far [112], several widespread ABC-
type transporters for oligopeptides/dipeptides, simi-
lar to those characterized in E. coli, might also perform 
this function [113] and be responsible for the import of 
glutathione into the Nanopelagicales cells (Fig. 3; Suppl. 
Tables 12, 15). Additionally, genes encoding for gamma-
glutamyl transpeptidases, which are typically involved 
in glutathione cleavage [113] and could provide the cells 
with an extra source of glycine, glutamate, cysteine, 
and therefore sulfur, were identified in some abundant 
Planktophila species, specifically P. vernalis, P. vulgaris, 
and P. landstejnensis. While the presence of these genes 
does not confirm expression or activity, their occurrence 
may suggest a potential role in providing additional sur-
vival advantages. Nonetheless, the fact that few Plankt-
ophila strains encode pathways for the biosynthesis of all 
20 amino acids could render them less dependent from 
functional cohorts than previously thought [114].

Core and pangenome analysis of 84 Planktophila 
strains (68 new from this study and 16 previously 
described ones [3, 23]) revealed a conserved core of 
736 genes and an open pangenome that reaches >6800 
genes (Suppl. Fig.  3B). The high difference between 
the core and pangenome suggests the existence of a 
wide variety of ecotypes, similar to the case of marine 
Prochlorococcus [115, 116]. Also, their high abundance 
in lacustrine environments and the co-occurrence of 
different species at the same time and place (Suppl. 
Table 6) probably creates a very large gene pool avail-
able for inclusion by mechanisms such as transfec-
tion or horizontal gene transfer, which is reflected in 
the extended GIs with intra- and interspecific distri-
bution (Fig.  4; Suppl. Table  17) and the almost ubiq-
uitous occurrence of the ComEF operon for natural 
transformation [117]. The detection of phages, poten-
tially infecting Nanopelagicales in metagenomes [68, 
118], and alongside Nanopelagicales SAGs [119], 
together with the recent isolation of Planktophila 
phages from the Římov Reservoir (Czech Republic) 
[120] supports the idea that these strains may have 
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acquired at least some of their genes from past viral 
infections, even though we did not find any complete 
prophages or genes for CRISPR-Cas systems in their 
genomes. These are not unique observations for Nan-
opelagicales, but rather widespread characteristic of 
oligotrophic, pelagic species (e.g., Pelagibacter, Fon-
tibacterium [29, 121]). Similar to SAR11, it was pre-
viously suggested that the high microdiversity and 
recombination frequencies account for large Nan-
opelagicales populations in freshwater environments, 
despite increased levels of viral predation [3, 120, 122]. 
The large number of Planktophila strains (n = 84) from 
33 species allowed a detailed analysis of metabolic 
microdiversification found in GIs (Fig. 4). GI4 encoded 
a variety of ABC-type transporters for sugars, amino 
acids, and oligopeptides, while GI1 encoded numer-
ous CAZys, especially GTs (glycosyltransferases) 
(Suppl. Table  17). Planktophila members alone also 
encoded for a vast variety of CAZy outside GIs (Suppl. 
Table  18). Although it is difficult to assess the sub-
strate specificity for most of the CAZy identified in 
the Nanopelagicales isolates [123], there are at least a 
few (CE15, CE7, CBM41, CBM91) which suggest that 
Planktophila members are capable to degrade and uti-
lize abundant plant polymers, such as lignin, cellulose, 
and hemicellulose [118, 124], to support their growth, 
giving them an advantage over other Nanopelagicales 
lineages that lack this CAZy repertoire. Addition-
ally, the respiratory nitrate reductase (NarGYIJ), the 
Nar two-component regulatory system, and the NarK 
nitrate/nitrite antiporters encoded in GI5 in P. vernalis 
(Suppl. Table 11), together with the presence of a for-
mate dehydrogenase, let us believe that the most abun-
dant and ubiquitous Planktophila species in freshwater 
ecosystems can tolerate periods of oxygen limitation 
by reducing nitrate to nitrite coupled with the oxida-
tion of quinols and the generation of a transmembrane 
proton gradient [125]. Moreover, GI1 and GI2 encoded 
for functions related to surface structures, such as the 
biosynthesis and modification of the cell wall, and for 
pilus assembly proteins. The evasion of ingestion and/
or digestion by flagellates [101], the exposure to high 
frequency of viral attacks, and the existence of large 
free-living populations suggest that Planktophila spe-
cies are following a constant-diversity evolutionary 
model [126]. Therefore, the variable genomic regions 
play at least two important roles in these pelagic popu-
lations: (i) they allow different, concurrent, but sub-
optimal lineages to exploit all available resources, and 
(ii) they help the population survive high phage pres-
sure by introducing diversity in phage recognition sites 
through modifications in the glycosylation patterns of 
pilus and cell wall surfaces [126].

Conclusion
We cultured and genome-sequenced 72 new Nanopelagi-
cales isolates from 20 locations, encompassing 24 new 
Planktophila species and four novel species of the here 
described Aquilimus genus, thereby largely increasing the 
isolated diversity of this abundant genome-streamlined 
freshwater group. By analyzing >1700 freshwater metage-
nomes, we demonstrated that P. vernalis and N. abun-
dans are the most ubiquitous and abundant cultivated 
Nanopelagicales species in freshwater lakes worldwide. 
In time-series analyses, both showed consistent tempo-
ral patterns, with two annual peaks corresponding with 
spring and autumn blooms, but the combinations of 
available nutrients and environmental conditions, par-
ticularly pH, could favor the dominance of one over the 
other. The metabolic adaptations that could contribute to 
the success of Nanopelagicales in oligotrophic conditions 
include the presence of rhodopsins and the loss of the 
oxidative phase of the pentose phosphate pathway, indi-
cating a strategic emphasis on energy production rather 
than anabolic processes. We further identified potential 
genomic traits that are linked to the ubiquity of some 
Planktophila strains (e.g., the presence of a respiratory 
nitrate reductase and nitrate/nitrite antiporters, suggest-
ing the ability of P. vernalis MKE-45 to survive hypoxic 
conditions). Generally, genes encoded in genomic islands 
account for a high metabolic microdiversification that 
probably enhances resource utilization and survival 
under high phage predation pressure. We also provided 
further evidence that the coexistence of Planktophila 
strains is linked to differences in their CAZy repertoire 
enabling niche separation within an ecosystem and tem-
poral coexistence. Overall, these findings reinforce the 
ecological significance of Nanopelagicales in freshwater 
ecosystems worldwide and their complex adaptations, 
contributing to a deeper understanding of their role in 
aquatic microbial communities. Importantly, while the 
results presented here are based on genomic analyses, the 
stable cultivation of these species will enable future stud-
ies of their physiology and allow testing of our hypoth-
eses, thereby enhancing our understanding of these key 
freshwater microbes.
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