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Abstract

Heterotrophic nanoflagellates (HNF) are key players in marine microbial food webs, but their distribution remains
poorly understood. We investigated abundance patterns of eleven HNF lineages in the Baltic Proper from May to
September 2021 using Catalysed Reporter Deposition-Fluorescence In Situ Hybridisation (CARD-FISH). HNF were
most abundant in surface waters, where they reached above 12,000 cells mI™1 in May. Median cell size varied between
3.3-4.1 pm. CRY-1 cryptophytes, Marine Stramenopiles from MAST-2 lineage, and Kathablepharidacea dominated
the HNF community in surface and suboxic/sulphidic waters below the halocline. Our results make an important
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contribution to the understanding of HNF ecology in the Baltic Sea.
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1. Introduction

Balticis one of the largest brackish seas in the world. Unique
geographical conditions create steep horizontal and verti-
cal gradients of salinity, with profound consequences for

its inhabitants (Herlemann et al., 2011; Hu et al.,, 2016;

Telesh et al.,, 2011). Vertical salinity gradient, ranging from

7 to > 12 in the Baltic Proper, prevents deeper mixing of
the water column, creating hypoxic (oxygen concentra-
tion < 2 mg 171) to sulphidic zones below the halocline

at 60-80 m. The re-oxygenation of deep layers requires

inflows of saline, oxygenated surface water from the North

Sea that sinks and flows eastwards close to the bottom.
The presence of hypoxic zones is a natural phenomenon

in the Baltic but their area is expanding due to the decay

of intense, eutrophication-driven cyanobacterial blooms

(Zillén et al,, 2008).

Microbial food webs are a key component of pelagic
ecosystems. Bacteria process the majority of carbon fixed
by primary producers in the ocean (review by Azam and
Malfatti (2007)). In the Baltic Sea, this number ranges from
< 2% to 80%, depending on the time of year (Ameryk et
al,, 2005; Witek et al., 1997). Bacterial production is chan-
nelled to higher trophic levels mostly via heterotrophic
flagellated protists, with cell size 2-20 um (heterotrophic

nanoflagellates: HNF) that feed on bacteria while being
themselves prey for microzooplankton (Azam et al., 1983;
Azam and Malfatti, 2007).

HNF have almost no characteristic morphology: they
are small, oval cells with two flagella. Therefore, their di-
versity was unrecognized until the application of molecular
methods (Lopez-Garcia et al.,, 2001; Moon-van der Staay
etal,, 2001). The rapid development of high-throughput
sequencing techniques has accelerated our knowledge of
protist diversity in marine environments (de Vargas et al.,
2015; Guillou et al,, 2013; Tedersoo et al., 2024). In the
Baltic Sea, previously unreported groups have been discov-
ered (Mazur-Marzec et al., 2024). As in the case of larger
protists (Telesh et al., 2013; Telesh et al., 2011), HNF com-
munities were shown to be structured by environmental
gradients in the Baltic Sea, with salinity being the domi-
nant factor both at large and local scales (Hu et al., 2016;
Piwosz et al.,, 2018).

However, amplicon sequencing methods do not allow
for a deeper understanding of the HNF ecology beyond
community-level processes. Relative abundance from se-
quencing poorly corresponds with absolute cell numbers,
hampering research on the dynamics and trophic roles of
HNF (Piwosz et al., 2020). These limitations can be over-
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come by fluorescence in situ hybridization that combines
molecular methods with microscopy (Amann and Fuchs,
2008). Using specific probes that bind to rRNA in ribo-
somes, it is possible to visualize an HNF group of interest
under a microscope and, in doing so, quantify their abun-
dance, observe morphology and size, and even investigate
food vacuole content to decipher their trophic roles (Pi-
wosz et al,, 2021). This approach enabled identification of
seasonal dynamics and grazing preferences in previously
unknown groups in the coastal waters of the Gulf of Gdansk
(Piwosz, 2019; Piwosz and Pernthaler, 2010, 2011) and
Vistula Lagoon (Piwosz et al., 2016). However, the spatial
and vertical distribution of HNF in the Baltic Sea remains
poorly understood.

The aim of this study was to reveal the spatial and ver-
tical distribution of selected HNF groups in the open Baltic
Sea. We collected samples from five stations along depth
profiles, from the surface to the anoxic bottom waters in
early spring (May), summer (June, August) and early au-
tumn (September). We show that HNF community in early
spring is dominated by only five lineages, which may sug-
gest low-complexity microbial food webs. Moreover, for
the first time, we report HNF groups known from surface
waters to be present and active under hypoxic and anoxic
conditions.

2. Material and methods

2.1 Sampling

Samples were collected from the r/v Baltica during the
statutory cruises of the National Marine Fisheries Research
Institute on the following dates: 1-14 May 2021, 18-23
June 2021, 16-27 August 2021 and 13-28 September 2021
at five stations (Figure 1). Conductivity, temperature, and
depth were measured using arosette equipped with a set of
twelve 5-litre Niskin bottles and the Sea-Bird SBE 911plus
CTD probe. The sampling depths were selected based on
the properties of the water column: surface (0-1 m), ther-
mocline depth, halocline depth, oxycline depth and just
above the bottom (Figure 2). One bottle was taken and
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Figure 1. Map of the Baltic Sea showing location of the
sampling stations.
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sealed at each depth. When the depths of halocline and
oxycline overlapped, another sample was taken from the
depth that appeared interesting based on the vertical pro-
files, such as deep layers with decreased temperature and
increased oxygen concentration (Figure 2). These depths
were also used for oxygen measurements according to the
Winkler method (Grasshoffetal., 1983). Exact sampling po-
sitions and depths are provided at Zenodo (https://zenodo
.org/), DOI: https://doi.org/10.5281/zenodo.13945312.

2.2 Prokaryote abundance

10 ml of sample were fixed with particle-free formalin
(Chempur, Piekary Slaskie, Poland) to a final concentration
of 1%. The samples were stored in 15 ml polystyrene cen-
trifuge tubes at 4°C in the dark until further processing.
From 1 to 3.5 ml was filtered onto black polycarbonate fil-
ters (pore size 0.2 pm, diameter 25 mm, Isopore, Millipore,
Burlington, USA). Cells were stained with 4',6-diamidino-2-
phenylindole (DAPI) at a concentration of 1 mg L™ (Cole-
man, 1980) and counted at 1000x magnification under
epifluorescence microscopy (Zeiss Axio Imager.M2, Jena,
Germany) equipped with an LED illumination system Col-
libri 2 and a digital camera. Sixteen fields of view of area
14,130 um? were photographed at 353 nm excitation and
465 nm emission. ACMEtool3 programme was used to
count bacteria (Bennke et al,, 2016).

2.3 Heterotrophic nanoflagellates abundance

A 200 ml sample was fixed with 2 ml of neutral Lugol’s
solution and stored in brown glass bottles at 4°C in the
dark until further processing within a month. A day be-
fore filtration, particle-free formalin was added to a final
concentration of 1%. Subsequently, Lugol’s colourisation
was removed with 4 ml of 3% Na,S, 05, and samples were
stored at 4°C in the dark for 24 h.

From 10 to 50 ml of the fixed samples were filtered
onto white polycarbonate filters (pore size 0.8 um, diame-
ter 25 mm, Nucleopore, Whatmann, Maidstone, UK). Cells
were stained with 4',6-diamidino-2-phenylindole (DAPI) at
a concentration of 1 mg L™! (Coleman, 1980) and counted
under an epifluorescence microscope (Zeiss Axio Imager
M2) at 353 nm excitation and 465 nm emission at 1000x
magnification from 20 fields of view of area 14,400 umz.
This allowed to estimate the total abundance of nanoflag-
ellates, without distinguishing between heterotrophic and
autotrophic/mixotrophic cells. To assess the abundances
of HNF only, we conducted CARD-FISH hybridization with
general eukaryotic probe Euk516 (Table 1). Micropho-
tographs were taken at 353 nm excitation and 465 nm
emission for DAPI, 500/525 nm excitation/emission for
probe (Alexa488) and 655/667 nm excitation/emission
for autofluorescence of chlorophyll. Abundances of HNF
were estimated from the proportions of hybridized cells
that did not show chlorophyll autofluorescence. This ap-
proach allowed for the identification of small eukaryotic
cells, whose tiny nuclei can be confused with bacterial cells.
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Figure 2. Vertical profiles of temperature, salinity and oxygen concentration at the sampling stations in different

months.

2.4 CARD-FISH

150-190 ml were filtered onto white polycarbonate filters
(pore size 0.8 um, diameter 47 mm, Nucleopore, What-
mann), washed with 30 ml of MilliQ water, air-dried and

stored at —20°C until further processing within two months.

The CARD-FISH procedure followed the protocol described
in Piwosz et al. (2021). Table 1 lists the used probes, along
with their hybridization conditions. CARD-FISH prepara-
tions were initially screened under 400X magnification to
check the quality of hybridization and to identify samples
with a countable number of hybridized cells (minimum 5
cells on the whole filter piece of area 86.7 mm?). The se-
lected samples were counted at 1000 magnification from
images taken using Zeiss Axio Imager.M2 or manually us-
ing Olympus 50x. We used 353 nm excitation and 465 nm
emission for DAPI and 500/525 nm excitation/emission
for probes (Alexa488). At least 100 DAPI-stained cells
were evaluated in samples from the epipelagic zone, but in
deep water samples, this number was difficult to reach and
had to be lowered to as few as thirty cells in extreme cases.

Cell size was estimated by measuring cells hybridized with
the Euk516 probe from the photographs taken using a
Zeiss Axio Imager.M2 and the length tool in Zen Blue soft-
ware version 3.3 (Piwosz, 2019).

2.5 Design of Kath900 probe

We designed a new probe for Kathablepharidacea using
the Probe_desing tool in the ARB program (Ludwig et al.,
2004), as described in Piwosz etal. (2021). 1350 18SrRNA
gene sequences affiliated with Cryptista were retrieved
from PR2 database (version 5.0 (Guillou et al., 2013; Vaulot
et al, 2022)). Sequences shorter than 900 bp were re-
moved (756), and the remaining sequences (90% of which
were > 1500 bp) were re-aligned using the MAFFT online
tool with default options (Katoh et al,, 2019). The align-
ment was trimmed using clipKIT with default gappy param-
eter set to 0.9 (Steenwyk et al., 2020). Twenty-nine sites
(1.57% of the alignment) were trimmed, leaving 1817 sites
(887 parsimony-informative, 342 singleton sites, 588 con-
stant sites). The phylogenetic tree (Supplementary Figure
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Table 1. Probes used to target specific phylogroups of HNF. Temp - hybridization temperature. HB - formamide
concentration in the hybridization buffer, Time - duration of hybridization step.

Probe Target group Temp HB Time Reference

[l [%] (h]
Euk516 all Eukaryotes 35 20 3 (Amann et al.,, 1990)
Non_Bal none (negative control) 35 0 3 (Piwosz and Pernthaler, 2010)
Cerc02 Cercozoa 46 20 24 (Mangot et al., 2009)
CrypP1_680 CRY-1 lineage of Basal Cryptophyceae 35 40 3 (Piwosz et al., 2016)
Diplo516+C Diplonemea 35 55 3 (Bochdansky etal., 2017)
Kath900+C Katablepharideacea 35 55 3 this study
Kin516+C Kinetoplastea 35 55 3 (Bochdansky and Huang, 2010)
MAST6 Sub-group II of MAST-6 35 35 3 (Piwosz and Pernthaler, 2010)
NS1A-C MAST-1 46 30 3 (Massana et al.,, 2006b)
NS2 MAST-2 46 30 3 (Massana et al., 2006b)
NS3 MAST-3 46 60 3 (Massana et al., 2002)
NS4 MAST-4 46 30 3 (Massana et al., 2002)
NS7 MAST-7 35 40 3 (Giner et al., 2016)

Table 2. Sequences of the newly design probe and competitors, with information of the target group and the number of
weighted mismatched (WM) based on the Test Probe online tool on Silva resource (Pruesse et al.,, 2007).

Probe/competitor 5'-3' sequence Target group/sequence WM

Kat900 (probe) ATAAACGCCCCCAACTATCC Katablepharideacea 0.0

Kat900_C1 ACAAACGCCCCCAACTATCC ]Q996378 0.2

Kat900_C2 ATTAACGCCCCCAACTATCC GU810144 1.1

Kat900_C3 ATGAACGCCCCCAACTATCC EF526832 1.1

Kat900_C4 ATAAATGCCCCCAACTATCC AF420478 1.5
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Figure 3. Vertical profiles of abundance of (A) all prokaryotes and (B) heterotrophic nanoflagellates at the sampling
stations in different months.

S1) was calculated in 1Q-tree with TN+F+1+G4 model auto-  tion, log file from the 1Q-tree and the tree file in Newick
matically selected based on Bayesian Information Criterion ~ format are available as Supplementary Files 1-3. The align-
(Minh et al., 2020). The alignment used for tree construc- ment and tree were then imported into ARB software and
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the probe was designed using the build-in Probe_design
tool (Ludwig et al.,, 2004).

The newly designed probe Kath900 binds in the range
of IV (900-910) and I (910-920) brightness class (Behrens
etal,, 2003). It matches more than 90% of all target se-
quences in the PR2 database (version 5.0) and four untar-
geted sequences from organisms that can be easily differen-
tiated based on morphology: a dinoflagellate Alexandrium
(uncultured: JN098197), two animals (uncultured Proto-
stomia: KJ925380 and K]J925366), and one uncultured
Syndiniales group I (DQ386739). There were also four se-
quences to which the probe had one mismatch (JQ996378,
GU810144, EF526832, AF420478), for which competitors
were designed (Table 2).

The hybridization conditions were initially tested in
silico using the mathfish online tool (http://mathfish.cee
.wisc.edu/, accessed on 17 November 2021). The results
suggested that the optimal concentration of formamide in
the hybridization buffer is 45% for hybridization at 35°C
(Supplementary Figure S2), and that the use of competitors
decreases hybridization efficiency at most to 0.75 (Supple-
mentary Figure S3). The probe was further tested with
formamide concentrations ranging from 45 to 70% with
increasing step of 5% at 35°C. Approximately 200 DAPI-
stained cells were counted for each condition (Supplemen-
tary Figure S4). The samples hybridized with 45 and 50%
formamide displayed overly saturated signals from cells
with variable cell sizes and shapes, which suggests non-
specific binding. The samples hybridized with 55% for-
mamide displayed a much higher signal-to-noise ratio and
very low background fluorescence. The cells were far eas-
ier to quantify and easily distinguishable from unspecific
signals and showed more uniform, spherical morphology.
At higher formamide concentrations, we observed a de-
crease in fluorescence signal intensity until it diminished
at 70% formamide. Based on these results, we decided
to use 55% formamide at 35°C for further experiments
(Table 1).

2.6 Data availability
All data presented in this work are available at Zenodo
(https://zenodo.org/), DOI: 10.5281/zenodo.13945312.

3. Results

3.1 Hydrological conditions

The water column at all stations was well mixed in May,
with constant temperature, salinity and oxygen profiles
down to 50-70 m (Figure 2). The temperature was < 6°C
at stations in the open waters, except for IBY5 (Bornholm
Basin) and 2Gd (Gulf of Gdansk), where it was around 7°C.
Salinity was > 7.5 at all the stations except for 2Gd, where
it was 7. The water column was well oxygenated until
thermocline and halocline, which formed below 50 m at
IBY5 and 70 m at all the other stations. One meter above
the bottom salinity ranged from > 10 to 16, water was
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Figure 4. Size distribution of HNF in different months and
depths.

warmer (> 8°C), and oxygen concentrations dropped to
< 1mgl™! (Figure 2).

The conditions below 20 meters were stable through-
out the remaining months, with anoxic water above the
bottom (Figure 2). As the shallower water heated, a ther-
mocline started to form in June, with temperatures grad-
ually decreasing from about 16°C in the surface layer to
< 7°C below the thermocline (about 25 m at IBY5 and 20 m
at other stations). Thermocline was well developed in Au-
gust, with the mixed layer reaching about 17°C in open
waters and even exceeding 20°C in the Gulf of Gdansk (sta-
tions 2Gd and G2) down to 20-30 m. Temperatures in the
mixed layer decreased again to 17°C in September. Salinity
was relatively stable in the mixed layers, with values > 7
at all the stations in all the months. Oxygen concentration
was > 7 mg1~! in June and ranged from 5.9 to 6.5 mg 17!
in August and from 6.0 to 7.3 in September.

Thermocline was between 25-30 m from June to Sep-
tember. Winter water masses from the previous season
formed 25-50 m thick layer between the thermocline and
halocline, with the coldest temperature and highest oxygen
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concentration. Halocline and oxycline often overlapped.
Water 1 m above the bottom was anoxic or even sulphidic
in summer months, with salinity ranging from 10 to 16
and temperatures between 5-10°C (Figure 2).

3.2 Abundance of prokaryotes and heterotrophic nano-
flagellates

Prokaryote abundance in May did not exceed 10° cells
ml~! and varied little with depth, except for an increase
just above the bottom at station 2Gd and IBY5. In other
months, the vertical distribution showed an interesting
pattern with a minimum at the halocline and much higher
numbers in the surface and bottom waters (Figure 3A). The
abundance in the surface was higher (1.5-2.0 x 10° cells
ml~1) than in the bottom layer (0.6-2.3 X 10° cells ml™1).
The prokaryote abundance was the lowest at halocline,
where it ranged from 0.3 to 1.2 X 10° cells m1~1.

In contrast to prokaryotes, HNF abundance was the

highest in May, especially in the Gulf of Gdansk (stations
2Gd and G2), where it reached > 12 X 103 cells ml™! in
the surface layer (Figure 3B). HNF were less abundant
(< 5,000 cells ml~1) throughout the entire water column
in other months at all stations, except for a maximum of
about 8,500 cells ml~? at station RS2 in June. Interestingly,
at that time there was no conspicuous difference between
HNF abundance in the mixed layer and below the halocline
in the anoxic waters.

3.3 Size distribution of HNF

80% of HNF were smaller than 5 pm, and picoplanktonic
HNF (< 3 um) made up > 37% of all HNF (Figure 4). Only
2% of HNF were larger than 10 pm. Size distribution did
not follow the Gauss curve even after logarithmic trans-
formation. This was especially evident in May above the
halocline, where distribution was bimodal (2-3 pm and
4-5 pm, number of observations N = 1341). At halocline,
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a second mode included larger cells (5-6 um). The size
distribution became unimodal in deeper waters, with a
median of about 4 um at the oxycline and at 1 meter above
the bottom (Figure 4). Similar patterns were observed in
June and August, when cells showed bimodal distribution
in surface layers and higher contribution of larger cells
with depth below halocline, with an increasing median
size from 3.3 pm in June (N = 1226), 3.5 um in August
(N =1289) to 4.1 um in September (N = 1133).

3.4 Abundance of specific HNF groups
We studied the abundance of eleven groups of HNF known
to be abundant in freshwater (cercozoa from Novel Clade
2, CRY-1 cryptophytes, kathablepharids, kinetoplastids),
brackish (MAST-7, MAST-6) or marine (MAST-1, MAST-2,
MAST-3, MAST-4, diplonemids) environments (Table 1).
Only five of these groups (MAST-1, MAST-2, MAST-4, CRY-1
and kathablepharids) were detected at higher abundances,
and only three (MAST-2, CRY-1 and kathablepharids) con-
tributed more than 20% to the total HNF numbers (Fig-
ures 5, 6). The other groups were represented only by a
few cells detected during screening at lower magnification,
indicating that their contribution to HNF abundance was
< 0.1%. Photographs of the most abundant groups are
shown in Figure 7.

Bacterivorous HNF from MAST-1 and MAST-4 lineages

were most abundant in May: MAST-1 reached an abun-
dance of about 1000 cells ml~! at stations G2 and 2Gd,
while MAST-4 reached up to 2000 cells ml~? at station 2Gd.
Their abundances were close to zero in the remaining sam-
ples.

CRY-1 cryptophytes contributed the most to the HNF
abundance across all depths, samples and months, making
up to 50%, and even almost 75%, of all HNF (Figure 5).
Their contribution increased over the season, with the low-
est levels in May and the highest in September. However,
their absolute abundance was the highest in May in the
Gulf of Gdansk (stations 2Gd and G2) when they reached
almost 5,000 cells ml~1 in the layer above 20 m (Figure 6A).
Except for these peaks, CRY-1 abundance was < 1,000 cells
ml~!. Interestingly, their vertical distribution varied be-
tween stations and months, with maxima found in deeper,
more saline and less oxygenated or even anoxic waters
just above the bottom, as observed at station RS2 in June
(Figures 5, 6A).

Kathablepharids contributed most to the HNF abun-
dance in May, when they made up around 25 to 50% of
HNF at all stations except for IBY5 (Figure 5). Their con-
tribution was generally constant along the depth, with a
maximum of 50% (> 1,600 cells ml~1) at 79 m at station
2Gd. However, their abundance varied substantially (Fig-
ure 6B). reaching maxima of over 3,000 cells ml~! in the
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Figure 7. Microphotographs of protists hybridized with
CARD-FISH. (A) a cells of heterotrophic cryptophytes from
CRY-1 lineage (green) ingested by an unknown protist
(blue); (B) a kathablepharid cell (green) next to two
unknown protists (blue); (C) a cell of the MAST-2 stra-
menopile (green) with an ingested picoplankonic algae
(red); (D) two cells of MAST-4 stramenopiles (green) on a
particle (red with blue dots). The white bar is 5 um wide.

Gulf of Gdansk (stations 2Gd and G2) in the surface layers.
Their contribution was much lower in June, up to 11% at
the oxycline of station 2Gd and halocline of station IBY5.
Nevertheless, the highest abundance in June (300 cells
ml~1; 4.4% of all HNF) was observed in the surface layer at
station G2. In August and September, their abundance and
contribution to HNF numbers was close to the detection
limit of 0.1%.

MAST-2 were the most abundant in the surface waters
above the thermocline and were generally absent from
more saline waters with lower oxygen concentrations, ex-
cept in September at station RS2, where they contributed
almost 50% of all HNF at oxycline (Figure 5). They were
most abundant in May, when they reached around 6,000
cells ml™? in the surface layer (Figure 6C). Their contribu-
tion was also high in June, especially in the Gulf of Gdansk
(stations 2Gd and G2), where their contribution reached
50-75% in the mixed layers, with abundance exceeding
3000 cells ml~*. MAST-2 were less abundant in August and
September in surface layers (< 20% and < 150 cells ml™;
Figures 5 and 6C).

4. Discussion

Protists are a key component in all Earth habitats, where
they play diverse roles as primary producers, parasites,
and grazers (Worden et al.,, 2015). Unveiling their hidden
diversity was made possible thanks to the development of
high throughput sequencing methods, which expanded our
knowledge about their ecology (de Vargas et al., 2015; Mas-
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sana et al., 2015). Nevertheless, a deeper understanding
of their distribution, especially along depth gradients and
in anoxic waters, is still missing. In the Baltic Sea, where
prokaryotic community profiles along horizontal and verti-
cal salinity gradients have been well investigated (Bergen
et al,, 2014; Herlemann et al,, 2011, 2014), studies of pro-
tists substantially lag behind, and almost no information
is available on the diversity of heterotrophic nanoflagel-
lates below the euphotic zone (Mazur-Marzec et al., 2024).
Moreover, most information comes from amplicon-based
sequencing studies, which do not provide an abundance
data for the different groups (Piwosz et al,, 2020). Here,
we contributed to closing this knowledge gap by investi-
gating the abundance of 11 HNF groups at 5 stations from
the surface to the bottom during four months of the most
productive season (May-September).

High throughput sequencing and barcoding of environ-
mental DNA provided unprecedented insights into the di-
versity of microorganisms in all environments (del Campo
et al, 2018; Thompson et al., 2017). Although this ap-
proach provides invaluable information about community-
level processes (Logares et al., 2013; Santoferrara et al,,
2020; Villarino et al.,, 2018), it fails to provide details on
the abundance, morphology or trophic roles of detected
groups. This limitation can be overcome by CARD-FISH
methods but it requires design of nucleotide probes, which
is not always possible (Piwosz et al., 2021). Here, we de-
signed and optimized a new division-level probe for Kath-
ablepharidacea (Supplementary Figure 1). Its specificity is
very high, and non-target hits are from organisms with very
different morphology. The probe matches sequences affili-
ated to other Cryptista, such as Goniomonas, with a mini-
mum of two weighted mismatches, for which hybridization
is unlikely to occur. The application of our new probe en-
abled us to obtain reliable information on the abundance of
Kathablepharidacea in the Baltic Sea. Its broader use could
enhance our understanding of these important microbial
grazers in other habitats (Grujci¢ et al., 2018; Mukherjee
etal, 2024).

The size distribution of the HNF community affects the
structure of the food web. In general, size variance is small
within a nanoflagellate species, while multimodal distri-
bution is representative for multispecies assemblages (Pi-
wosz, 2019). For instance, bacterivorous HNF are mostly
picoplanktonic (< 3 pm) (Jiirgens and Massana, 2008),
while larger HNF may be omnivorous or predatory (Gru-
jci¢ et al,, 2018; Piwosz et al., 2021; Piwosz and Pernthaler,
2011). A bimodal size distribution at depths above the
oxycline (Figure 4) indicates higher microbial food web
complexity in oxygenated water compared to hypoxic or
anoxic conditions, where HNF are less abundant (Figure 3),
and dinoflagellates and ciliates are the main bacterivores
(Anderson et al., 2013). This interpretation is confirmed
by HNF community composition, which was dominated by
groups with different trophic roles in microbial food webs
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(Figures 5 and 6): bacterivorous MAST-1, MAST-4 and the
CRY-1 lineage of cryptophytes, omnivorous Kathablephar-
ids and predatory MAST-2 (Grujci¢ et al.,, 2018; Massana et
al,, 2006a).

An increase in HNF size and unimodal distribution in
September may suggest a greater importance of omnivo-
rous HNF towards the end of the season, as bacterial pro-
duction decreases (Ameryk et al.,, 2005). Nevertheless,
bacterivores remained an important part of the HNF com-
munity, as evidenced by the high contributions of CRY-1
cryptophytes at all stations (Figure 5).

Out of eleven studied HNF lineages, three groups con-
stituted the bulk of HNF abundance over the investigated
period: the bacterivorous CRY-1 lineage of cryptophytes,
omnivorous Kathablepharids and predatory MAST-2. This
was especially evident in May, when their combined contri-
bution to total HNF abundance was up to 100% at certain
depths (Figure 5). Considering the vast diversity of pro-
tists, especially in surface waters (Hu et al., 2016; Piwosz et
al.,, 2018; Telesh et al., 2013), this was an unexpected find-
ing. In contrast, the abundance diplonemids and kineto-
plastids, two groups suggested to be key players in the deep
ocean (Flegontova et al., 2016, 2018) were at the detec-
tion limit. These studies drew their conclusions based on
amplicon sequencing, which is known to correlate poorly
with actual abundances observed through microscopy (Pi-
wosz et al., 2020). Moreover, marine diplonemids encode
multiple divergent copies of 18S rRNA genes, which may
inflate their contribution to amplicon reads (Mukherjee
et al,, 2020). Diplonemids were also found rare in deep
freshwater lakes (Mukherjee et al., 2020), indicating that
their environmental importance may have been overesti-
mated. On the other hand, HNF abundance varies season-
ally and their dynamics is very high (Kavagutti et al., 2023;
Piwosz and Pernthaler, 2010), thus it cannot be ruled out
that groups found to be rare here may be more abundant at
other time points. For instance, kinetoplastids were shown
to dominate in autumn in the oxygenated hypolimnion of
a deep lake (Mukherjee et al., 2015). More frequent sam-
pling campaigns are needed to fully decipher dynamics of
HNF in the Baltic.

The abundances of prokaryotes and HNF generally de-
creased with depth (Figure 3). Such pattern of vertical
distribution and the abundances has been previously re-
ported for the Baltic Sea, where oxygen concentration is
the key variable for structuring microbial communities
(Anderson et al., 2012, 2013; Weber et al,, 2014). Inter-
estingly, high contributions (> 20%) of kathablepharids
and CRY-1 cryptophytes were observed not only in well
oxygenated waters above the halocline, but also in hypoxic
and anoxic waters near the bottom (Figures 2 and 5). This
unexpected finding could be explained by the detection
of cells sinking to the bottom (Figure 7D). However, this
explanation is rather unlikely. Sinking velocities of flagel-
lates reach up to a few centimetres per day (Lapoussiére
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et al,, 2011), meaning it would take an HNF cell about a
year to sink from the surface layer to the bottom. This is
much longer than the degradation time of microbial cells,
which is measured in days (Strom et al., 1998). Because
CARD-FISH probes bind to ribosomes and visualisation
is only possible if these organelles are abundant in cells
(Amann and Fuchs, 2008), dead, sinking cells would not
have enough rRNA to allow for efficient hybridization to
produce high fluorescence signals (Lim et al., 1999). An
alternative explanation is that those signals came from
species adapted to hypoxic or anoxic conditions. Kath-
ablepharids and cryptophytes were found in deep-ocean
samples (Schoenle et al., 2021) but were not detected in
sulphidic waters of the Baltic and Black Seas (Wylezich et
al,, 2018; Wylezich and Juergens, 2011). Certainly, more
research is needed on prostist ecology in oxygen deprived
environments.

5. Conclusions

Here, we studied the vertical distribution of diverse groups
of heterotrophic nanoflagellates (HNF) in the Baltic Sea
in the productive season (May-September). We showed,
for the first time, that lineages known from oxygenated
waters are present in hypoxic and anoxic waters below
the halocline. Based on size distribution and direct micro-
scopic observations of multiple trophic roles in different
HNF groups, we provided support for a recently amended
model of food web interactions within the nanosized frac-
tion (Piwosz et al.,, 2021). Finally, we designed a new probe
for Kathablepharidacea.
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