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Marine phytoplankton play a central role in global biogeochemical cycling, carbon export, and

the overall functioning of marine ecosystems. While chlorophyll a (Chl a) is widely used as a

proxy for phytoplankton biomass, identifying the proportion of Chl a attributable to different

phytoplankton groups remains a major challenge in oceanography, especially for the

picophytoplankton groups that often represent the majority of phytoplankton biomass in

the open ocean.We describe amethod formeasuring picophytoplankton per-cell Chl a in field

samples using fluorescence-activated cell sorting followed by solvent-based Chl a extraction

and fluorescence quantification. Applying this method to surface samples from the Gulf of

Mexico, we determined per-cell Chl a to be 0.24 ± 0.07, 0.6 ± 0.33, and 26.36 ± 20.9 fg Chl

a cell-1 for Prochlorococcus, Synechococcus, and PPE, respectively (mean ± SD).

Measurements of per-cell Chl a using this method are precise to within 1.7, 2.1, and

3.1% for Prochlorococcus, Synechococcus, and PPE, respectively. We demonstrate that

this approach can be used to obtain estimates of group-specific Chl a for Prochlorococcus,

Synechococcus, and picophytoeukaryotes, the latter two of which cannot be captured by

existing methods. We also demonstrate that measurements of per-cell Chl a made using

this method in field samples are sufficiently precise to capture relationships between per-cell

Chl a and cytometer red fluorescence, providing a bridge between biomass estimates from

cell counts and bulk measurements of total Chl a.
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INTRODUCTION

Evaluating marine phytoplankton community composition is essential for understanding global

biogeochemical cycling, the impacts of human activity on marine ecosystem productivity, and the

overall structure of marine food webs. Because optical or molecular methods for describing
phytoplankton community composition are labor-intensive on large spatiotemporal scales,

phytoplankton community composition is typically evaluated using methods that estimate the

relative abundance of phytoplankton size or functional classes based on phytoplankton pigment
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concentrations. These methods include size-fractionated

filtration of chlorophyll a (hereafter Chl a; Sieburth et al.,

1978), determination of phytoplankton taxonomic groups

based on ratios of accessory pigments (Mackey et al., 1996),

and determination of phytoplankton size class abundance based

on subsets of accessory pigments (diagnostic pigment analysis,
or DPA).

Because of the global coverage of accessory pigment

measurements via high-performance liquid chromatography

(HPLC), DPA is widely used in conjunction with bio-optical

measurements from remote sensing platforms to model

phytoplankton community structure at the global scale (see
Mouw et al., 2017 for a review). First proposed by Claustre (1994)

and developed further by Vidussi et al. (2001), DPA methods

generally describe phytoplankton biomass fractions attributable

to three phytoplankton size classes: picophytoplankton,

nanophytoplankton, and microphytoplankton, defined as cells

with a diameter < 2 mm, 2 – 20 mm, and > 20 mm, respectively.
Refinements to this approach have used linear regression to relate

diagnostic pigments to total Chl a concentrations (Uitz et al., 2006),

have introduced additional diagnostic pigments to differentiate

Prochlorococcus from other pico-sized groups (Hirata et al., 2008;

Hirata et al., 2011), and have established criteria allowing for

individual pigments to be diagnostic of different groups based on

total Chl a concentration (Brewin et al., 2010).
While estimates from diagnostic pigment-based methods

converge with those derived from size fractionation in larger

phytoplankton size classes (Brewin et al., 2014), the accuracy of

p i gmen t - b a s ed p r ed i c t i on s f o r t h e t h r e e ma j o r

picophytoplankton groups (Prochlorococcus, Synechococcus,

and picophytoeukaryotes, hereafter PPE) is limited by the
overlap of individual diagnostic pigments across multiple size

classes (Uitz et al., 2009), in addition to difficulty in determining

generalizable coefficients relating diagnostic pigments to Chl a

(Gittings et al., 2019; Chase et al., 2020). With primary

production estimates for Prochlorococcus, Synechococcus, PPE,

and larger phytoplankton differing by several orders of

magnitude (Jardillier et al., 2010; Rii et al., 2016a; Rii et al.,
2016b; Duhamel et al., 2019), accurately resolving community

structure within picophytoplankton is key to understanding

marine primary production from local to global scales.

Because contributions of Prochlorococcus, Synechococcus, and

PPE populations to total Chl a cannot be disambiguated using

current diagnostic pigment-based or size fractionation based
techniques, we introduce a novel method for directly

measuring picophytoplankton per-cell Chl a content (fg Chl a

cell-1) using fluorescence-activated cell sorting (FACS) in concert

with solvent-based Chl a quantification. Combining per-cell Chl

a measurements obtained using this method with

picophytoplankton cell counts and measurements of total Chl

a, this approach allows for the estimation of phytoplankton
group-specific Chl a concentration (mg Chl a ml-1) and group-

specific Chl a fractions (% Chl a), thus bridging the two

commonly used methods to describe phytoplankton biomass

(e.g., cytometry and bulk Chl a) without the use of diagnostic

pigments or other proxies.

An additional motivation for the development of the FACS

method described here is to address the long-standing challenge

of ascertaining phytoplankton Chl a: Carbon ratios, which are

widely parameterized in phytoplankton primary production

models (Westberry et al., 2008; Graff et al., 2015). Especially

when combined with existing methods for estimating per-cell
carbon based on cytometry forward scatter or side scatter

measurements (Martinez-Vicente et al., 2013; Cetinić et al.,

2015), or existing taxon-specific carbon conversion coefficients

(Grob et al., 2007; Rembauville et al., 2017), this method provides

a new tool estimating total Chl:C ratios, and for evaluating

sources of variability in Chl:C ratios within and between
individual phytoplankton groups.

To demonstrate that the FACS method is sufficiently sensitive

to support these applications, we validated the approach using

cultured phytoplankton and applied the approach to field

samples collected in the Gulf of Mexico on a transect covering

a large gradient in surface Chl a concentrations. We report
sources of variability encountered using this method and

compare FACS-based measurements of per-cell Chl a to

environmental variables and cytometer red fluorescence. We

also compare FACS-based measurements of group-specific Chl

a to HPLC pigment concentrations and estimates of group-

specific Chl a fractions obtained using several existing

DPA methods.

METHODS

Field Sampling
Field samples were collected during R/V Endeavor cruise EN642

in the Gulf of Mexico during July 2019 (Figure 1). Surface

samples were collected from depths < 5 meters at 13 sites. At five

of these sites, additional samples were taken at depths

corresponding to the halocline and the deep chlorophyll

maximum (DCM). All samples were collected using a Niskin
bottle rosette and processed following the protocol described

below. At all sampling sites, depth profiles of salinity,

temperature, and pressure were measured with a conductivity-

temperature-depth instrument (CTD, Seabird 911 Plus)

integrated within the bottle rosette. The percent of surface

PAR (hereafter % I0) for each sampling depth was determined

using a Photosynthetically Active Radiation (PAR) sensor on the
rosette. The percent of surface PAR (hereafter % I0) was

calculated by normalizing PAR to measurements of surface

PAR from a shipboard PAR sensor.

For each sampling site/depth, separate subsamples were

prepared for measurement of per-cell Chl a, HPLC pigments,

and picophytoplankton cell abundance. To prepare per-cell Chl a
samples, a peristaltic pump was used to concentrate cells from

duplicate 1-liter samples onto 47-mm 0.2-mm pore size

polycarbonate membrane filters (Sigma Millipore catalog

#GTTP04700). Each filter was folded and placed in a cryovial

containing 4-ml of seawater from the corresponding sampling

depth. Samples were vortexed for 1 – 2 seconds to release cells

from the filter, flash-frozen in liquid nitrogen without the
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addition of biological fixatives, and stored at -80°C. Water for

HPLC analysis was collected from the same sampling depth as

per-cell Chl a samples and filtered onto precombusted Whatman
GF/F filters. The filters were then frozen in liquid nitrogen until

analysis at the NASA facility at Goddard Space Flight Center,

following the method described in Van Heukelem and Thomas

(2001). All filtrations were performed under subdued lighting

conditions to prevent pigment degradation. For cell

enumeration, 2-mL subsamples were fixed (1% w/v electron

microscopy grade paraformaldehyde, Electron Microscopy
Sciences catalog RT-15710) for 10 – 15 minutes in the dark at

room temperature. Samples were then flash-frozen in liquid

nitrogen and stored at -80°C. All samples were processed

within 8 months of collection. Only samples collected from

depths corresponding to > 0.1% I0 and with salinity > 25.9 ppt

were included in analyses.

Analytical Processes for Measurement of
Per-Cell Chl a
For all samples, a BD Influx flow cytometer (BD Life Sciences,

USA) was used to i so l a t e c e l l s f rom ind iv idua l

picophytoplankton populations by FACS. Cells from each

population were collected onto separate 13-mm, 0.2-mm pore
polycarbonate filters (Millipore Sigma catalog #GTTP01300)

connected to a low-vacuum pump as described in Berthelot

et al. (2019). A 70-µm nozzle was used, with sheath fluid pressure

of 30 PSI (207 kPa) and sample fluid pressure of 31 PSI (214

kPa). At the start of each day of sample processing, the drop

delay was calibrated using Accudrop Beads (BD Life Sciences,
USA), and the sorting efficiency was verified manually by sorting

a specified number of 1-µm yellow-green microspheres

(Fluoresbrite, Polysciences catalog #17154-10) onto a glass

slide and counting the beads under an epifluorescence

microscope. The breakoff position was monitored through the

day and adjusted if necessary. The instrument was set at high

sorting purity (1.0 drop mode). To maintain high sorting purity

and recovery, samples were diluted in artificial seawater filtered
through a 0.2-mm pore size filter as required to achieve an event

rate of < 5,000 per second. Higher event rates resulted in

coincidence and swarm, as previously reported using the Influx

(Kormelink et al., 2016). To ensure consistent instrument

alignment, the position of the forward scatter detector, 488 nm

200 mW solid state laser, and 457 nm 300 mW solid state laser

were calibrated such that reference beads were aligned to a
predetermined position on a calibration plot comparing

forward scatter and red fluorescence after adjusting the

instrument to clearly resolve Prochlorococcus populations in

surface samples. Samples were additionally amended with

fluorescent reference beads (1-µm yellow-green microspheres)

to monitor the alignment and focus of the instrument.
To gate populations of interest, cell doublets were first

discarded using a pulse width versus forward scatter plot. That

is, assuming that pulse width should generally covary with

forward scatter for single particles (doublets have similar

forward scatter as single cells but increased pulse width), total

events were gated so that only events with similar pulse width:

forward scatter ratios were included in analyses. Prochlorococcus,
Synechococcus, and PPE were distinguished based on forward

scatter (FSC), orange fluorescence (580/30 nm), and red

fluorescence (>650 nm) as described in Bock et al. (2018) and

shown in Supplementary Materials Figure S1. Briefly, particles

with low forward scatter, low red fluorescence, and low orange

fluorescence were identified as Prochlorococcus cells. Particles
with intermediate forward scatter, intermediate red fluorescence,

and high orange fluorescence were identified as Synechococcus

cells. Particles with high forward scatter, high red fluorescence,

and low orange fluorescence were identified as PPE cells. The BD

Influx cytometer is equipped with a special forward scatter

FIGURE 1 | Gulf of Mexico sites sampled for measurements of cell-specific Chl a during EN642. Numbered black circles indicate sites where profile samples were

collected. White circles indicate sites where only surface samples were collected. Background chlorophyll concentration corresponds to the 4-km, 1-month MODIS

composite for July 2019.
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detector that increases the sensitivity of forward scatter

photomultiplier tubes to small particles (i.e., up to 200 nm in

diameter), making forward scatter a better discriminant for small

cells like Prochlorococcus than side scatter on this instrument.

However, side scatter might be a more appropriate proxy for cell

size on other instruments.
For each field sample, cells from each phytoplankton group

were sorted to achieve a range of cell concentrations across three

filters. Tests using culture samples determined that > 3.0 x 105 cells

per filter were sufficient to exceed fluorometer quantitation limits

(determined as described in Supplementary Materials SM2) for

cyanobacteria and that > 1.5 x 104 cells were sufficient to exceed
fluorometer quantitation limits for PPE. Accordingly,

cyanobacterial filters were prepared, at minimum, with 3 x 105,

5 x105, and 7 x 105 Prochlorococcus or Synechococcus cells per

filter. PPE filters were prepared, at minimum, with 1.5 x 104, 2 x

104, and 2.5 x 104 cells per filter. Immediately after sorting and

filtration, each filter was placed in a 2-ml screw-cap o-ring
microcentrifuge tube (Fisher Scientific catalog #21-403-200) and

stored at -80°C for at least one hour prior to Chl a extraction.

Chl a extractions were performed using 100% methanol

following established methods (Strickland and Parsons, 1972;

Arar and Collins, 1997). 100% methanol was chosen as an

extraction solvent based on its reported superior extraction

efficiency compared to other solvents (Holm-hansen and

Riemann, 1978; Wright et al., 1997). Fluorescence of Chl a in

extracts was quantified using a Turner Trilogy fluorometer

(Turner Designs, San Jose, CA, USA). To maximize the final

Chl a concentration, the extraction volume was only 1.5 ml of

100% methanol. This volume was sufficient to both completely

immerse the 13-mm diameter filters and to cover the
measurement window of the Turner Trilogy fluorometer when

using 12-mm (OD) borosilicate glass tubes (Fisher Scientific

catalog # 14-961-26). Following the methanol addition, sample

tubes were capped and vortexed in the dark for 15 seconds each,

then extracted for 20 to 24 hours in the dark at -20°C. After the

extraction period, samples were brought to room temperature in
the dark and vortexed for 15 seconds each to ensure

homogenization. Finally, disposable transfer pipettes were used

to transfer extracts to glass tubes for fluorescence quantification.

Raw fluorescence output values (relative fluorescence units;

hereafter RFU) measured on the Trilogy Fluorometer were

converted to mg Chl a m-3 using a calibration curve prepared
with the same standard used for tests of instrument quantitation

limits. To estimate per-cell Chl a, regressions were performed

comparing the filter Chl a content with the corresponding number

of cells sorted onto the filter (Figure 2). Average RFU values for

triplicate measurements of methanol blanks were represented in

regressions as filters containing zero cells. Regression slopes were

interpreted as per-cell Chl a (fg Chl a cell-1).

FIGURE 2 | Regressions to calculate per-cell Chl a for Prochlorococcus (PRO), Synechococcus (SYN), and picophytoeukaryotes (PPE). Samples collected from

surface at EN642 station 14. Grey shading shows ± 1 standard error of regression coefficients (standard error values for Prochlorococcus and picophytoeukaryotes

are too small to be seen). Regression slopes correspond to fg Chl a cell-1.
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Deriving Group-Specific
Chl a Concentrations
To estimate group-specific Chl a concentration for

Prochlorococcus, Synechococcus, and PPE, per-cell Chl a

measurements for each sample were multiplied by the cell

abundance of the corresponding phytoplankton group. Group-

specific Chl a fractions were calculated as the ratio between
group-specific Chl a and total Chl a (monovinyl Chl a + divinyl

Chl a; from the HPLC measurements) of each sample multiplied

by 100 (to express as a percentage). For each field sample, total

picophytoplankton Chl a was calculated as the sum of

Prochlorococcus, Synechococcus, and PPE Chl a fractions.

Prokaryote Chl a was calculated as the sum of measured

Prochlorococcus and Synechococcus Chl a fractions.
Nanophytoplankton + microphytoplankton Chl a was

calculated as the difference between total Chl a and

picophytoplankton Chl a. To compare field measurements of

group-specific Chl a fractions to those estimated by DPA

methods, diagnostic pigments quantified for each sample using

HPLC were used to estimate group-specific Chl a fractions
following the approaches described in Vidussi et al. (2001);

Uitz et al. (2006) and Hirata et al. (2011). Details on the

implementation of the different DPA methods are provided in

Supplementary Materials Table S1.

Comparison of Cytometer
Red Fluorescence to Per-Cell Chl
a in Field Samples
Cytometer red fluorescence is widely used as a proxy for

intracellular Chl a and total phytoplankton Chl a for field
samples (Veldhuis et al., 1997; Calvo-Dıáz et al., 2008; Graff

et al., 2016; Brewin et al., 2019). To assess whether the red

fluorescence versus per-cell Chl a relationship was consistent

across the three picophytoplankton groups studied in our

samples, we compared mean per-cell Chl a with mean group-

specific red fluorescence for picophytoplankton populations in
cell abundance samples. To account for any adjustments to the

sensitivity of red fluorescence detectors between samples, average

group-specific red fluorescence was normalized to the red

fluorescence of fluorescent reference beads (1-µm yellow-green

microspheres). Red fluorescence values were log-transformed for

all groups to linearize relationships with per-cell Chl a.

Statistical Analyses
Cytograms were analyzed using FCS Express 6 Flow Cytometry

Software (De Novo Software). All subsequent data analyses were

performed in R 4.0.2 using RStudio 1.3.107 (R Core Team, 2016).

All averaged values are reported ± the standard error of the

mean. Analyses were performed on samples corresponding to

individual depth horizons (surface, halocline, or DCM) and on
pooled data combining samples from each horizon. Bivariate

comparisons between estimated and measured group-specific

Chl a and HPLC pigment concentrations were performed using

Pearson’s correlation. ANOVA was used to identify significant

differences between measured and estimated group-specific Chl

a fractions. Tukey’s honest significance difference posthoc test

was used to compare pairs of group means when ANOVA

indicated significant between-group differences. Model I linear

regressions were used for comparisons involving a single

independent variable: to determine fluorometer calibration

curves and to estimate per-cell Chl a as described above.

Model II linear regressions were used for comparisons
involving two independent variables: to evaluate relationships

between 1) log-transformed per-cell Chl a and log transformed

cytometer red fluorescence and 2) relationships between per-cell

Chl a and % I0. All regression analyses were performed using

original least squares. Statistical tests of regressions were

based on F-tests evaluating the overall fit of the regression
model. F-scores and degrees of freedom are provided for all

ANOVA tests. A significance threshold of 0.05 was used for all

statistical tests.

RESULTS

Samples were collected from stratified waters across a salinity

gradient ranging from 25.9 to 36.2 ppt, and with surface

temperatures ranging from 23.8 to 29.6°C. Total Chl a

concentrations across all sampling depths ranged from 0.12 to

3.22 mg m-3. Regressions used to calculate per-cell Chl a were

statistically significant for all phytoplankton groups across all
sampling sites (R2 > 0.97, p < 0.05 for all comparisons).

Regression fits were not affected by the duration of cell sorts

(data not shown). Experimental tests of steps within the method

using cultured Prochlorococcus (CCMP 2777), Synechococcus

(WH 8102), and the pico-sized chlorophyte Mantoniella

squamata (NIES 1407) showed that per-cel l Chl a

measurements were not significantly affected by cell sorting
(Supplementary Materials SM3), duration of methanol

extraction (Supplementary Materials SM4), or sample storage

duration up to 8 months (Supplementary Materials SM5).

Across all field samples, the relative error of per-cell Chl a

measurements (Esort) was 2.87%, 2.76%, and 4.19% for

Prochlorococcus , Synechococcus, and PPE, respectively
(Supplementary Materials Table S2).

Mean estimates of per cell Chl a for Prochlorococcus,

Synechococcus, and PPE for different depth horizons are shown

in Table 1. Prochlorococcus and Synechococcus per-cell Chl a

tripled between the surface and the DCM, while PPE per-cell Chl

a doubled between the surface and the DCM. Differences in per-

cell Chl a between depth horizons were statistically significant for
Prochlorococcus (ANOVA, F2,13 = 19.2; p = 0.0001) and

Synechococcus (ANOVA, F2,14 = 15.09; p = 0.0003), and PPE

(ANOVA, F2,13 = 4.93; p = 0.03). Regressions comparing per-cell

Chl a to log10 transformed % I0 were statistically significant for

all phytoplankton groups (Table 2; Figure 3). Based on

regression R2 values, changes in % I0 accounted for 62%, 34%,
and 53% of the variability in per-cell Chl a for Prochlorococcus,

Synechococcus, and PPE, respectively. Because % I0 depths were

log10 transformed, regression slopes can be interpreted as the

change in per-cell Chl a for an order of magnitude change in %

I0. Therefore, regressions of per-cell Chl a to log-transformed %

Bock et al. Picophytoplankton Per-Cell Chl a
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I0 showed per-cell Chl a to increase by 0.26 fg, 0.40 fg, and 18.65

fg for Prochlorococcus, Synechococcus, and PPE, respectively, for

an order of magnitude decrease in % I0. Regressions between log-

transformed per-cell Chl a and log-transformed cytometer red

fluorescence were statistically significant for all phytoplankton

groups (Figure 4; ANOVA, p < 0.05 for all comparisons).
Group-specific Chl a fractions measured using the FACS

method generally overlapped with group-specific Chl a

fractions estimated using three different HPLC pigment

algorithms. Prochlorococcus Chl a fractions measured with the

FACS method were significantly correlated with estimates derived

using the Hirata et al. (2011) algorithm when comparing

individual samples (Pearson’s r = 0.96; p = 1 x 10-6). None of

the DPA algorithms used provided estimates of Synechococcus or
PPE Chl a fractions, precluding similar comparisons for those

groups. When averaging across all sampling sites, there were no

significant differences between measured and estimated Chl a

fractions for picophytoplankton and nano+micro groups

(Table 3; ANOVA; p > 0.05 for all comparisons). However,

correlations comparing measured and estimated fractions for

individual samples were not statistically significant. Mean values
of picophytoplankton and nano+microphytoplankton Chl a

fractions across all sampling sites did not differ significantly

between the FACS and 3 DPA methods (Table 3; ANOVA; p >

0.05 for all comparisons). However, correlations comparing these

fractions as measured by the FACS and DPA methods in

individual samples were not statistically significant.
Group-specific Chl a concentrations were generally significantly

correlated with measurements of HPLC pigment concentrations

(Table 4). However, group-specific Chl a fractions (that is, group-

TABLE 1 | Summary of values for per-cell Chl a (fg Chl a cell-1), cell abundance (1 x 1010 cells m-3), group-specific Chl a (mg Chl a m-3), and group-specific Chl a

fractions (% total Chl a) for Prochlorococcus (PRO), Synechococcus (SYN), and picophytoeukaryotes (PPE) in field samples grouped by depth horizon.

Group Depth horizon n Per-cell Chl a Cell abundance Group-specific Chl a % total Chl a

Surface 6 0.25 ± 0.07 6.68 ± 3.74 0.01 ± 0.01 3.09 ± 1.69

PRO Halocline 6 0.55 ± 0.23 2.54 ± 4.42 0.01 ± 0.01 4.39 ± 7.82

DCM 4 0.88 ± 0.10 6.20 ± 5.90 0.05 ± 0.05 12.3 ± 14.2

Surface 7 0.61 ± 0.24 23.7 ± 42.8 0.11 ± 0.17 13.1 ± 14.1

SYN Halocline 6 0.84 ± 0.33 11.1 ± 12.4 0.10 ± 0.12 15.5 ± 10.6

DCM 4 1.75 ± 0.47 3.03 ± 2.67 0.05 ± 0.03 6.52 ± 3.96

Surface 6 18.0 ± 7.57 0.27 ± 0.26 0.07 ± 0.10 7.19 ± 1.65

PPE Halocline 6 39.8 ± 15.9 0.16 ± 0.11 0.10 ± 0.05 16.7 ± 9.46

DCM 4 53.9 ± 30.5 0.23 ± 0.18 0.12 ± 0.08 16.2 ± 10.8

Error values correspond to the standard deviation of the mean.

FIGURE 3 | Per-cell Chl a (fg Chl a cell-1) for Prochlorococcus (PRO), Synechococcus (SYN), and picophytoeukaryotes (PPE) plotted against log10 transformed

% I0. Color markers correspond to different sampling sites. Error bars represent standard error of regression slopes between filter Chl a content and the number

of cells sorted.

TABLE 2 | Model II regression equations for comparisons of log10-transformed

% I0 and group-specific per-cell Chl a (chl-cell) for Prochlorococcus (PRO),

Synechococcus (SYN), and picophytoeukaryotes (PPE).

Group Regression Equation R2 p-value

PRO chl-cell = -0.24 × log10 (%I0) + 0.73 0.58 0.004

SYN chl-cell = -0.37 × log10 (%I0) + 1.28 0.32 0.04

PPE chl-cell = -19.0 × log10 (%I0) + 49.98 0.53 0.006

P-values correspond to ANOVA test comparing the ratio of model residuals to differences

between regression estimates and mean per-cell Chl a for each group.
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specific Chl a concentrations normalized to total Chl a) were not
correlated with HPLC pigment concentrations, with the exception

of Prochlorococcus Chl a fractions, which were significantly

correlated with concentrations of divinyl Chl a (Pearson’s r =

0.78; p = 0.004).

DISCUSSION

Our results demonstrate that FACS followed by Chl a extraction

and quantification can be used to measure picophytoplankton
per-cell Chl a in field samples, yielding results that are similar to

FIGURE 4 | Log-transformed per-cell Chl a (fg Chl a cell-1) for Prochlorococcus (blue), Synechococcus (orange), and picophytoeukaryotes (green) plotted against

log-transformed relative red fluorescence measured by BD Influx cytometer. Grey shading corresponds to ± 1 standard error of regression coefficients. All samples

processed 2 – 8 months following sample collection.

TABLE 3 | Comparison between group-specific Chl a fractions (% total Chl a) based on measured per-cell Chl a (this study) versus estimates derived from HPLC

concentrations using the algorithms of Vidussi et al. (2001), Uitz et al. (2006), and Hirata et al. (2011).

Group This study Vidussi et al. (2001) Uitz et al. (2006) Hirata et al. (2011)

PICO 39.4 ± 14.9 44.1 ± 17.1 38.3 ± 16.2 27.3 ± 16.9

PROK. (PRO + SYN) 20.9 ± 9.6 – – 24.7 ± 17.6

PRO 6.7 ± 9.4 – – 9.2 ± 10.4

SYN 14.1 ± 10.1 – – –

PPE 17.0 ± 9.8 – – –

NANO + MICRO 60.6 ± 14.9 55.9 ± 17.1 61.1 ± 16.2 72.6 ± 16.6

Note that measurements were not available for all picophytoplankton groups at all sampling sites, resulting in discrepancies between reported values for PICO and PROK fractions and

those for individual groups. Error values correspond to the standard deviation of the mean.

TABLE 4 | Correlation matrix for comparisons of measured group-specific Chl a for Prochlorococcus (PRO), Synechococcus (SYN), picophytoeukaryotes (PPE) and

HPLC pigments.

Divinyl Chl a Total Chl b Fucoxanthin Peridinin 19-hex-fucoxanthin 19-but-fucoxanthin Alloxanthin Zeaxanthin

PRO 0.94** 0.70* – – 0.69** 0.79** – –

SYN – – – 0.88** – – – 0.86**

PPE – 0.73** – – 0.78** 0.67* 0.58* –

PICO – 0.76** – 0.68* 0.72** 0.63* – –

NANO + MICRO – – 0.92** 0.67* – – 0.73** –

PICO calculated as the sum of group-specific Chl a for PRO, SYN, and PPE. NANO + MICRO calculated as the difference of total Chl a and PICO. Values correspond to Pearson’s R

correlation coefficients. Single asterisks denote correlation coefficients with P < 0.05. Dashes correspond to comparisons where correlations are not statistically significant. Double

asterisks denote correlation coefficients with P < 0.01. Bolded values indicate pigments interpreted as being diagnostic of the corresponding group in one or more DPA model.
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previously reported values from field and culture studies

(Table 5) and providing critical insight into group-specific Chl

a distributions not available using existing methods. In

combination with independently measured picophytoplankton

cell counts and total Chl a concentration, the FACS method

uniquely provides estimates of Chl a fractions for Synechococcus
and PPE, picophytoplankton groups not individually represented

in DPA methods. At the same time, the FACS method provides

estimates of Prochlorococcus Chl a and total picophytoplankton

Chl a that overlap with those provided by DPA methods

(Table 3). Finally, the results from this approach also provide

the first-ever direct measurements of group-specific Chl a
fractions, providing a novel basis for evaluating estimates from

existing methodologies.

Relationships Between Per-Cell Chl a
and Irradiance
The observed increases in per-cell Chl a in response to

reductions in %I0 (Table 2; Figure 3) are similar to those

previously reported in culture experiments investigating

change in per-cel l Chl a with irradiance for both

cyanobacterial groups (Moore et al., 1995) and small
eukaryotes (Sosik et al., 1989). The stronger relationships

between Prochlorococcus per-cell Chl a and % I0 compared to

other picophytoplankton groups is also consistent with previous

studies demonstrating Prochlorococcus to adjust cellular

chlorophyll concentrations over a wide range of irradiances,

especially relative to Synechococcus (Moore et al., 1995; Marie

et al., 1999). That % I0 accounts for at most 62% total variance in
per-cell Chl a (depending on the group) indicates per-cell Chl a

in picophytoplankton to be strongly influenced by other in situ

variables, likely including growth rates (Blanchot et al., 1997;

Neveux et al., 2003), cell size (Calvo-Dıáz et al., 2008; Álvarez

et al., 2017), and taxonomic composition (Veldhuis and Kraay,

1993; Blanchot et al., 2001).

Comparison of Estimated and Measured
Group-Specific Chl a Fractions
The similarity of measured and estimated Prochlorococcus Chl a

fractions (Table 3) is attributable to the strong correlations

between measured Prochlorococcus Chl a and divinyl Chl a

(Table 4), which is unique to prochlorophytes and the only
diagnostic pigment used for Prochlorococcus in the Hirata et al.

(2011) algorithm. Weak correlations between estimated and

measured group-specific Chl a fractions is likely the result of

HPLC pigments in our data set better predicting group-specific

Chl a concentrations (mg Chl a m-3) than group-specific Chl a

fractions (% total Chl a). Especially given that the DPA methods
used in our intercomparison assume ratios of HPLC pigments to

Chl a to be constant, disagreement between estimated and

measured Chl a fractions may reflect changes in pigment ratios

in response to differences in light or nutrient conditions across

different sampling sites (Goericke andMontoya, 1998; Henriksen

et al., 2002; Llewellyn et al., 2005). Disagreement between

estimated and measured Chl a fractions could also result from
overlap in diagnostic pigments between different groups (Wright

et al., 1997). In this case, an increase in a given diagnostic T
A
B
L
E
5
|
R
e
p
o
rt
e
d
e
st
im
a
te
s
o
f
p
e
r-
c
e
ll
C
h
la

(fg
c
e
ll-
1
)
fo
r
P
ro
c
h
lo
ro
c
o
c
c
u
s
(P
R
O
),
S
yn
e
c
h
o
c
o
c
c
u
s
(S
Y
N
),
a
n
d
p
ic
o
p
h
yt
o
e
u
ka

ry
o
te
s
(P
P
E
).

S
o
u
rc
e

B
a
s
in

M
e
th
o
d

P
R
O

S
Y
N

P
P
E

E
s
ti
m
a
te
s
fr
o
m

fi
e
ld

s
a
m
p
le
s

(B
la
n
c
h
o
t
a
n
d
R
o
d
ie
r,
1
9
9
6
)

S
W

P
a
c
ifi
c

S
iz
e
-f
ra
c
tio

n
a
te
d
sa
m
p
le
s
n
o
rm

a
liz
e
d
b
y
c
e
ll
a
b
u
n
d
a
n
c
e

0
.2
–
6
.4

N
A

N
A

( B
la
n
c
h
o
t
e
t
a
l.,

2
0
0
1
)

E
q
.
P
a
c
ifi
c

S
iz
e
-f
ra
c
tio

n
a
te
d
sa
m
p
le
s
n
o
rm

a
liz
e
d
to

c
e
ll
a
b
u
n
d
a
n
c
e

1
.0
–
3
.6

N
A

1
5
–
1
8
7

( B
ru
n
e
t
e
t
a
l.,

2
0
0
6
)

M
e
d
.

S
iz
e
-f
ra
c
tio

n
a
te
d
sa
m
p
le
s
re
g
re
ss
e
d
to

re
d
fl
u
o
re
sc
e
n
c
e

N
A

N
A

1
7
–
1
6
8

(G
lo
ve
r
e
t
a
l.,

1
9
8
8
)

S
a
rg
a
ss
o
S
e
a

S
iz
e
-f
ra
c
tio

n
a
te
d
sa
m
p
le
s
n
o
rm

a
liz
e
d
to

c
e
ll
a
b
u
n
d
a
n
c
e

N
A

0
.5
0
–
7
.5
0

N
A

( M
u
rr
e
ll
a
n
d
L
o
re
s,

2
0
0
4
)

G
u
lf
o
f
M
e
xi
c
o

S
iz
e
-f
ra
c
tio

n
a
te
d
sa
m
p
le
s
re
g
re
ss
e
d
to

c
e
ll
a
b
u
n
d
a
n
c
e

N
A

3
.0
0
–
3
.4
0

N
A

T
h
is

s
tu
d
y

G
u
lf
o
f
M
e
x
ic
o

F
A
C
S
a
n
d
d
ir
e
c
t
q
u
a
n
ti
fi
c
a
ti
o
n

0
.1
5
–
1
.0
0

0
.3
9
–
2
.3
4

1
2
.9
–
9
7
.4

E
s
ti
m
a
te
s
fr
o
m

c
u
lt
u
re

s
a
m
p
le
s

(K
a
n
a
a
n
d
G
lib
e
rt
,
1
9
8
7
)

N
A

C
u
ltu
re

sa
m
p
le
s
n
o
rm

a
liz
e
d
b
y
c
e
ll
a
b
u
n
d
a
n
c
e

N
A

1
.0
–
5
.0

(1
3
3
0
–
3
0
)

N
A

( M
o
o
re

e
t
a
l.,

1
9
9
5
)

N
A

C
u
ltu
re

sa
m
p
le
s
n
o
rm

a
liz
e
d
to

c
e
ll
a
b
u
n
d
a
n
c
e

0
.2
9
–
3
.5
2
(1
1
0
–
3
)

3
.1
8
–
2
7
.0

(4
6
2
–
5
)

N
A

M
o
re
le
t
a
l.
(1
9
9
3
)

N
A

C
u
ltu
re

sa
m
p
le
s
n
o
rm

a
liz
e
d
to

c
e
ll
a
b
u
n
d
a
n
c
e

0
.9
1
–
2
.6
2
(1
0
0
–
2
5
)

0
.9
0
–
1
.2
5
(1
0
0
–
2
5
)

N
A

( S
im
o
n
e
t
a
l.,

1
9
9
4
)

N
A

C
u
ltu
re

sa
m
p
le
s
n
o
rm

a
liz
e
d
b
y
c
e
ll
a
b
u
n
d
a
n
c
e

N
A

N
A

2
.5

–
1
6
1
.0

(5
0
–
1
0
)

S
ix
e
t
a
l.
(2
0
0
8
)

N
A

C
u
ltu
re

sa
m
p
le
s
o
f
O
s
tr
e
o
c
o
c
c
u
s
sp

.
a
n
d
O
.
ta
u
ri
n
o
rm

a
liz
e
d
to

c
e
ll
a
b
u
n
d
a
n
c
e

N
A

N
A

2
0
–
4
0
(8
0
0
–
2
0
)

(S
tr
a
m
sk
ie
t
a
l.,

1
9
9
5
)

N
A

C
u
ltu
re

sa
m
p
le
s
n
o
rm

a
liz
e
d
to

c
e
ll
a
b
u
n
d
a
n
c
e

N
A

4
.0
0
–
6
.9
0
(3
3
8
–
0
)

N
A

T
h
is

s
tu
d
y

N
A

F
A
C
S
a
n
d
d
ir
e
c
t
q
u
a
n
ti
fi
c
a
ti
o
n

0
.8
5
±
0
.0
3
(8
0
)

1
.4
8
±
0
.0
3
(8
0
)

1
0
.4
4
±
0
.3
9
(8
0
)

C
o
rr
e
s
p
o
n
d
in
g
ra
n
g
e
o
f
g
ro
w
th

ir
ra
d
ia
n
c
e
s
fo
r
c
u
lt
u
re

e
s
ti
m
a
te
s
in
c
lu
d
e
d
in
p
a
re
n
th
e
s
e
s
in
u
n
it
s
o
f
µ
E
m

-2
s
-1
.
D
a
ta

p
re
s
e
n
te
d
a
s
th
e
ra
n
g
e
o
f
m
in
im
u
m

to
m
a
xi
m
u
m

va
lu
e
s
fo
r
e
a
c
h
s
tu
d
y.
C
u
lt
u
re

re
s
u
lt
s
fo
r
th
is
s
tu
d
y
p
re
s
e
n
te
d
a
s
a
ve
ra
g
e
s

d
u
e
to

lo
w

n
u
m
b
e
r
o
f
c
u
lt
u
re

s
a
m
p
le
s
p
ro
c
e
s
s
e
d
.
M
e
d
.
c
o
rr
e
s
p
o
n
d
s
to

M
e
d
it
e
rr
a
n
e
a
n
in

b
a
s
in

c
o
lu
m
n
.

B
o
ld

va
lu
e
s
a
re

in
te
n
d
e
d
to

h
ig
h
lig
h
t
re
s
u
lt
s
fr
o
m

th
is
s
tu
d
y.

N
A
re
fl
e
c
ts

th
a
t
th
e
B
a
s
in

d
e
s
ig
n
a
ti
o
n
is
n
o
t
a
p
p
lic
a
b
le
fo
r
va
lu
e
s
fr
o
m

c
u
lt
u
re

s
a
m
p
le
s
.
N
A
c
a
n
b
e
re
m
o
ve
d
a
lt
o
g
e
th
e
r
if
d
e
e
m
e
d
a
p
p
ro
p
ri
a
te
.

Bock et al. Picophytoplankton Per-Cell Chl a

Frontiers in Marine Science | www.frontiersin.org May 2022 | Volume 9 | Article 8506468



pigment would be expected to correlate with multiple groups, but

not necessarily with the fraction of Chl a associated with any

individual group.

It also may be the case that the combination of pigments used

in the different DPA methods are not applicable to the region

sampled. For example, we found total Chl b, 19’-hex fucoxanthin,
and 19’-but fucoxanthin to be the best predictors of measured

picophytoplankton Chl a in our data, as opposed to zeaxanthin

and total Chl b, as are used in the Vidussi et al. (2001) and Uitz

et al. (2006) approaches. This is consistent with previous studies

demonstrating the widespread distribution of pico-sized

haptophytes, which uniquely contain 19’-hex fucoxanthin (19’-
hex) as an accessory pigment (Liu et al., 2009). While the Hirata

(Hirata et al., 2011) approach incorporates 19’-hex as a

picophytoplankton diagnostic pigment for samples where Chl

a concentrations are below 0.04 mg m-3, this threshold was below

the minimum Chl a concentration encountered in our field

samples. The difficulty in accurately assigning 19’-hex to a
specific phytoplankton size class illustrates the issues raised in

the introduction and further demonstrates the usefulness of the

FACS-based approach.

Relationships Between Per-Cell Chl a and
Cytometer Fluorescence
The high R2 values obtained for group-specific regressions

between cytometer red fluorescence and measurements of per-

cell Chl a support the use of cytometer red fluorescence as a

proxy for per-cell Chl a for individual phytoplankton groups.

The results obtained using this method could be used to

determine instrument or region-specific “calibration
coefficients” relating group-specific per-cell Chl a to cytometer

red fluorescence. That is, this method could be used to measure

group-specific per-cell Chl a for a subset of samples, with the

corresponding red fluorescence measurements then being used

to derive group-specific calibration coefficients to estimate per-

cell Chl a for samples where cytometry cell counts are available

alone. By providing relatively high-throughput estimates of
overall phytoplankton community structure with associated

uncertainties, results obtained using this method would be

relevant to the study of any process where phytoplankton

community structure might be expected to play a role. Such

measurements would make it possible to develop regional

models for estimating phytoplankton community composition
based on measurements of bio-optical proxies from satellites,

gliders, or autonomous profilers, or to perform regional

validations of existing DPA algorithms. Finally, if paired with

estimates of per-cell carbon as described in the introduction, this

method could also be used to study drivers of variability in Chl:C

ratios, both for individual phytoplankton groups as well as for

the entire phytoplankton community.
Our results also demonstrate the potential for differing

relationships between cytometer red fluorescence and per-cell

Chl a for individual phytoplankton groups (Figure 4). This

underlines the importance of accounting for such group-

specific differences when using cytometer red fluorescence as a

proxy for per-cell Chl a. Similar group-specific differences in

fluorescence properties have been reported previously in culture

studies and have been ascribed in part to differences in pigment

composition among taxa (Sosik et al., 1989; Morel et al., 1993).

Relationships between red fluorescence and per-cell Chl a may

also be affected by cell size, as reflected in equations derived from

regressions comparing red fluorescence to per-cell Chl a.
Assuming Prochlorococcus to have the smallest cell diameter of

the groups studied and PPE to be the largest, and taking any

transformations into account, regression coefficients reflect a

decrease in the sensitivity of red fluorescence to changes in per-

cell Chl a from smaller to larger groups. Similar non-linear

relationships between fluorescence and per-cell Chl a with
changes in cell size have been reported in culture studies

(Álvarez et al., 2017), and presumably reflect reductions in

absorption efficiency with increases in cell size or pigment

density (that is, the package effect; Morel and Bricaud, 1981).

Recommendations for Measurement of
Per-Cell Chl a
Most variability encountered in estimates of per-cell Chl a was

attributable to variability in fluorometry measurements

(Supplementary Materials SM2; Supplementary Materials

Table S2). Because the relative error of fluorometry

measurements scaled inversely with Chl a concentration (e.g.,
relative error values for fluorometry measurements were lower at

higher Chl a concentrations), variability in estimates of per-cell

Chl a for all groups may be lowered by sorting a larger number of

cells per filter, if possible. The relatively elevated error values

encountered for PPE (Supplementary Materials Table S2) are

presumably due to the lower number of cells typically sorted for
PPE filters compared to Prochlorococcus and Synechococcus filters.

While sorting larger numbers of PPE cells is not likely practical in

most cases, variability in estimates of per-cell Chl a for PPEmay be

lowered by preparing triplicate samples of cells sorted to provide

an intermediate number of cells per filter and normalizing by cell

abundance rather than by performing regressions.

We found that sample storage and extraction times did not
significantly contribute to variability in measurements of per-cell

Chl a within the time frames tested (see Supplementary Materials

SM4 and SM5). However, the decrease in the number of intact

picophytoplankton cells over 8 months of storage (Supplementary

Materials Figure S3) demonstrates the importance of processing

samples as soon after collection as possible for efficient sorting.
Although previous studies have shown that biological fixatives

decrease cell loss during storage of picophytoplankton samples

(Vaulot et al., 1989; Sato et al., 2006), fixation has been

demonstrated to result in considerable decreases in fluorescence

yields even after short (e.g. < 1 day) storage times, with these

decreases being variable across different phytoplankton groups

(Navaluna et al., 1989). As such, fixing samples prior to sorting
could dramatically increase uncertainties in per-cell Chl a for

individual phytoplankton groups. Regardless, given that strong

relationships were identified between measured per-cell Chl a,

HPLC pigment concentrations, and cytometry relative

fluorescence across independent samples, despite processing per-

cell Chl ameasurements over an 8 month period following sample
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collection, our method appears quite robust with regard to post-

collection storage.

The method as described is optimized for sorting pico-sized

cells. However, it could be adapted to measure per-cell Chl a for

larger size classes as well, albeit with adjustments to sorting

configurations. Tests of this method using laboratory cultures of
the nano-sized chlorophyte Pyramimonas parkeae indicated that

as few as 200 cells per filter were sufficient to exceed fluorometer

quantitation limits, suggesting that sorting sufficient numbers of

these cells from natural samples may be realistic, even in areas

with low total Chl a concentration. However, the sources of

variability encountered in estimates of per-cell Chl a for PPE
may be compounded in larger size classes, owing to the lower

number of cells from these groups that can be sorted when

processing samples.

Finally, in samples where the phytoplankton groups of

interest are in low abundance (as was occasionally the case in

this study for Prochlorococcus in coastal samples or for
Synechococcus in deep samples), the amount of time required

to sort the minimum number of cells necessary to exceed

fluorometer quantitation limits may become impractical. While

it was generally feasible to completely process surface samples

within 30 minutes each, this increased to as long as two hours for

samples from the bottom of the euphotic zone. However, the

number of cells required could potentially be reduced by 1)
further decreasing the volume of solvent used during methanol

extractions, 2) using a more sensitive fluorometer than the

Turner Trilogy, or 3) using cuvettes that allow for a longer

path-length than the 12 mm tubes used here.

CONCLUSION

FACS combined with Chl a extraction can be used to quantify

picophytoplankton per-cell Chl a with enough precision to

support research applications in the field. Combined with

picophytoplankton cell counts, this method provides a novel
and practical approach for estimating fractions of total Chl a

attributable to different picophytoplankton groups and for

evaluating group-specific variability in per-cell Chl a in

response to environmental conditions. This new approach

performs similarly to existing DPA methods for quantifying

Chl a attributable to Prochlorococcus in field samples and is
currently the only method that provides a direct assessment of

Synechococcus and PPE biomass in field samples. Our field

results also validate the use of cytometer red fluorescence as a

proxy for per-cell Chl a.

pt?>Given the widespread importance of picophytoplankton

and the fundamental nature of per-cell Chl a to many

oceanographic measurements, this method will be useful in a

broad range of biological and biogeochemical studies. Direct

quantification of picophytoplankton contributions to total Chl a

in field samples using this method will improve quantification of

phytoplankton community structure, especially in regions where

picophytoplankton make a large contribution to total

chlorophyll. The method can also be used to validate DPA-
based approaches to est imating picophytoplankton

contributions to phytoplankton communities. In addition, in

combination with measurements of per-cell primary production

(Jardillier et al., 2010; Rii et al., 2016a; Rii et al., 2016b; Duhamel

et al., 2019) or per-cell carbon content (Graff et al., 2012), this

method could be used to derive group-specific photosynthetic
parameters, or group-specific chlorophyll:carbon ratios.
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