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Application of fluorescence-activated cell sorting in the study of
functional groups of microalgae

WANG Ying", LI Qian', XU Jie?, SUN Wei’, JIANG Haixia®"

1 School of Oceanography, Shanghai Jiao Tong University, Shanghai, China
2 Core Facility and Technical Service Center, School of Life Sciences and Biotechnology, Shanghai Jiao Tong
University, Shanghai, China

Abstract: [Objective] Mixotrophy that combines phototrophic autotrophy and phagotrophic
heterotrophy is widespread among unicellular eukaryotic microalgae and plays a key ecological
role in energy flow within food webs and in elemental biogeochemical cycles. However,
identifying and characterizing mixotrophic microalgae in natural waters remains technically
challenging. Improving current approaches to accurately reveal the diversity of mixotrophic
microalgae is an urgent task in this field. [Methods] Fluorescently labeled prey surrogates and
feeding experiments were employed to trace phagotrophic microalgae within plankton
communities. Target organisms were captured at the single-cell level through fluorescence-
activated cell sorting (FACS), followed by multiple-displacement amplification (MDA) and
18S rRNA gene sequencing for taxonomic identification. On the basis of this FACS-MDA
workflow, we established a methodological framework for studying the functional groups of
microalgae. [Results] Applying this approach to multiple freshwater and seawater samples from
China, we identified twenty phagotrophic microalgal species belonging to six classes and twelve
genera, as well as heterotrophic consumers representing one class and three genera, demonstrating
the robustness and broad applicability of this method. [Conclusion] This study applies the
combined FACS-MDA technology to the identification of functional groups of microalgae in
natural water bodies. The established technology has broad application prospects in microbial
ecology. It enables deeper insights into the functional diversity and in situ feeding activities of
environmental microalgae.

Keywords: fluorescence-activated cell sorting (FACS); single cell; whole genome amplification;
mixotrophy; microalgae
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Figure 1  Gating based on pure culture algal strains and fluorescent microsphere control groups, as well as
defining the threshold of fluorescent signals. A—-B: Gating of positive chlorophyll fluorescence signal of PerCP-
Cy5.5-A (shaded area) using algal cultures of Prymnesium parvum (A) and Amphidinium carterae (B); C: Gating
of positive prey fluorescence of FITC (shaded area) using 1.0 pum green fluorescence beads (The small boxes on
the left-bottom corner of each panel denote noises); D — F: Fluorescent microscopic images demonstrate the
fluorescent intensity of the algae and fluorescent beads used for the gating in panel A—C (Note that panel F is a
mixture of 1.0 um and 0.5 um-sized beads; The shaded areas in panels A—C represent positive PerCP-Cy5.5 and
FITC fluorescent signals, used to distinguish populations of microalgae and fluorescent beads, respectively). All

scale bars in D-F are 5 um.
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Table 1 Station coordinates (latitude and longitude), abundance proportion of mixotrophic microalgae relative
to total microalgae, and total microalgal abundance (euks)
Habitat Station/Season Latitude (N) Longitude (E) Mixo (%) Euks (cells/mL)
SCS-inshore SCS-28 21.7° 113.1° 2 2.6x10*
SCS-46 22.2° 113.7° 1 5.8x10*
SCS-51 22.7° 113.7° 1 2.2x10°
Inshore-offshore transit ~ SCS-36 20.7° 113.4° 25 7.3x10*
SCS-J1 18.0° 110.0° 17 1.0x10°
SCS-offshore SCS-J7 18.0° 113.0° 19 2.0x10%
SCS-J19 18.0° 119.0° 33 9.3x10?
SCS-D40 16.0° 116.0° 28 1.0x10°
Lake Spring 31.0° 121.4° 5 2.6x10*
Summer 12 6.9x10°
Autumn 1 5.2x10°
Winter 22 8.8x10°

SCS denotes the South China Sea stations. For brevity, station IDs are shown as provided (e.g., SCS-28, SCS-J1). Latitude and

longitude are given in decimal degrees (N, E). For the Lake site, the same coordinates apply to all seasonal samples

(Spring—Winter); Where not repeated in the table, coordinates are identical to those reported for spring.
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Figure 2  Significance analysis of the proportion of mixed microalgaec among the three environments based on
intergroup #-test (A), and feeding-type microalgal events detected by flow cytometry at different stations (B-1).
A: The averaged value of relative abundance of mixotrophs (mixo, % ) across three different environments,
including four seasonal samples from the lake, three samples from SCS-inshore, and three samples in
SCS-offshore, matching the station classification and values listed in the table in Table 1; B-1: Populations of
actively-feeding mixotrophs (blue boxes with blue dots) across the lake (B—C), SCS-inshore (D-F), and offshore
samples (G-I); Note that, to save space, only 8 out of 12 stations/samples are demonstrated; In all flow cytometry
graphs, total microaglae populations (euks) identified by flow cytometry were denoted in green dots; Free beads
not ingested were color-coded in black dots (prey) and all other events were in grey color (possibly
Prochlorococcus in SCS samples and noises in the lake samples). *P<0.05, indicating significant differences.
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Figure 3 Whole-genome and 18S rRNA gene amplification results from partially sorted microalgal cells (A),
and representative evidence of prey ingestion by representative species observed under fluorescence microscopy
(B). A: Representative gel images with successful and failed bands amplification from MDA (left-side) and 18S
rRNA genes (right-side); B: Fluorescent microscopic images show beads/prey ingestion evidence (indicated by
white arrows) of commonly found mixotrophs in the lake samples, including Dinobryon, Cyrptomonas, and
Pedinellales; The last two columns indicate total numbers of cells that were successfully sorted and annotated as
eukaryotes, as well as the possibility of being a mixotroph based on previous research evidence; Arrows in panel

A denote the correct gene sizes in base pairs.
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Table 2 Taxonomic composition of identified mixotrophic microalgae from seven investigated samples

Class Genus (species No.) Environment Cell No. Mixotroph
Cryptophyceae Cryptomonas (3) SCS-51, lake-autumn 4 Yes
MAST-3 Uncultured (1) SCS-28 1 Maybe
Cercozoan Uncultured (1) SCS-28 1 Maybe
Uncultured (1) SCS-19 1 Maybe
Pelagophyceae Uncultured (1) SCS-19 1 Maybe
Chrysophyceae Dinobryon (2) Lake-winter 26 Yes
Spiniferomonas (2) Lake-spring, winter 3 Yes
Spumella (1) Lake-autumn 1 No
Pedospumella (2) Lake-spring 16 No
Ochromonas (1) Lake-autumn 1 Yes
Paraphysomonas (1) Lake-spring 6 No
Uroglenopsis (2) Lake-spring Yes
Dinophyceae Woloszynskia (1) Lake-autumn 1 Yes
Perkinsea Pararosarium (1) Lake-winter 10 Maybe
Pedinella (2) Lake-spring 3 Yes
Dictyochophyceae Pseudopedinella (2) Lake-spring, autumn 2 Yes
Helicopedinella (1) Lake-spring 2 Yes
Kirchneriella (1) Lake-autumn 1 Maybe
Monoraphidium (1) Lake-autumn 1 Maybe
Chlorophyceae Choricystis (1) Lake-spring 1 Maybe
Minidiscus (1) SCS-28 1 No
Trebouxiophyceae Mediolabrus (1) SCS-28 2 No
Nitzschia (2) Lake-autumn 5 No
Bacillariophyceae Discostella (1) SCS-51 1 No
Skeletonema (1) SCS-46, SCS-51 4 No
Cyclotella (1) Lake-autumn 3 No

Table of taxonomic composition of sorted single-cell events based on whole-genome amplification and 18S rRNA gene sequencing

(shown in Figure 3A). The fist two columns denote class and genus-level identification, and the third column shows sample sites and

seasons. The last two columns indicate total numbers of cells that were successfully sorted and annotated as eukaryotes, as well as

possibility of being a mixotroph based on previous research evidence.

T 5 R 18S rRNA J R B =44 o HL 205
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