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Abstract

Mixotrophic protists are capable of acting both as primary producers and primary consumers at the base of
the aquatic food web, thus constituting key organisms in ecosystems where they are abundant. However, their
identity, abundance, ecological dynamics, and biogeochemical impact in aquatic ecosystems remain under-
studied in comparison to classically demarcated autotrophs or heterotrophs. In this study, we make use of fluo-
rescently labeled prey and fluorescence-activated cell sorting to taxonomically identify actively-feeding
individual mixotrophic flagellates from lake water. Replicated experiments were carried out to assess the perfor-
mance of three different fluorescently labeled prey types and a fluorescent dye targeting food vacuoles. In the
experiments, water from an oligotrophic lake was exposed independently to each type of reporter and cells were
individually sorted based on fluorescent signals for predation and chlorophyll a. A total of 927 individual single
cells were successfully recovered, with all fluorescent reporters exhibiting high sensitivity for putative
mixotrophic taxa: overall, 87% of the occurrences could be assigned to dictyochophytes, 9% to chrysophytes,
and 3% to dinoflagellates. As a result, we were able to detect cryptic diversity within pedinellid algae and report
a Prorocentrum-like freshwater occurrence. We argue that this procedure can be a valuable tool to uncover rele-
vant and unexpected active mixotrophic species in a wider range of aquatic environments, and could easily be
coupled to other techniques to describe the finer details of the trophic status of aquatic microbial communities.

Mixotrophy, defined as the combined capacity for photo-
synthesis and prey ingestion, is a widespread nutritional mode
among aquatic planktonic protists, whether innate (constitutive
mixotrophy, Sanders and Porter 1988) or acquired (Stoecker
et al. 2009). Cases of acquired phototrophy by predatory
phagotrophs are well documented in planktonic ciliates,
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both in freshwaters and marine environments (Macek
et al. 2006; Schoener and McManus 2012; Johnson and
Beaudoin 2019), and in bloom-forming marine dinoflagel-
lates (Carvalho et al. 2008). Constitutive mixotrophy is well
established among freshwater chrysophytes (Bird and
Kalff 1986; Sanders et al. 1990) and cryptophytes (Tranvik
et al. 1989; Marshall and Laybourn-Parry 2002), and both
freshwater and marine haptophytes (Jones et al. 1994;
Granéli et al. 2012; Unrein et al. 2014) as well as dic-
tyochophytes (Gerea et al. 2016; Li et al. 2021).
Nonetheless, novel cases of mixotrophy have recently
been documented among marine raphidophytes (Jeong
2011), in an euglenozoan (Yamaguchi et al. 2012), a
prasinophyte (Maruyama and Kim 2013), a chlo-
rarachniophyte (Yoo and Palenik 2021) and, only from
environmental samples, several bolidophytes (Frias-Lopez
et al. 2009; Li et al. 2022). This, plus the proliferation of
reports revealing unexpected mixotrophic behavior in taxa
related to known mixotrophs (Jeong et al. 2005, within
dinoflagellates; Yoo et al. 2017, within cryptophytes;
Koppelle et al. 2022, within haptophytes) indicate that the
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taxonomic spread of mixotrophy is broader than previously
assumed, to the point that further exploration almost guaran-
tees novelty (Li et al. 2022).

However, the mere presence of a taxon known to be capa-
ble of mixotrophy might not be sufficient to assess the
mixotrophic status of the community at hand, since
mixotrophy can be a very dynamic functional trait where
functional potential will not necessarily reflect predation at
any given time. This is exemplified by cryptophyte algae,
which have been reported as active feeders (Tranvik
et al. 1989; Marshall and Laybourn-Parry 2002) but also
observed to rely exclusively on phototrophy even in pres-
ence of abundant prey (Isaksson et al. 1999; Blomqvist
et al. 2001). Furthermore, mixotrophic assignments may be
complicated when novel occurrences of mixotrophy are
reported, such as the contended reports of mixotrophic
activity in the green algae Micromonas spp. (Gonzalez
et al. 1993; Sanders and Gast 2012; McKie-Krisberg and
Sanders 2014), which is not mixotrophic (Wilken
et al. 2019; Jimenez et al. 2021).

These instances underline the relevance of selectively iden-
tifying actively feeding mixotrophs from natural samples.
Fluorescence-activated cell sorting (FACS) offers the poten-
tial to achieve this. Taking advantage of the combined fluo-
rescence of chlorophyll a (Chl a), inherent to the
mixotroph, with that of a reporter for prey ingestion, non-
fixed actively feeding cells can be identified and isolated
from a complex community sample in a high-throughput
manner. After cell sorting and retrieval, a taxonomic marker
can be amplified and sequenced to reveal the taxonomic
identity of each single cell. Wilken et al. (2019) demon-
strated the feasibility of the procedure when combining the
specificity of food vacuole staining (Rose et al. 2004;
Carvalho and Granéli 2006; Anderson et al. 2017) with Chl
a autofluorescence.

In this study, we extend their approach and test the
suitability and specificity of three different fluorescently
labeled prey surrogates (fluorescently labeled tracers
[FLT]), as reporters of microbial prey ingestion, to sort
actively feeding mixotrophs from a natural sample in
combination with chlorophyll fluorescence. We also
included a food vacuole reporter, LysoSensor Blue DND-
167, to compare FLT outcome to that of food vacuole
staining.

Table 1. FLTs used in this study.

Identification of feeding mixotrophs

Materials and methods

A detailed account of the material and methods can be
found in the Supporting Information “Extended Material and
Methods” section.

Sample collection and conditioning

The sample was collected on 15 October 2020 from oligo-
trophic, clear water lake Langsjon (60°1'58.5”N, 17°34'47.1"E,
Kd=0.52m™!). Water was retrieved from 1m depth
(T =9°C) and filtered on-site through a nylon mesh (42 ym
cut-off size) into a clean collection bottle. Upon arrival to the
laboratory (< 1h from collection) 1 liter of the sample was
transferred to a clean and autoclaved clear polystyrene bottle
and left incubating at 18°C and a photon flux of approxi-
mately 120 yumol s ' m~? (measured with a spherical sensor,
Biospherical Instruments QSL-100) under a 12-h photoperiod
during 7 d. This was done to stimulate microeukaryote cell
density in the sample so the experiment could be performed
within a reasonable timeframe.

Experimental set-up

To distinguish actively feeding mixotrophs from the rest of
the community, the pre-incubated lake sample was exposed to
four different feeding reporters in order to detect particle inges-
tion by chloroplast-bearing microeukaryotes: three of the
reporters were based on the use of FLTs and one additional
reporter was based on food vacuole staining by LysoSensor™
Blue DND-167 (Invitrogen). Each of the FLTs used in this exper-
iment (Table 1) represented a different type class: inert (chemi-
cally inert Fluoresbrite® YG polystyrene microspheres—BDS—
cat. no. 17154, Polysciences), dead (fluorescently labeled bacte-
ria [FLB]-derived from heat-killed cultured Escherichia coli cells)
and living (E. coli living cells expressing green fluorescent pro-
tein [GFP]). LysoSensor (LYS) is an acidotropic molecule that
fluoresces when protonated (pK,=15.1) and has successfully
been used to track food vacuoles by feeding microeukaryotes
(Carvalho and Granéli 2006). For each of the prey reporters,
small volumes of FLT suspensions (10-15 uL) were added to
20 mL fractions of the sample to a final density of 1.1-1.5-10°
FLT mL ™', and each fraction was incubated at 18°C during
40 min in the absence of light. After that time, 5 mL of each
incubation were fixed with an equal volume of freshly pre-
pared, ice-cold 4% formaldehyde in phosphate buffer saline
(PBS, incl. 0.85% NaCl, adjusted to pH = 7.5) and 5 mL were

Tracer Description Volume (um?3) Quality class
BDS Polystyrene microspheres, 0.98 ym 0.49 (CV 9%)? Inert

FLB Fluorescently labeled Escherichia coli cells 0.76 (CV 41%) Dead

GFP E. coli TOP10 pQE30-tGFP 0.72 (CV 48%) Living

“Based on 3% CV in diameter values declared by the manufacturer.
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placed on ice and taken to the sorter in the shortest possible
time. Ice treatment was necessary to arrest feeding behavior
during sample transportation to the sorter without compromis-
ing its cytometric detection (see Florenza and Bertilsson 2023
for further details on ice treatment). The fixed fraction was
meant to be further examined under the microscope to confirm
FLT ingestion within the double-positive (chlorophyll fluores-
cence and either FLT or LYS fluorescence) cytometric popula-
tion. For the food vacuole reporter, 20 mL fractions of the
sample were kept at 18°C in the absence of light during 30 min,
after which LYS was added (0.5 uM final concentration) and
incubated 10 additional min before placing 5 mL in ice prior to
sorting. All treatments were performed in triplicate. In addition,
one 20 mL fraction with no supplement of neither FLT nor LYS
was kept during 40 min under the same experimental condi-
tions (18°C, no light) and taken to the sorter to be used as nega-
tive control to establish the sorting gates. To profile the
taxonomic composition of the sample at the time of the experi-
ment, three 50 mL fractions were filtered onto 0.2 ym pore size,
25 mm in diameter polycarbonate (PC) membrane filters which
were subsequently frozen until DNA extraction.

Single-cell sorting

Cell sorting was performed with a MoFlo Astrios EQ
(Beckman Coulter) on 384 well plates. Sorting decisions were
based on the concomitant signal of chlorophyll autofluor-
escence and either FLT or food vacuole fluorescence (double
positives). The three prey types were detected using red vs
green fluorescence (640-671/30 height log vs. 488-530/40
height log). Food vacuole staining was detected by red vs. blue
fluorescence (640-671/30 height log or 355-448/59 height
log). For each sorting experiment, double-positive single indi-
vidual cells were directly deposited into 2 uL of lysis buffer
(0.5% Triton X-100 in 0.1 M Tris-HCI buffer). Plates were fro-
zen and kept at —80°C until further processing. To confirm
mixotrophy in the FACS double-positive population, 100 cells
from the fixed fractions of the 3 different prey reporters were
sorted in bulk onto no. 1 glass coverslips for microscopy to
confirm particle ingestion. The slides were examined at 1000 x
total magnification with a Nikon Eclipse E600 epifluorescence
microscope (Nikon) by simultaneously detecting FLT and
chlorophyll fluorescence (B-2A filter set, Nikon).

Lysis and whole genome amplification of sorted
single cells

Single cells in lysis buffer were thawed and incubated at
95°C for 1 min and briefly cooled down on ice before multiple
displacement amplification (MDA). MDA reactions were run at
30°C for 6-7 h in 10 uL volume and were monitored in real
time by detection of SYTO13 fluorescence. The single ampli-
fied genomes (SAGs) were stored at —20°C until further
processing. All the sequenced DNA originating from this col-
lection of isolates is from here on referred to as the single-cell
dataset.

Identification of feeding mixotrophs

DNA extraction from PC filters

DNA from biological material deposited onto filter surfaces
was extracted using the DNeasy PowerSoil Pro kit (Qiagen),
placing one filter per tube and following the manufacturer’s
instructions. All the amplified and sequenced DNA originating
from this extract is from here on referred to as the total com-
munity dataset.

Amplicon generation, library preparation, and Illumina
sequencing
Single-cell dataset

Diluted SAGs (30-40x) from the four different treatments
were run in 10 uL polymerase chain reactions (PCRs) targeting
the V4-VS5 regions of the 18S rRNA gene. The 574*f forward
and 1132r reverse primers were chosen to maximize the recov-
erable taxonomic breadth (Hugerth et al. 2014). To accom-
plish the level of intended multiplexing capacity using only
384 commercially available indices, the target-specific PCR1
primers were designed to have a 5-bp barcode specific for each
of the 4 treatments. This design enabled pooling of single-cell
reactions from the different replicated treatments prior (4-cell
minipools) to the index PCR to create a maximum of 4 x 384
barcoded combinations. Detailed barcode and primer sequ-
ences can be found in Supporting Information Table S1.
Single-cell minipools were prepared for sequencing with IDT
[Nlumina Nextera™ DNA Unique Dual (UD) index sets A-D
(IIumina) for unique dual indexing and further multiplexing.
The final pool was sequenced using [llumina MiSeq v3 PE
2 x 300 bp including a 10% Phi-X spike-in.

Total community dataset

A total of 6 uL of each extract were run in triplicate in
20 uL. PCRs using modified 574*f and 1132r primers, in this
case excluding the barcode sequence. Products of PCR1 tripli-
cates were pooled and purified using the Monarch DNA
cleanup kit (New England Biolabs) according to the manufac-
turer’s instructions. Index PCRs were carried out in 20 uL reac-
tions using the IDT Illumina Nextera™ DNA UD index set A
for combinatorial indexing and sample multiplexing. Tripli-
cate amplicon libraries were added to a bigger pool and
sequenced using Illumina MiSeq v3 PE 2 x 300 bp including a
5% Phi-X spike-in.

Read processing and annotation
Single-cell dataset

Raw sequences were demultiplexed based on Nextera UD
indexes, then quality filtered and further demultiplexed based
on treatment barcode by imposing matching barcodes on
both members of each pair. High-quality, fully demultiplexed
reads, distributed across 933 samples, were denoised using the
DADA2 algorithm (Callahan et al. 2016). Resulting amplicon
sequence variants (ASVs) were annotated using the classifier
implemented in DADA2. The PR2 Reference Sequence Data-
base version 4.14.0 (Guillou et al. 2013) was used as reference
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for assigning taxonomy. Taxonomic annotation was consid-
ered satisfactory when bootstrap support was 80 or higher at
genus level. Abundant variants that did not meet this require-
ment were annotated based on small subunit (SSU) rRNA
gene phylogenies (see below). To remove amplification noise,
low-abundance ASVs which were co-occurrent and highly sim-
ilar to other abundant ASVs were filtered out using LULU
(Freslev et al. 2017) and clustered into operational taxonomic
units (OTUs) at 97% sequence similarity using VSEARCH
(Rognes et al. 2016). The details and rationale for this proce-
dure can be found in the Supporting Information “Extended
Material and Methods” section.

Total community dataset

Raw sequences were quality filtered by cropping the reads
at the first uncalled position, if present (default behavior in
DADA?2), then retaining reads longer than 275 bp, and were
further denoised into ASVs. All steps were carried out within
the DADA2 R package. ASVs were clustered to 97% similarity
and annotated analogously to the single-cell dataset.

SSU rRNA gene phylogenies

The Ochrophyta SSU rRNA gene multiple sequence align-
ment (MSA) was built and manually curated based on unique,
high quality publicly available sequences (see Extended
Extended Materials and Methods for alignment details). The
final MSA consisted of 371 sequences, including the 18 OTUs
under scrutiny. Sequence identifiers and accession numbers
can be found in Supporting Information Table S2. All phyloge-
nies were constructed using RAXML version 8 (Stamatakis 2014)
implementing the GTR substitution model combined with the
CAT approximation of rate heterogeneity, invoking a rapid
bootstrap search (100 replicates) followed by a thorough ML
search on the given alignment.

Statistical analyses

The DESeq2 R package implementation of a generalized lin-
ear model based on the negative binomial distribution (Love
et al. 2014) was used to evaluate differences in the taxonomic
counts generated by each treatment. To visualize differences
in output among treatments, principal component analysis
(PCA) based on a regularized log2 transformation of the count
data (implemented within the DESeq2 package) was per-
formed. For the analysis of method specificity, false-positive
relative frequencies (fp) were calculated for each replicate as
the ratio between the number of potential false positives FP
and the total number of occurrences:

p="7 1)

and were averaged per treatment (ﬁ)). Statistical support for
differences among treatments was obtained by estimating
95% confidence intervals on bootstrapped pairwise ratios

Identification of feeding mixotrophs
(1000 bootstraps, Efron and Tibshirani 1994) of integrated
false-positive frequencies (6;):

.Y
TR 4
]

(2)

where FP; is the total number of potential false positives across
all replicates for treatment i, FP; its equivalent for treatment j,
N; is the total sample size across all replicates for treatment i
and N; its equivalent for treatment j. FP was tallied according
to two different scenarios: under the most exclusive scenario,
all cases where mixotrophy could not be unambiguously
established were considered false positives; under the most
inclusive scenario, all these cases were considered true posi-
tives. The actual frequency of false positives for each treat-
ment is assumed to lie in between.

Results

Taxonomic composition of the dataset

For our experiments, we FACS-sorted 1837 single events of
which 961 were successfully amplified into a sequencing
library (see Supporting Information Table S3 for the full
account per experiment and replicate). Upon sequencing and
after read quality filtration, 6.4 million paired short reads were
obtained, yielding a median 4676 reads per sorted event (see
Supporting Information Fig. S1 for frequency distributions of
number of reads per sample). Reads were denoised, filtered
based on sequence similarity and co-occurrence patterns
across isolates, further clustered at 97% identity, and taxo-
nomically annotated and curated to yield 34 high-quality
OTUs (annotation of all isolates is collected in Supporting
Information Table S4). We could successfully annotate
927 of all sorted events, of which 99% were identified as
belonging to either the Dictyochophyceae, Chrysophyceae,
Dinophyceae, Cryptophyceae or Prymnesiophyceae (Fig. 1A;
Table 2). All these groups include well documented examples of
mixotrophic lifestyles.

Dictyochophyceae vastly dominated the dataset, followed
at great distance by Chrysophyceae and Dinophyceae
(Table 2). Together, representatives of these classes added up
to 938 occurrences, making up for slightly more than 97% of
the total occurrences in the dataset. Three Cryptophyceae and
two Prymnesiophyceae completed the cases of potential
mixotrophic flagellates recovered from the sample. The
remaining fraction of the dataset (< 2%) was composed of anec-
dotal occurrences of taxa that are known to be unpigmented
(Supporting Information Table S5). These most likely represent
heterotrophic organisms that were physically associated with a
chlorophyll-bearing cell and responded somehow to our inges-
tion tracers (e.g., having ingested both FLT and pigmented
prey). Since these taxa are known to be incapable of photosyn-
thesis, they were not considered to be true mixotrophs and
thus represented false positives of the methodology.
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A Division B Division
Ochrophyta Ciliophora
E Dinoflagellata Ochrophyta
I:l Ciliophora Chlorophyta

. Cryptophyta

Choanoflagellida

Dinoflagellata
Cryptophyta
Cercozoa Cercozoa

Haptophyta

I:‘ Opalozoa
I:' Pseudofungi

Hilomonadea
Fungi

Opalozoa

Haptophyta

other

Class
Class S Bacillariophyceae
Dictyochophyceae Chrysophyceae
i Chrysophyceae Dictyochophyceae

Fig. 1. Relative abundance of taxa represented in the single-cell scoring positive for both Chl a fluorescence and prey ingestion (A) and the total com-
munity (B) datasets. The relative proportions shown in the plots are built according to the number of sorted single cells (A) or the total number of reads
(B) recovered per taxon. Taxonomic annotation at division and class levels follows PR2 taxonomy (Guillou et al. 2013).

Dictyochophyceae occurrences could be microscopically dictyochophyte OTUs, showed enough phylogenetic signal
characterized as mixotrophic. Chloroplast arrangements typical to be placed within pedinellids but were sufficiently diver-
of pedinellid dictyochophytes (Sekiguchi et al. 2003) were con- gent to any known SSU rRNA pedinellid sequence. There-
firmed upon microscopic examination of fixed cells that had fore, these OTUs represent molecular novelty within
been FACS-sorted in identical fashion as the rest of the sample mixotrophic pedinellids.

(Fig. 2; Supporting Information Fig. S2). To further refine The second most abundant group represented in the
sequence identity within the pedinellids for all sorted OTUs, single-cell dataset are the Chrysophyceae. In contrast to the
SSU rRNA gene phylogenies spanning the entire Ochrophyta Dictyochophyceae, none of the cells observed in the FACS-
phylum (and therefore comprising the Dictyochophyceae) were mediated microscopy preparations could be unequivocally
constructed, including all ochrophyte OTUs recovered in the identified as a chrysophyte, and thus microscopic support
single-cell dataset (Fig. 3). The phylogeny identified OTU_2 as of feeding and pigmentation could not be obtained for this
being closely related to two Pseudopedinella strains with very group. However, multiple independent events of pigmenta-
short branches and high bootstrap support, suggesting that this tion loss are well characterized throughout the chrysophyte
variant could represent a species resembling the Pseudopedinella phylogeny (Dorrell et al. 2019), and many cases of non-
genus. In addition, four OTUs formed two phylogenetically photosynthetic, leucoplast-bearing chrysophytes have
strong groups of sequences (OTU_1 with OTU_170, and been described (e.g., Paraphysomonas spp. or Spumella spp.;
OTU_11 with OTU_29), which may represent two members Lim et al. 1999; Boenigk et al. 2005; Grossmann et al. 2016).
from the same genus. These pairs, together with the remaining Accordingly, finer phylogenetic annotation was necessary to

Table 2. Putatively mixotrophic occurrences in the single-cell dataset, their frequency and their number of associated OTUs. Singlet
refers to a sorted event associated to a single OTU whereas doublet refers to an event where two different OTUs co-occur, in both cases
after read filtering and manual curation after taxonomic annotation (see “Materials and methods” section).

Number of occurrences

Class Total Singlets Doublets Fraction of the total* (%) Number of OTUs
Dictyochophyceae 817 783 34+ 84.9 9
Chrysophyceae 88 84 4% 9.1 9
Dinophyceae 33 5 28§ 3.4 1
Cryptophyceae 3 3 0 0.3 2
Prymnesiophyceae 2 2 0 0.2 1
Total 943 877 66 98.1 22

*Considering a total of 961 taxonomic occurrences distributed across 927 single sorted events (893 singlets and 34 doublets).
Of these, 2 occurrences are paired with another dictyochophyte, 2 with a chrysophyte, and 27 with a dinoflagellate.

*Of these, two occurrences are paired with a dictyochophyte and two with a dinoflagellate.

YOf these, 27 occurrences are paired with a dictyochophyte and 2 with a chrysophyte.
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Fig. 2. The two pedinellid morphotypes observed in the study. Upper
pictures: phase contrast. Lower pictures: epifluorescence micrographs
showing the chloroplasts in red and ingested 1-um fluorescent micro-
spheres in green. Scale bar: 10 um.

ascertain the mixotrophic nature of the retrieved chrysophyte
OTUs. The full Ochrophyte SSU rRNA gene phylogeny showed
that the chrysophyte occurrences in the sorted cells, although
accounting only for 9% of the total dataset, were very diverse
and spread throughout the class (Fig. 3). However, the difficulty
of assigning pigmentation to our sorted chrysophyte occurrences
was apparent in the tree: of all the OTUs, only 4 (OTU_3,
OTU_23, OTU_27 and OTU_65) could be determined as non-
pigmented with confidence, while the pigmentation of the rest
remained uncertain to varying degrees. Consequently, their iden-
tity as putative mixotrophs, although likely, cannot be attributed
with certainty. This was taken into account when the specificity
of each capture approach was analyzed (see below).

The third most abundant putative mixotrophic group is
represented by a single OTU (OTU_16, Table 2) annotated as
Prorocentrum sp. based on sequence similarity (>80% boot-
strap support). Interestingly, 85% (28 out of 33) of all putative
Prorocentrum occurrences were associated to a dictyochophyte
OTU (i.e., they formed doublets in a single sorting event,
Table 2). This high rate of co-occurrence could be explained
by Prorocentrum sp. feeding on the abundant pedinellids
(Fig. 1B), each doublet reflecting an occasion in which either
an FLT-fed pedinellid was recently ingested by the dinoflagel-
late or where the dinoflagellate had ingested both FLT and the
pedinellid. We considered these scenarios to be plausible
given the reported Prorocentrum spp. strong preference for algal
prey (Jeong et al. 2005; Johnson 2015). Therefore, since the
ultimate predator in such association would be Prorocentrum
sp., its doublets were considered as Dinophyceae singlets

Identification of feeding mixotrophs

when comparing the output of each of the methodologies
employed (see “Amplicon generation, library preparation, and
[lumina sequencing,” “Read processing and annotation,” and
“SSU rRNA gene phylogenies” sections).

Finally, three cryptophyte (OTU_47 twice and OTU_240
once) and two prymnesiophyte occurrences (both OTU_53)
completed the taxa that accounted for putative mixotrophs
captured with the method. Based on sequence similarity over
PR2 sequences, OTU_47 was identified as Cryptomonas curvata
(100% bootstrap support), while OTU_240 could only be anno-
tated with confidence to the order level (Cryptomonadales).
While some cryptophytes have been seen capable of pha-
gotrophy (Tranvik et al. 1989; Urabe et al. 2000; Marshall and
Laybourn-Parry 2002), the phagotrophic potential in some spe-
cies might be lost or not manifested (Isaksson et al. 1999;
Blomgyvist et al. 2001). Hence, the cryptophyte OTUs are con-
sidered to be of uncertain feeding behavior when comparing
tracer performance. OTU_53 was annotated as Chrysochromulina
parva based on sequence similarity (100% bootstrap support),
and thus affiliation to at least the genus was given as certain.
Chrysochromulina spp. are known to be mixotrophic algae
(Jones et al. 1994).

Comparison to sample background

SSU rRNA amplicon sequencing of the sample background
produced 88,100 reads that were quality filtered, denoised,
and clustered at 97% nucleotide identity to yield 368 OTUs.
The total community dataset was greatly dominated by
ciliates and diatoms, which together accounted for almost 75%
of the reads (Fig. 1B). The ciliate group was diverse
(Oligohymenophorea, 0.4%; Litostomatea, 1.7%; Prostomatea,
3%; Spirotrichea, 19; and Askenasia sp., 27%). Diatoms were
dominated by the genus Stephanodiscus, which accounted for
almost 19% of the total read count in the sample.

Putatively mixotrophic classes accounted for 18.6% of
the reads in the dataset. These included, in descending
order of abundance, chrysophytes (8%), dictyochophytes
(5%), cryptophytes (2.8%), dinoflagellates (2.8%), and
prymnesiophytes (1%). Therefore, at class level, no puta-
tively mixotrophic group was found in the total community
beyond those identified in the sorted cells. At sequence
level, only a few putatively mixotrophic variants were
recovered in the total community (5 dictyochophyte vari-
ants and 11 chrysophyte variants, Supporting Information
Figs. S3, S4) that were not represented in the 932 isolates.
These could represent either colorless taxa belonging to
those clades, mixotrophic algae not suitable for cell sorting
(e.g., colonial forms) or not feeding at the time of sampling,
or simply very scarce taxa (the median relative abundances
for those variants are <0.01%). Such cases are further
explored in the discussion section. Inversely, almost all
OTUs represented in the isolate dataset were represented by
sequences in the total community dataset (Supporting
Information Table S6), with OTU_240 as the sole exception
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Identification of feeding mixotrophs

with a single occurrence. Since each dataset had been gener-
ated independently, we thus find strong support that OTUs
associated to sorted cells corresponded to cells that were
originally present in the sample.

Effect of fluorescent reporter in taxa recovery

To test whether incubation with FLT types of different
quality could lead to differences in mixotrophic taxa recovery,
incubations with three different FLT types (fluorescent poly-
styrene microspheres, heat-killed fluorescently labeled E. coli
cells and living GFP-expressing E. coli cells, referred to as BDS,
FLB, and GFP tracers, respectively) were replicated three times.
In addition, three replicates based on food vacuole staining
with acidotropic stain LysoSensor Blue DND-167 (LYS
reporter, Carvalho and Granéli 2006) were also performed.

Based on the relative frequencies of recovered taxa at class
level, the main differences in output were seen between the
LYS reporter and all the FLT-based treatments, where all
the latter gave similar results (Fig. 4). In general, LYS differed
from all the other reporters by delivering a lower proportion
of OTUs of non-dictyochophyte origin. FLTs tended to deliver a
higher proportion of chrysophytes (10-11% on average for each
FLT, vs. 4% for LYS) and of Prorocentrum sp. (4-5% vs. 1%). Fur-
ther differences were observed in the proportion of non-
mixotrophic OTUs, where bacteria-based tracers (FLB and GFP)
returned 4%, whereas they represented 1% of the total occur-
rences for both BDS and LYS reporters. Only BDS and GFP ret-
urned multiplets (i.e., doublets, 2 and 3 respectively).

FACS-sorting cytograms of all sorted events (Fig. 5) showed
that the distribution of chrysophyte occurrences was skewed
toward lower values of chlorophyll fluorescence. The effect
was most obvious in Fig. 5B,C, where many chrysophytes
were located very close to the lower chlorophyll intensity
threshold (see Supporting Information Fig. S5 for sorting gates
and gating strategy, and Supporting Information Table S3 for
ratios of sorted events over total events recorded above the
chlorophyll intensity threshold).

Signs of predator preference were also seen within dic-
tyochophytes when comparing the relative abundance of
dictyochophyte OTUs among reporters (Supporting Informa-
tion Fig. S5). Clear examples of these were OTU_2
(Pseudopedinella sp.), which was overrepresented when sorting
based on microspheres (BDS); OTU_11, overrepresented when

Fig. 3. Phylogenetic tree of the 18S rRNA gene spanning the entire
Ochrophyta phylum with Bacillariophyta as the outgroup. Gray dots indi-
cate 75-90% bipartition bootstrap support, while black dots indicate sup-
port above 90%. OTUs captured in this experiment are highlighted in
bold letters. GenBank accession numbers are included in parenthesis. For
collapsed taxa, the number in parenthesis indicates the amount of
sequences that conform the group. The length of the polygon corre-
sponds to that of the longest branch of the collapsed subtree. Complete
sequence identity and GenBank accession numbers for all sequences can
be found in Supporting Information Table S2.
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Fig. 4. Pie charts showing the relative frequency of taxa recovered, at class, level, per fluorescent reporter and replicate. Reporters: 1 um fluorescent
microspheres (BDS), FLB from Escherichia coli cells (FLB), GFP-expressing E. coli cells (GFP) and food vacuole staining with LysoSensor Blue DND-167 (LYS).

sorting based on living prey (GFP); and OTU_29, almost absent
of any of the FLT treatments (recovered with LysoSensor
staining in 12 out of 14 total occurrences). These findings point
to cryptic ecological differentiation among closely related
pedinellids which merits further study.

Differential abundance analysis

To obtain further support for differences across reporters, a
differential abundance analysis of recovered taxa per reporter
was performed. For that purpose, a set of features were defined
at two levels, either taxonomic classes at broad level or OTUs
at fine level, and their abundances were modeled according to
the generalized linear model implementation in the DESeq2 R
package (Love et al. 2014).

At broad scale, significant differences (at 95% confidence or
lower) in taxon abundance were only found between the LYS
reporter and all the other tracers (illustrated in Fig. 6A). This
difference was driven exclusively by the dictyochophyte
occurrences, for which LYS was significantly enriched. This
confirms what could be intuitively observed based on relative
abundances in Fig. 4.

At a finer scale, differences among reporters driven by OTU
identity became more apparent, allowing the identification of
three reporter groups in the PCA space (Fig. 6B). Again, differ-
ences were mainly driven by dictyochophyte OTUs (which
was expected, since they were by far the most abundant occur-
rences), and partially confirmed what can be seen in
Supporting Information Fig. S5: the BDS tracer significantly
enriched for OTU_2 compared to any other reporter, and
OTU_29 abundance was significantly higher in cells retrieved
using the LYS reporter. However, no significant differences in
output could be seen for the two bacterial tracers (FLB and
GFP, grouped together along PC1), despite the apparent slight
preference of OTU_11 for living prey. Overall, all OTUs that

were recovered more than 5 times by any reporter were also
recovered by all the other reporters, with the only exception
of OTU_29, which is recovered 12 times by LYS, 2 by GFP,
and is absent from both BDS and FLB.

In general, differential abundances between treatments was
most apparent at class level when considering the choice in
the approach (either prey-based tracers or food vacuole
staining), while the choice of prey surrogate (microspheres
vs. bacterial types) influenced the outcome at higher resolu-
tion (e.g., OTU level). In any case, differences among reporters
were not critical for taxa recovery.

Mixotroph specificity

As discussed above, recovered OTUs known to lack pigmenta-
tion represent false positives. In turn, pigmented OTUs which
spuriously appear as feeding would also account as such. Since
five of the recovered chrysophyte OTUs are of unsure pigmenta-
tion (see above) and cryptophyte feeding behavior remains
uncertain, false positives delivered by each reporter were tallied
based on two scenarios: one in which all such OTUs were consid-
ered non-mixotrophic (most exclusive scenario), and one in
which they were all considered to be mixotrophic (most inclu-
sive scenario). The underlying relative frequency of false positives
(i.e., the number of false positives divided by the number of
occurrences, Eq. 1 in “Statistical analyses” section) was accord-
ingly considered to lie somewhere in between.

Regardless of scenario, the relative frequency of false posi-
tives averaged across replicates (ﬁ)) delivered by the LYS
reporter was significantly lower than that of any other reporter
(Fig. 7; Supporting Information Fig. S6). In addition, no signif-
icant differences were found in ﬁ) among FLT-based
approaches. The ﬁ) for FLTs was found to lie, on average,
between 14% and 10% (for most exclusive and most inclusive
scenario, respectively), while LYS ﬁ) was between 5% and 3%.
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Fig. 5. FACS-sorting cytograms showing all the sorted single cells when color-coded based on their taxonomic annotation at class level. Multiple occur-
rences (in white) refer to doublets not involving OTU_16 (Dinophyceae). Gray dots represent a subsample of events of the background population. Gates
and gating strategy to discriminate the mixotrophic population are found in Supporting Information Fig. S5. FL7, blue fluorescence following UV excita-
tion; FL17, green fluorescence following blue light excitation; FL32, red fluorescence following red light excitation. FL7 corresponds to food vacuole fluo-
rescence, FL17 to FLP fluorescence and FL32 to chlorophyll fluorescence. RFU, relative fluorescence units. Reporters are letter-coded as in Fig. 4.

Moreover, the larger spread of ﬁ) associated to the use of FLTs
denoted their higher susceptibility to false positives. LYS, in
contrast, delivered consistent results across replicates. Alto-
gether, we found that LysoSensor Blue was more specific,
robust and consistent than any prey-based reporter.

Discussion

In this study, we demonstrate that the combined signals of
a fluorescent proxy for prey ingestion and intrinsic chloro-
phyll autofluorescence can provide high specificity for

successful FACS-mediated recovery of individual actively feed-
ing mixotrophs from aquatic samples. Due to the single-cell
resolution and flow cytometry nature of the approach, we are
able to associate the taxonomic identity of a large number of
sorted cells to their fluorescent mixotrophic signature and
decipher the robustness of the mixotroph retrieval.
Consequently, this strategy represents a valuable alterna-
tive to uncover mixotrophic diversity and more broadly
describe microeukaryote novelty at genomic, taxonomic and
ecological levels. Nevertheless, the method is not devoid of
certain constrains and limitations, and therefore the outcome
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Fig. 6. PCA plots of regularized log-transformed count matrices of taxonomic
occurrences across reporter and replicate at class level (A) and OTU level (B).
Numbers next to each dot indicate the corresponding replicate. Reporters:
1 um fluorescent microspheres (BDS, yellow dots), FLB from Escherichia coli
cells (FLB, green dots), GFP-expressing E. coli cells (GFP, red dots) and food
vacuole staining with LysoSensor Blue DND-167 (LYS, blue dots).

should be interpreted with care. The approach is based on the
critical assumption that chlorophyll and concomitant reporter
fluorescence are a unique indication of mixotrophy, but that
might not be the case. Other phenomena of biological nature
might obscure the output of the methodology, such as
mutualistic interactions between a pigmented cell and an
opportunistic predatory host (see Stoecker et al. 2009 for a
well-documented collection of cases), multispecies successions
of kleptoplastidy (Anschiitz et al. 2022) or ingestion events in
which a colorless predator feeds indistinctively on autotrophic
and heterotrophic prey. In such instances, food vacuole or

Identification of feeding mixotrophs
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Fig. 7. Barplots showing false-positive average frequency per reporter
when calculated considering ambiguous occurrences as non-mixotrophic
(most exclusive scenario) or mixotrophic (most inclusive scenario). Error
bars represent the standard error of the mean. Lettered notation above
bars designates significantly different groups resulting from the estimation
of 95% confidence intervals from bootstrapped pairwise false-positive
ratios (@,7, Eq. 2 in “Materials and Methods” section). Reporters: 1 um fluo-
rescent microspheres (BDS), FLB from E. coli cells (FLB), GFP-expressing
E. coli cells (GFP) and food vacuole staining with LysoSensor Blue DND-
167 (LYS).

FLT fluorescence could coexist inside the same cell without it
being an indication of mixotrophy. This is well exemplified by
many of the occurrences collected in Table S5, but also by the
uncertainty around the chrysophyte occurrences. The evolu-
tionary incidence of pigmentation loss is in fact also high in
other ecologically important mixotrophic groups such as the
dictyochophytes or cryptophytes, and colorless members of
both have been shown to be avid bacterial grazers (Sleigh and
Zubkov 1998; Grujcic et al. 2018). This limiting factor is thus
prevalent within mixotrophic groups and could be inherent to
their mixotrophic nature, since it may be costly in evolutionary
terms to maintain the potential for parallel heterotrophic and
autotrophic nutrition (Raven 1997; Stoecker 1998). Microscopic
evidence of phagotrophy within sorted cells might therefore be
fundamental to validate claims of mixotrophy in novel OTUs
(Wilken et al. 2019).

Finally, the association of a particular microeukaryote to
FLT fluorescence might not indicate phagotrophy with abso-
lute certainty. Diverse physiological states of phytoplankton
cells, independent of phagocytosis, might involve the excre-
tion of polysaccharides that can confer stickiness to the cell
surface (Seymour et al. 2017). In this scenario, FLTs might
attach to non-feeding cells and therefore generate non-
phagocytic associations between cells and FLTs. For example,
Wilken et al. 2019 showed that cultures of non-phagocytotic
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Micromonas polaris displayed low but increasing associations to
FLTs with increasing time in absence of light, and attributed
increased cell stickiness to cell senescence. The impact of such
an issue is difficult to predict, but can arguably be expected to
be small: the incidence of such cases within the FLT-positive,
chlorophyll-positive population would be low when true
mixotrophs are present. If that is the case, non-phagocytotic
associations to FLTs would be represented in low numbers in
the final dataset. Therefore, caution is warranted when inter-
preting the feeding lifestyle of doubtful instances when recov-
ered in low frequencies.

Despite the possible influence of these obscuring factors,
we could show that the specificity of the methodology for
mixotrophic eukaryotes is high with worst-case occurrences of
false positives below 15% for all the reporters explored in our
study. Quantitatively, the frequency of all potentially obscur-
ing cases can therefore be expected to be low and thus their
impact small when actual mixotrophic taxa are present in the
sample.

Technical shortcomings of the methodology

Even when a FACS instrument is at hand, which might in
itself be a decisive constraint, the particle size that can be pre-
cisely sorted and isolated in a such an instrument has a rela-
tively low upper threshold. Typically, the maximum sortable
cell size dimension is recommended to be about one third of
the diameter of the sorting nozzle, and thus restriction in par-
ticle size is indispensable for an analysis like the one reported
here. In our case, the size cut-off applied in our experiment
was 40 ym (for a nozzle of 100 ym in diameter), effectively
excluding larger objects from our analyses. This necessary
threshold could, however, lead to overlooking larger ecologi-
cally important microeukaryotes, such as free-living mixo-
trophic oligotrich ciliates (Stoecker et al. 2009; Agatha and
Striidder-Kypke 2014) or colony-forming mixotrophic chryso-
phytes like Dinobryon sp. or Uroglena sp. (Bird and Kalff 1986)
known to be voracious bacterivores.

Once the cells are sorted, failure to lyse single cells can also
influence mixotroph underrepresentation in the resulting
dataset. Due to more or less elaborate structures encasing the
cells (green algae cellulose walls, dinoflagellate thecas, diatom
frustules, coccolith or organic scales in haptophytes, periplast
in cryptophytes, etc.), some cell morphologies will be inher-
ently harder to lyse than others. No universal lysis method
exists that is fully compatible with downstream enzymatic
reactions (Brown and Audet 2008; Lynn and Pinheiro 2009;
Woyke et al. 2017) necessary to amplify a taxonomic marker
of a single cell. In our experiments, 50% of the sorted events
failed to reach annotation, in most cases due to failure to
amplify the SSU rRNA gene. Whether this phenomenon is
driven by poor lysis efficiency alone is difficult to judge, since
the direct evaluation of single-cell lysis in microwells is not
practical. Nevertheless, failure to access the DNA of some of
the sorted events might indeed cause taxa to remain hidden.

Identification of feeding mixotrophs

Differences brought by the type of reporter

The choice of feeding reporter might itself introduce biases
in mixotroph recovery. Predator preference for certain FLT is
unavoidable (Landry et al. 1991; Boenigk et al. 2001; Ander-
son et al. 2017), while acidotropic probes have gathered some
concern about their specificity (Rose et al. 2004; Wilken
et al. 2019). Unavoidably, differences in the taxonomic profile
that result from the use of different reporters for prey inges-
tion are expected. As an example, overrepresentation of
chrysophytes when using FLTs compared to their recovery
seen when using LysoSensor could be explained by differing
predator preference for surrogate prey. In this case, chryso-
phyte affinity for big sized prey (which has been shown in the
past for Ochromonas strains, e.g., Chrzanowski and Simek
1990, Florenza and Bertilsson 2023) might be higher to that of
dictyochophytes, increasing the proportion of the former over
the latter when using FLTs. If so, this phenomenon would not
occur when using food vacuole treatment, because the relative
proportion of dictyochophytes to chrysophytes would not be
affected by FLT preference. Since many of the chrysophytes
reported represent false positives, LYS treatment, under this
scenario, might be driving slightly lower false-positive recov-
ery in our experiment.

Nevertheless, taking our investigation as a reference, the
variability introduced by the type of reporter employed seems
to be rather minor. Figures 4 and 6 show, when interpreted
jointly, that overall differences among reporters seen in our
dataset were driven by only a few taxa. The clearest divide was
observed between the strategy based on food vacuole staining
and those based on FLT and is driven by a reduced proportion
of OTUs associated with the methodological constraints out-
lined above. Some minor differences were observed between
the bacteria-based types (FLB and GFP) and the synthetic FLT
type (i.e., fluorescence microspheres), which seemed to be dif-
ferentially preferred by OTU_2. No significant differences were
observed between bacterial prey types, suggesting that the
quality of being dead or alive has little impact in the identity
of recovered taxa. Finally, most recurring taxa were to some
extent recovered by all reporters. Thus, in general, differences
among treatments, although consistent, appeared to be minor.
Therefore, we conclude and suggest that the impact of the
reporter is of secondary importance when the goal is to iden-
tify actively feeding mixotrophs in a sample, but caution
should still be taken when interpreting results quantitatively.

On food vacuole staining

Regardless of outcome, food vacuole staining delivers
greater performance to FLT treatment in terms of capture effi-
ciency, since it targets all feeding cells in the population,
whereas only a fraction of these will have ingested a FLT at
any given moment. As a consequence, faster sorting rates can
be achieved which, in turn, allow deeper screening of the sam-
ple per unit time. However, caution is advised when using this
kind of dyes since not only food vacuoles, but also other
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acidic organelles, are susceptible to be stained (see any of the
works just referenced). Hence, the potential risk associated to
such probes when used as reporter for ingestion is a higher
yield of false positives. To probe this assumption, food vacuole
staining was included in the overall comparison because
attempts to retrieve actively feeding mixotrophs from aquatic
samples based on such tracers have already been published
(Wilken et al. 2019). Hence, a comparison between the perfor-
mance of the FLT-based approach and that based on food vac-
uole staining was deemed to be of interest.

In our experiments, the use of LysoSensor Blue DND-167 is
not associated to a higher false-positive rate, but rather
accounted for the lowest false-positive rates among all
reporters tested. We speculate that the specific use of
LysoSensor Blue DND-167, rather than acidotropic probes in
general, might be responsible for this high specificity. For
instance, (Wilken et al. 2019) use the combined fluorescent
signals of chlorophyll and the acidotropic LysoSensor Yellow/
Blue DND-160 to target mixotrophs in marine samples in a
way analogous to our study. In this study they reported on
the recovery of diatoms, non-mixotrophic and thus spurious,
using this dye. However, LysoSensor Yellow/Blue DND-160 is
known to specifically stain silicon deposition vesicles (SDVs)
in diatoms (Shimizu et al. 2001). In contrast, to our knowl-
edge, no such conflicting affinity has been reported for
LysoSensor Blue DND-167, and in agreement with this we do
not recover any diatom OTU in our single-cell dataset despite
their high abundance in the total community (Fig. 1B).

Another common dye, LysoTracker Green DND-26, has
been used successfully as a tracer for ingestion (Sintes and del
Giorgio 2010; Martinez-Garcia et al. 2012), but nonetheless
shown spurious green fluorescence from photosynthetic, non-
phagotrophic Micromonas pusilla (albeit at very low intensities
when compared to heterotrophs, Rose et al. 2004) and non-
specific fluorescence in Dinophysis norvegica (Carvalho and
Granéli 2006). Furthermore, (Wilken et al. 2019) report the
same issue with diatom SDVs observed for LysoSensor Yellow/
Blue. Carvalho and Granéli (2006), however, did indeed report
food vacuole specificity for LysoSensor Blue in their study.

Combined, these results suggest that the food-vacuole spec-
ificity of LysoSensor Blue could be superior to that of
LysoSensor Yellow/Blue and LysoTracker probes. We acknowl-
edge, nonetheless, that LysoSensor Blue could still pose some
limitations that might not have been apparent in our study.
Given the obvious advantages of tracing ingestion based on
acidotropic probes (illustrated in this study and in all refer-
ences mentioned in the last paragraphs), a cross comparison
between the three dyes commented here, on a varied number
of organisms and combining cytometric and microscopic evi-
dence, would be valuable for gaining conclusive evidence in
this matter.

A final advantage in the use of LysoSensor Blue over
LysoSensor Yellow/Blue or LysoTracker Green is its compatibil-
ity with the use of fluorescein-stained FLTs like those

Identification of feeding mixotrophs

employed in our study. A three-color sorting strategy
(LysoSensor Blue, FLT and Chl a) could achieve enhanced
specificity for mixotrophy, since one ingestion reporter would
contribute to rule out the spurious cases associated to the
other. While it would affect sorting performance (delivering
low sorting efficiencies typical of FLT reporters), it would max-
imize the confidence in the assignation of feeding mode.
Hence, this would represent the most robust implementation
of the approach, provided that microeukaryote density is not
a severe limitation in the sample.

Overall, we demonstrate quantitatively that FACS-based
sorting of double positives for Chl a and an ingestion reporter
is a methodology capable of recovering actively feeding
mixotrophs from an environmental sample. As a result, we are
able to uncover cryptic diversity within pedinellid algae and
report a Prorocentrum-like freshwater occurrence. We therefore
believe this procedure represents a valuable tool to detect rele-
vant and unexpected active mixotrophic species in a wider
range of aquatic environments, and could easily be coupled to
other techniques to describe the finer details of the trophic
status of aquatic microbial communities.

Data availability statement

All sequencing data generated for this study have been
deposited in the European Nucleotide Archive (ENA) at EMBL-
EBI under accession number PRJEB55831. All cytometric data,
including metadata linking cytometric information to
sequencing output, are available at FlowRepository, Interna-
tional Society for the Advancement of Cytometry, under
experiment ID FR-FCM-Z6AT.
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