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Abstract

A flow cytometry method for enumerating marine heterotrophic bacteria and phytoplankton in a living or
preserved sample using a low power solid state near-ultraviolet laser is described. The method uses Hoechst
34580 to stain DNA in microbial cells in seawater samples. This stain is optimally excited at 375 nm unlike
the similar Hoechst 33342, which requires ~ 350 nm excitation only available on more expensive lasers.
Phytoplankton abundances from the Hoechst 34580 method are comparable to those of unstained samples and
when analyzed by the Hoechst 33342 staining method. With this new method, nonpigmented marine bacteria
and phytoplankton abundances are obtained simultaneously in a single sample as the Hoechst emission wave-
length (~ 450 nm) is well separated from the emission wavelengths of chlorophyll and phycoerythrin fluores-
cence. Bacteria abundances are similar between this new method and those obtained with established Hoechst
33342 and SybrGreen I methods. Precision estimates (coefficient of variation) on populations with abundances
near ~ 10° cells mL ™" are 1-3%, increasing to 3-9% at lower cell concentrations of 10* cells mL~'. The Hoechst
34580 method is simple, requiring no heating or pretreatment with RNAse, can be used on unpreserved and
formaldehyde-preserved cells, and is amenable to at-sea use with portable, compact, low power-requiring flow

cytometers.

Marine microbial population abundances have been esti-
mated using flow cytometry (FCM) for the last ~ 40 yr (Olson
et al. 1983; Yentsch et al. 1984). This technique uses the
intrinsic properties of cells and fluorescent probes to detect
particles in a fluid stream that are subsequently separated by
their properties into microbial groups. Phytoplankton and
nonpigmented marine bacteria have been enumerated using
FCM in habitats ranging from the open ocean to coastal areas,
as well as in laboratory cultures (Veldhuis and Kraay 2000;
Marie et al. 2005).

Flow cytometers used in marine research have the capabil-
ity to detect phytoplankton chlorophyll fluorescence, usually
using lasers with 488 nm excitation and detectors configured
to gather emitted light at ~ 680 nm (Olson et al. 1983). One
notable oceanographic discovery made with FCM was the
detection of Prochlorococcus, which are cyanobacteria found in
the euphotic zone of marine waters and of great importance
to overall primary production (Chisholm et al. 1988;
Partensky et al. 1999). Phycoerythrin, and phycobiliproteins
in general, are naturally occurring pigments that are easily
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detected in FCM samples, and allow the enumeration of
Synechococcus, cyanobacteria commonly found in coastal and
open-ocean waters, as well as its separation from
Prochlorococcus, as phycoerythrin expression is usually absent
or minimal from the latter (Hess et al. 1996). Nonpigmented
bacteria are usually detected with DNA dyes; this staining also
facilitates the separation of living from dead cells or inorganic
particles (Gasol and Del Giorgio 2000).

Most DNA stains used in oceanography are excited with a
488 nm laser, and often emit at green wavelengths (~ 525 nm,
e.g., SybrGreen I; Marie et al. 1997), although stains emitting
at longer wavelengths may be used, such as propidium iodide
(Taylor and Milthorpe 1980). For samples containing phyto-
plankton, however, staining of DNA which results in fluores-
cence emission overlapping that of phycoerythrin or
chlorophyll is of limited use. Probes optimally excited by UV
light (~ 300 to < 400 nm) with emission (< 500 nm) are better
separated from natural pigments than those emitting in green
wavelengths. For instance, Hoechst 33342 binds to the minor
groove of ds-DNA preferring AT-rich sequences (Portugal and
Waring 1988) and is best excited by wavelengths near
350 nm, emitting at ~ 450 nm (Arndt-Jovin and Jovin 1977;
Shapiro 1981; Monger and Landry 1993; Bucevitius
et al. 2018). This probe has been used extensively to character-
ize phytoplankton and marine bacteria in many open ocean
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habitats (Campbell et al. 1994; Binder et al. 1996; Landry
et al,, 2008, 2011; Taylor and Landry 2018). However, this
approach has been limited by the expense of flow cytometers
with ultraviolet (UV) lasers emitting ~ 350 nm required to
optimally excite this probe.

Described here is the use of Hoechst 34580, which is excit-
able by a near-UV (375 nm) or violet (405 nm) laser, with a
stain excitation maximum of 368 nm, and emission maxi-
mum of 437 nm. These laser excitation wavelengths are
achieved with relatively inexpensive solid-state lasers (Shapiro
and Pellmutter 2001) found on commercially available instru-
ments (Shapiro and Telford 2018). I will describe the use of
this probe in detecting marine bacteria and phytoplankton in
a single sample, saving time and sample volume. Presented
here are data comparing microbial population abundances in
preserved and unpreserved samples, as well comparing sam-
ples stained with Hoechst 34580, Hoechst 33342, and
SybrGreen I.

Materials and procedures

Samples were collected from a variety of locations for
method validation and comparisons (Table 1). Open-ocean
samples were collected from six depths in the euphotic zone
(5-125 m) at the Hawaii Ocean Time-series Stations ALOHA
and Ka'ena during HOT 312 (KM19-09, June 2019). Depth
profile samples were also obtained from the Gulf of Mexico,
aboard the NOAA Ship Nancy Foster during May 2017, desig-
nated as NF17 samples (5-115m, further details found in
Selph et al. 2021). In addition, surface samples were obtained
on 18 December 2020 from Waimanalo Beach (Oahu,
Hawaii).

Samples (2 mL) were preserved within 1 h of collection
with paraformaldehyde (0.5% final concentration), then flash
frozen in LN, and stored at —80°C until batch analysis. On
the run date, samples were thawed, and 275 uL aliquots were
stained with 7 uL of 40 uL mL~' Hoechst 34580 (1 ug mL ™!,
final concentration) for 1 h in the dark at room temperature.
Hoechst is potentially mutagenic and carcinogenic, so gloves
should be worn as protection; also it may bind to plastic so
staining should be in glass tubes. For stain stability tests, sam-
ples were thawed, stained (as above), then analyzed starting at
1 min poststaining and at frequent intervals till ~ 6 h, stored
in the dark in the refrigerator (4°C), and then analyzed again
at ~ 24 h.

Separate sample aliquots were stained with 1X SybrGreen I
using the method of Marie et al. (1997) without RNAse-
treatment or heating, for comparison of nonpigmented bacte-
ria abundances relative to the Hoechst-stained samples.
Briefly, 5 uL of 1% SybrGreen I solution (2 uL of 10,000X
SybrGreen I diluted with 200 uL of distilled water) was added
to 45 uL of 300 mM potassium citrate and 500 pL of sample.
Another aliquot of sample was analyzed without staining,
using intrinsic pigment fluorescence (i.e., chlorophyll and
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Table 1. Sampling locations. Station ALOHA and station Ka’ena
samples were from HOT 312 in the subtropical Pacific. NF17 sam-
ples were from the BLOOFINZ project in the Gulf of Mexico.
Waimanalo Beach, Oahu, Hawaii samples were taken from the
shore break (surface). CCE-LTER cruise P1908 samples were from
a range of stations locations and euphotic zone depths.

Latitude Longitude Date
Site (°N) (°W) (M/D/Y)
Station ALOHA 22.7500 158.0000 6/11/19-6/
13/19
Station Ka’ena 21.8467 158.3632 6/13/19
NF17 CTD 53 25.9934 89.2511 5/16/17
NF17 CTD 94 26.6339 90.1794 5/27/17
NF17 CTD 121 26.8138 89.9787 5/30/17
Waimanalo 21.3356 157.6955 12/18/20
Beach
CCE-P190 34.3534-36.3319  120.8993-122.4957 8/05/19-9/

06/19

phycoerythrin) to detect phytoplankton cells. Finally, since
the Hoechst molecule is small enough to enter unpreserved
cells, freshly collected surface samples from Waimanalo Beach
were stained with Hoechst 34580 (as above) or Hoechst 34580
plus trifluoperazine dihydrochloride (TFD; 15uM final
concentration).

A Beckman-Coulter CytoFLEX S flow cytometer was used to
analyze all samples. This instrument is equipped with four
lasers emitting light in spatially separated pathways at 375 nm
(60 mW), 405 nm (80 mW), 488 nm (50 mW), and 561 nm
(30 mW). Acquisition software was CytExpert (v. 2.3.1.22),
generating listmode (FCS 3.0) files. Samples (115 pL) were
delivered to the instrument from a 96-well plate and analyzed
at 30 uL min~!, with the exception of stain stability test sam-
ples which were run in single tube mode at the same acquisi-
tion rate. Daily flow rate calibrations (by weight) were done to
ensure accurate delivery volume. For Hoechst 34580-stained
samples, signal discrimination (with logic as “OR” rather than
“AND”) was on chlorophyll (EX 488 nm, EM 690 + 50 nm,
gain 500, discrimination 310 area) or DNA (EX 375 nm, EM
450 £ 45 nm, gain 500, discrimination 1950 area). For SybrGreen
I-stained samples, the DNA discrimination was on green fluores-
cence (EX 488 nm, EM 525 + 40 nm, gain 300, threshold 2000
area). Synechococcus was excited for both sample types using the
yellow laser (EX 561 nm, EM 585 + 42 nm, gain 500). Forward
scatter gain was 100, while right-angle (90°) light scatter was col-
lected from both the 405 and 488 nm lasers (gains 220 and
100, respectively). For unstained samples, signal discrimination
was on chlorophyll fluorescence (EX 488 nm, EM 690 + 50 nm,
gain 500, discrimination 310 area). 0.5pym-UV and YG
beads (Polysciences) were used to normalize the fluorescence and
scatter signals (e.g., mean fluorescence/bead fluorescence = nor-
malized signal).
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I also present data comparing nonpigmented bacteria in
samples collected from off the coast of California (CCE-LTER,
cruise P1908, August 2019; Table 1), preserved (as above), LN,
frozen, stored at —80°C, thawed in batches, and then divided
into two aliquots. One aliquot was stained with Hoechst
34580 (as above), whereas the other aliquot was stained with
Hoechst 33342 (1 ug mL™' final concentration). The Hoechst
34580 aliquot was analyzed on the CytoFLEX S (as above).
The Hoechst 33342 aliquot was analyzed on a Beckman Coul-
ter EPICS Altra flow cytometer, equipped with dual beam
colinear excitation by two Coherent 1-90 argon gas, water-
cooled lasers, emitting at ~ 350 nm (200 mW) and 488 nm
(1 W), with quantitative sample delivery controlled by a
syringe pump (50 xL min~?). Chlorophyll (680 nm), phycoer-
ythrin (575 nm), and DNA (450 nm) fluorescence, as well as
forward and 90° light scatter signals, were collected (more
details in Selph et al. 2011).

Linear regressions for data comparisons were reduced major
axis regressions, calculated using RMA for Java v.1.21

(Bohonak and van der Linde 2004). This program also
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calculates 95% confidence intervals using Jackknife estimates.
Difference plots (values from one method subtracted from the
other method, plotted as a function of the mean of the two
values) were used to determine if systematic bias was inherent
in the data, and to examine if data fell within the 95% confi-
dence limits of agreement (Hollis 1996).

Assessments

Population definitions

Hoechst 34580-stained sample listmode files were analyzed
using a series of two-parameter fluorescence and scatter plots
to separate each microbial population using their signatures
(Fig. 1). Shown here to illustrate this procedure is a 5 m station
ALOHA-preserved sample. First, Hoechst 34580-bound DNA
(discrimination parameter, thus including all events detected)
was plotted as a function of acquisition time, which allows
assessment of sample delivery rate, a key parameter for quanti-
tative sample analysis (Fig. la). The CytoFLEX S flow
cytometer has an uneven sample flow rate during the first
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Fig 1. Hoechst 34580-stained samples from station ALOHA during HOT 312. Panels (a—e) are from a 5 m sample, showing the procedure of designating
microbial populations after listmode file acquisition using the software program FlowJo. SYN, Synechococcus; PRO, Prochlorococcus; PEUK, photosynthetic
eukaryotes, PHYTO, PRO+PEUK; HBACT, heterotrophic bacteria (= nonpigmented bacteria). Panel (f) shows the increase in chlorophyll (red) fluorescence

with depth in the Prochlorococcus population.
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~ 30 s of sample delivery, so this was excluded in subsequent cells, were omitted, as were particles with very low light scatter
population analyses, resulting in a sample file representing and low DNA fluorescence. Prochlorococcus was further defined
100 pL of sample (i.e., “included” particles). using chlorophyll fluorescence as a function of 90° light scatter,
Phycoerythrin fluorescence as a function of DNA fluores- excluding large and small particles that do not have appropriate
cence was plotted for the included particle population, and chlorophyll fluorescence (Fig. le). Samples collected deeper in
subdivided into those particles with (e.g., Synechococcus) or the water column typically have more chlorophyll per cell; this
without phycoerythrin fluorescence (Fig. 1b). It is critical for is particularly apparent for Prochlorococcus (Fig. 1f).
quantitative purposes to include all < 0 events on the phycoer- Notably, DNA signals from Hoechst 34580-stained cells
ythrin axis for downstream analyses or non-phycoerythrin- showed little difference whether excited with a violet
containing particles will be excluded completely from further (405 nm) laser or a 375 nm laser (data not shown) using the
consideration. Next, chlorophyll and DNA fluorescence are CytoFLEX S cytometer, despite the expectation that more
used to separate heterotrophic bacteria, Prochlorococcus and pho- DNA signal should be obtained from 375 nm excitation based
tosynthetic eukaryotes from each other (Fig. 1c). The on the inherent Hoechst 34580 excitation-emission properties
Prochlorococcus  population DNA fluorescence magnitude is (Shapiro and Permutter 2001). However, violet-emitting lasers
within the range found for heterotrophic bacteria, as is expected may not always emit at the expected wavelength (Shapiro and
since all are prokaryotes. However, Prochlorococcus has chloro- Telford 2018), so Hoechst 34580 signals may vary depending
phyll fluorescence, so it is separable from heterotrophic bacteria upon the instrument laser specifications and their response
by that parameter. Photosynthetic eukaryotes have more chloro- should be verified.
phyll and DNA fluorescence than Prochlorococcus. A second unstained aliquot of the preserved 5 m station
Further refinement of the Synechococcus population was ALOHA sample was analyzed within 1 h of the Hoechst-
achieved by plotting chlorophyll fluorescence as a function of stained aliquot (Fig. 2). Similar to the stained sample, a plot of

phycoerythrin fluorescence (data not shown). Typically, Syn- chlorophyll fluorescence (discrimination parameter) as a func-
echococcus shows less DNA fluorescence with Hoechst than tion of time was used to omit the first 30 s of uneven sample
Prochlorococcus or heterotrophic bacteria despite having a some- flow rate (Fig. 2a). Then, chlorophyll fluorescence as a func-
what larger genome size. This may be due to Synechococcus’ tion of phycoerythrin was used to separate Synechococcus from

lower A-T content (Zhaxybayeva et al. 2009), which is the target  Prochlorococcus and photosynthetic eukaryotes (Fig.2b). The
of the Hoechst molecule. Photosynthetic eukaryote populations Synechococcus population was further refined by plotting phy-
were refined to omit machine or other particle noise by plotting coerythrin fluorescence as a function of 90° light scatter (data
chlorophyll fluorescence as a function of 90° light scatter, since not shown), while photosynthetic eukaryotes and
they will have both higher light scatter (i.e., they are larger) and Prochlorococcus were delineated separately with chlorophyll
chlorophyll fluorescence (data not shown). fluorescence as a function of 90° light scatter (data only
The heterotrophic (nonpigmented) bacteria population was shown for Prochlorococcus, Fig. 2c).

refined (from the subset indicated in Fig. 1¢) by plotting DNA

fluorescence as a function of 90° light scatter (Fig. 1d). Particles Precision and stability tests

with very high light scatter (e.g., > 10* arbitrary scatter units in To estimate the precision of the Hoechst 34580 method,
Fig. 1d), but no higher DNA fluorescence than the bulk of the replicate (10) samples of a single preserved aliquot from HOT
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Fig 2. Microbial population designations for a second aliquot of the same 5 m sample from station ALOHA of HOT 312 as the sample shown in Fig. Ta—e,
however this aliquot was not stained. SYN, Synechococcus; PRO, Prochlorococcus; PEUK, photosynthetic eukaryotes.
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Table 2. Precision estimate of Hoechst 34580-staining method demonstrated with HOT 312 station ALOHA samples from 5, 75, and
125 m depth. Separate aliquots of each preserved sample (n = 10) were analyzed after staining with Hoechst 34580. Populations enu-
merated are Prochlorococcus (PRO), Synechococcus (SYN), photosynthetic eukaryotes (PEUK), and nonpigmented (heterotrophic) bacteria
(HBACT). Shown are means + 1 standard deviation (n = 10) for cell abundances (x 103 cells mL™" for SYN and PEUK and x 10° cells

mL~" for PRO and HBACT), as well as the coefficient of variation (CV, %) for each population.

PRO SYN PEUK HBACT
Depth (m) (10°mL™ CV (%) 10°mL™ CV (%) 10>mL™" CV (%) 10°mL™ CV (%)
5 1.99+0.05 2 1.10+0.08 7 0.70+0.06 9 3.88+0.11 3
75 3.03+0.03 1 2.02+0.11 5 1.244+0.04 3 5.20+0.04 1
125 0.095+0.003 3 0.09+0.04 45 0.31+0.07 22 2.46+0.04 1

312 station ALOHA were analyzed after staining (Table 2). For
Prochlorococcus, coefficients of variation (CVs) on the average
cell abundance were 1%-3% at the three depths compared
(5, 75, and 125 m). Similarly, nonpigmented, or heterotrophic
bacteria had very low CVs (1-3%). In the 100 xL aliquot ana-
lyzed for both of these populations, at least 1000 and usually
more than 10,000 cells were enumerated. In contrast, for the
photosynthetic eukaryotes and Synechococcus, the 5 and 75 m
samples had CVs between 3% and 9%, whereas the deepest
sample (125 m) had very high CVs (22% for photosynthetic
eukaryotes and 45% for Synechococcus). These very high CVs
are likely due to these populations’ low abundances, i.e., 10s
or 100s of cells in a 100 uL aliquot. For lower variances, a
higher volume of sample can be analyzed at the same rate
(30 L min?!) for a longer time. However, increasing the sam-
ple flow rate to analyze more volume must be done with
extreme caution in any system with hydrodynamic focusing,
as this broadens the sample stream and may compromise
single-cell detection.

To determine how stable the DNA fluorescence was from
Hoechst 34580, preserved station ALOHA samples (three casts,
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with samples from 45 to 100 m) were stained and analyzed in
a time course, starting from the initial staining time (~ 1 min),
then re-analyzed at intervals over a 24-h period.
Prochlorococcus abundance time points averaged from 15 min
to 6 h were within the precision of repeated measurements
(2-3% CV), except for two of the 45 m samples where
repeated measurements had CVs of 4-5% (Fig. 3a). In contrast,
the average nonpigmented bacteria abundances were within
precision estimates (1-2% CV) for all samples from 15 min to
6 h (Fig. 3b). At 24 h after staining, abundance measurements
were lower for all samples, but still 83-94% of the mean value
for Prochlorococcus and 94-98% of the mean value for non-
pigmented bacteria (Fig. 3a,b, respectively).

DNA fluorescence in Prochlorococcus and nonpigmented
bacteria increased after staining from 1 to 15 min, and was rel-
atively stable after 30 min of staining, varying little over 24 h
(Fig. 4a,b, respectively). Chlorophyll fluorescence in
Prochlorococcus was highest initially, but decreased slightly
over the first 2 h, stabilizing after that, with the 24-h value
still 73-85% of the initial value. One exception was a 45 m
sample (la, Fig. 4c), which increased in chlorophyll
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Fig 3. Hoechst 34580 stain stability tests. Samples were stained and repeatedly analyzed to determine the time course of Hoechst staining and the stabil-
ity of the signal. Shown are data arranged as pairs of bars for 45 m (1a, 1b, 1c) and 100 m (2a, 2b, 2c) Prochlorococcus (a) and nonpigmented bacteria
abundance (B) (cells mL™") from separate casts at station ALOHA during HOT 312. Data in the first bar are the average of the 15 min-6 h time points,
followed by the 24 h time point in the second bar. Error bars are 1 standard deviation of the mean (n = 7 for 45 m; n = 6 for 100 m). Percentages above
each mean value are the coefficient of variation for that determination over the 6 h time course.
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fluorescence in the first hour before decreasing. However, that
sample was an outlier in several respects, showing the most
abundance variance (5%) and greatest decrease in abundance
and chlorophyll fluorescence after 24-h (1a, Fig. 3a).

Method comparisons
The Hoechst 34580 method was compared the SybrGreen I
method using a difference plot (Hollis 1996), with the
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difference in nonpigmented bacteria abundance measured by
each method plotted as function of the average of the two
values (Fig. 5a). The data show a mean + standard deviation
of the difference of —0.01 & 0.44 x 10° cells mL™!, with a
standard error of the mean (n = 72) of 0.05 x 10° cells mL™".
The 95% confidence interval of these data is —0.01 + 0.89
x 10° cells mL~!, which includes zero, showing no systematic
bias. The percent of values falling between the confidence
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Fig 4. DNA (from Hoechst 34580) and chlorophyll normalized fluorescence signals as a function of staining time. Samples were stained, then repeatedly ana-
lyzed to determine the time course of Hoechst staining and the stability of the signal. Shown are fluorescence data (arbitrary units) for 45 m (1a, 1b, 1c) and
100 m (2a, 2b, 2c) Prochlorococcus (panel a — normalized DNA fluorescence, panel € — normalized chlorophyll fluorescence) and nonpigmented bacteria
(panel b — normalized DNA fluorescence) from separate casts at station ALOHA during HOT 312. Note x-axis scale discontinuity (indicated by arrow).
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intervals is 94.4%, suggesting good agreement between the
methods. Further, reduced major axis regression of these data
have a slope overlapping 1.0 (range, 0.9881-1.198) and an
intercept encompassing zero (range, —1.127 to 0.06624),
within 95% confidence limits (Fig. 5b).

The Hoechst 34580 method was also compared to the
Hoechst 33342 method using a difference plot (Fig. 5¢). These
data show a mean =+ standard deviation of the difference of
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0.177 £ 0.591 x 10° cells mL~!, with a standard error of the
mean (n = 42) of 0.091 x 10° cells mL™!. All data fall within
the 95% confidence interval which includes zero, indicating
no systematic bias. Reduced major axis regression of these data
have a slope of 1.124, with 95% confidence intervals of
1.046-1.127, indicating that the Hoechst 34580 method gives
a slightly higher abundance than the Hoechst 33342 method
(Fig. 5d). The intercept is —0.6199 x 10° cells mL™!, and its
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Fig 5. Comparison of nonpigmented bacteria abundance (x 10 5 cells mL~") from samples stained with Hoechst 34580 and SybrGreen | (a, b), and
Hoechst 34580 and Hoechst 33342 (c, d). Panels (a) and (b) show data from euphotic zone samples from the Hawaii Ocean Time-series stations ALOHA
and Ka’ena (HOT 312, June 2019) and oligotrophic, deep-water stations in the Gulf of Mexico (NF17, May 2017). Panels (c) and (d) show data from
open-ocean euphotic zone samples (n = 42) collected from California coastal waters during the CalCOFI CCE project (P1908, August 2019). Panels (a)
and (c) are difference plots (x 10 5 cells mL~"), with the mean difference (solid line) and limits of agreement (dashed lines). Panels (b) and (d) are the

reduced major axis regressions of these data.
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Fig 6. Prochlorococcus (a) and Synechococcus (b) abundance (cells mL~") as a function of depth. Comparison of unstained and Hoechst 34580-stained
samples from the Hawaii Ocean Time Series stations Aloha and Ka’ena point (HOT 312, June 2019) and from oligotrophic, deep-water stations in the Gulf
of Mexico (NF1704, May 2017, one profile per station). Open symbols are unstained samples, while closed symbols are samples stained with Hoechst
34580. Stations ALOHA and Ka’ena data (n = 4 per depth) are means + 1 standard deviation, whereas NF17 profiles are from single casts.
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Fig 7. Phytoplankton (photosynthetic eukaryotes (a), Synechococcus (b) and nonpigmented bacteria abundances () for live (unpreserved) Waimanalo
Beach surface samples. Abundances are the number of cells in 100 uL of sample. Samples were stained with (1) Hoechst only (red fill) or (2) Hoechst

-+ TFD (green fill).

95% confidence interval is below zero (range, —0.7025 to
—~0.2198 x 10° cells mL™"). While the single high outlier in
this regression (~ 30 x 10° cells mL™') does increase the slope
slightly (1.124 relative to 1.061 x 10° cells mL™"), its omission
still results in a slope with 95% confidence limits higher than
1.0 at the hundredth decimal place (range, 1.026-1.088 x 10°
cells mL™1).

Depth profiles from HOT 312 and NF17 show that phyto-
plankton enumerated after staining with Hoechst 34580-stained
samples were similar to wunstained samples (Fig. 6).

Prochlorococcus abundances were not significantly different from
each other (Fig. 6a). At Stations ALOHA and Ka'ena, where Syn-
echococcus concentrations are very low (<2 x 10® cells mL™),
means of stained and unstained samples were also similar
(Fig. 6b). However, in the Gulf of Mexico, where Synechococcus
were present at higher concentrations in the euphotic zone and
only single casts are compared between methods, Hoechst-
stained samples were somewhat higher than unstained samples
at a few depths, reflecting the lower precision of the method
when applied to low population abundances.
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Unpreserved Waimanalo Beach surface samples were sta-
ined with Hoechst 34580 (Fig. 7). While Hoechst alone stained
the live samples adequately, the addition of TFD greatly
increased the cellular fluorescence of the eukaryotic phyto-
plankton (Fig. 7a). TFD functions to block efflux of Hoechst
from living cells, for a brighter fluorescence signal (Krishan
1987). In contrast, Synechococcus had only slightly higher DNA
fluorescence with TFD (Fig. 7b), while nonpigmented bacteria
showed no overall change in fluorescence (Fig. 7¢).

Discussion

The Hoechst 34580 method, which can be applied to pre-
served or living cells, has a precision of <3% for cell
populations at > 10* cells mL™", and < 10% for lower cell con-
centrations of ~ 10 cells mL~! when 100 uL of sample is ana-
lyzed. Staining is also relatively stable, with the same DNA
signal obtained over ~ 24 h period. However, preserved phyto-
plankton samples gradually lose pigment fluorescence on
shorter time scales so it is advisable to analyze thawed samples
as soon as possible for maximum signal. Abundance estimates
in preserved samples also decrease somewhat after 6 h at room
temperature. The method compares well to other methods, in
particular Hoechst 33342 and SybrGreen I staining.

The SybrGreen I staining method is quite effective at sepa-
rating Prochlorococcus from nonpigmented bacteria when the
cellular red fluorescence of Prochlorococcus is high enough
(e.g., deeper natural samples or cultures). However, for natural
samples from shallow depths, SybrGreen I fluorescence inter-
ference into the chlorophyll fluorescence detector prevents
clear separation of these populations, as previously noted by
Marie et al. (1997). Marie et al. (1997) also recommends
analyzing each sample twice: first, live and unstained for
phytoplankton, and second preserved and stained for non-
pigmented bacteria. With Hoechst 34580, only a single sample
run is required regardless of Prochlorococcus’ intrinsic chloro-
phyll fluorescence; and if a suitable instrument is available at
the time of collection, this dye also may be used to stain living
cells, so again a single sample can be analyzed for obtaining
information on all populations.

The instrument used here, the Beckman Coulter
CytoFLEX S, is a compact, easily transportable, sensitive flow
cytometer, suitable for at-sea use. In addition to the availabil-
ity of the 375 nm laser on this instrument, it has very sensi-
tive avalanche photodiode detectors that allow the detection
of natural populations of surface Prochlorococcus, which is not
possible for many instruments (Gérikas Ribeiro et al. 2016).
Avalanche photodiodes have a higher quantum efficiency
than photomultiplier detectors at wavelengths greater than
650 nm (Lawrence et al. 2008). Previously, surface
Prochlorococcus has usually only been detectable using very
expensive, power-intensive flow cytometers which are com-
paratively difficult to take to sea and require highly trained
operators to maintain and use.
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The Hoechst 34580 DNA staining method allows enumera-
tion of phytoplankton and nonpigmented bacteria in a single
sample, using relatively low power 375 nm laser excitation.
This is a distinct improvement over methods requiring expen-
sive, power-intensive UV lasers for excitation, or the use of
stains emitting in the green with emitted fluorescence over-
lapping natural pigment fluorescence. This methodology is
effective for staining living or preserved cells, making it versa-
tile in application for shore- and ship-based analyses. The sim-
plicity of the method is also attractive, with no preincubation
of sample in RNAse or heating. This new methodology, using
a simple to operate and relatively inexpensive instrument, will
allow more researchers to have the capability to study micro-
bial populations, and particularly picoplankton, on shore or
at sea.

References

Arndt-Jovin D. J., Jovin T. M. 1977. Analysis and sorting of
living cells according to deoxyribonucleic acid content.
J. Histochem. Cytochem. 25: 585-589. do0i:10.1177/25.7.
70450

Bohonak, A. ]J. & van der Linde, K. 2004. RMA: Software for
reduced major axis regression for Java. Available from
www .kimvdlinde.com/professional/rma.html

Bucevitius, J., G. Lukinavic¢ius, and R. Gerasimaite. 2018. The
use of Hoechst dyes for DNA staining and beyond.
Chemosensors 6: 18. doi:10.3390/chemosensors6020018

Binder, B. J., S. W. Chisholm, R. J. Olson, S. L. Frankel, and
A. Z. Worden. 1996. Dynamics of picophytoplankton,
ultraphytoplankton and bacteria in the central equatorial
Pacific. Deep Sea Res. II. 43: 907-931. d0i:10.1016/0967-
0645(96)00023-9

Campbell, L., H. A. Nolla, and D. Vaulot. 1994. The impor-
tance of Prochlorococcus to community structure in the cen-
tral North Pacific Ocean. Limnol. Oceanogr. 39: 954-961.
d0i:10.4319/10.1994.39.4.0954

Chisholm S. W., Olson R. J., Zettler E. R., Goericke R,
Waterbury J. B., Welschmeyer N. A. 1988. A novel free-
living prochlorophyte abundant in the oceanic euphotic
zone. Nature. 334: 340-343. doi:10.1038/334340a0

Gasol J. M., Del Giorgio P. A. 2000. Using flow cytometry for
counting natural planktonic bacteria and understanding
the structure of planktonic bacterial communities. Scientia
Mar. 64: 197-224. doi:10.3989/scimar.2000.64n2197

Gérikas Ribeiro, C., D. Marie, A. Lopes dos Santos, F. Pereira
Brandini, and D. Vaulot. 2016. Estimating microbial
populations by flow cytometry: Comparison between
instruments. Limnol. Oceanogr.: Methods 14: 750-758.
doi:10.1002/lom3.10135

Hess, W. R., F. Partensky, G. W. Van der Staay, J. M. Garcia-
Fernandez, T. Borner, and D. Vaulot. 1996. Coexistence of
phycoerythrin and a chlorophyll a/b antenna in a marine


https://doi.org/10.1177/25.7.70450
https://doi.org/10.1177/25.7.70450
http://www.kimvdlinde.com/professional/rma.html
https://doi.org/10.3390/chemosensors6020018
https://doi.org/10.1016/0967-0645(96)00023-9
https://doi.org/10.1016/0967-0645(96)00023-9
https://doi.org/10.4319/lo.1994.39.4.0954
https://doi.org/10.1038/334340a0
https://doi.org/10.3989/scimar.2000.64n2197
https://doi.org/10.1002/lom3.10135

Selph

prokaryote. Proc. Natl. Acad. Sci. USA. 93: 11126-11130.
doi:10.1073/pnas.93.20.11126

Hollis, S. 1996. Analysis of method comparison studies. Ann.
Clin. Biochem. 33: 1-4. doi:10.1097/01.AACN.0000318
125.41512.a3

Krishan A. 1987. Effect of drug efflux blockers on vital
staining of cellular DNA with Hoechst 33342. Cytometry.
8: 642-645.

Landry, M. R., S. L. Brown, Y. M. Rii, K. E. Selph, R. R.
Bidigare, E. J. Yang, and M. P. Simmons. 2008. Depth-
stratified phytoplankton dynamics in Cyclone Opal, a sub-
tropical mesoscale eddy. Deep Sea Res. II. 55: 1348-1359.
d0i:10.1016/j.dsr2.2008.02.001

Landry, M. R, K. E. Selph, A. G. Taylor, M. Décima, W. M. Balch,
and R. R. Bidigare. 2011. Phytoplankton growth, grazing and
production balances in the HNLC equatorial Pacific. Deep Sea
Res. II. §8: 524-535. d0i:10.1016/j.dsr2.2010.08.011

Lawrence, W. G., G. Varadi, G. Entine, E. Podniesinski, and
P. K. Wallace. 2008. Enhanced red and near infrared detec-
tion in flow cytometry using avalanche photodiodes.
Cytom. Part A 73: 767-776. doi:10.1002/cyto.a.20595

Marie, D., F. Partensky, S. Jacquet, and D. Vaulot. 1997. Enumer-
ation and cell cycle analysis of natural populations of marine
picoplankton by flow cytometry using the nucleic acid stain
SYBR Green 1. Appl. Environ. Microbiol. 63: 186-193.

Marie, D., N. Simon, and D. Vaulot. 2005. Phytoplankton cell
counting by flow cytometry, p. 253-267. In R. A. Anderson
[ed.], Algal culture techniques. Academic Press.

Monger, B. C., and M. R. Landry. 1993. Flow cytometric analysis
of marine bacteria with Hoechst 33342. Appl. Environ.
Microbiol. §9: 905-911. doi:10.1128/aem.59.3.905-911.1993

Olson, R. J., S. L. Frankel, S. W. Chisholm, and H. M. Shapiro.
1983. An inexpensive flow cytometer for the analysis of
fluorescence signals in phytoplankton: Chlorophyll and
DNA distributions. J. Exp. Mar. Biol. Ecol. 68: 129-144. doi:
10.1016/0022-0981(83)90155-7

Partensky, F., W. R. Hess, and D. Vaulot. 1999. Prochlorococcus,
a marine photosynthetic prokaryote of global significance.
Microbiol. Molec. Biol. Rev. 63: 106-127. doi:10.1128/
MMBR.63.1.106-127.1999

Portugal, J., and M. J. Waring. 1988. Assignment of DNA bind-
ing sites for 4/, 6-diamidine-2-phenylindole and
bisbenzimide (Hoechst 33258). A comparative footprinting
study. Biochim. Biophys. Acta 949: 158-168.

Selph K. E., Landry M. R., Taylor A. G., Yang E. J., Measures C. I.,
Jang J., Stukel M. R., Christensen S., Bidigare R. R. 2011.
Spatially-resolved taxon-specific phytoplankton production
and grazing dynamics in relation to iron distributions in the
Equatorial Pacific between 110 and 140° W. Deep-Sea Res. IL
58: 358-377. d0i:10.1016/j.dsr2.2010.08.014

Selph K. E., Swalethorp R., Stukel M. R., Kelly T. B., Knapp A. N.,
Fleming K., Hernandez T., Landry M. R. 2021. Phytoplankton
community composition and biomass in the oligotrophic Gulf
of Mexico. J. Plank. Res. fbab006. doi:10.1093/plankt/fbab006

701

Hoechst 34580-stained marine microbes

Shapiro H. M. 1981. Flow cytometric estimation of DNA and
RNA content in intact cells stained with Hoechst 33342
and pyronin Y. Cytometry. 2: 143-150.

Shapiro H. M., Perlmutter N. G. 2001. Violet laser diodes as light
sources for cytometry. Cytometry. 44: 133-136. doi:10.1002/
1097-0320(20010601)44:2<133::aid-cyt01092>3.0.co;2-s

Shapiro, H. M., and W. G. Telford. 2018. Lasers for flow cyto-
metry: Current and future trends. Curr. Protoc. Cytom. 83:
1.9.1-1.9.21. doi:10.1002/cpcy.30

Taylor, I. W., and B. K. Milthorpe. 1980. An evaluation of
DNA fluorochromes, staining techniques, and analysis for
flow cytometry. 1. Unperturbed cell populations.
J. Histochem. Cytochem. 28: 1224-1232.

Taylor, A. G., and M. R. Landry. 2018. Phytoplankton biomass
and size structure across trophic gradients in the southern
California Current and adjacent ocean ecosystems. Mar.
Ecol. Prog. Ser. §92: 1-17. doi:10.3354/meps12526

Veldhuis, M. J. W., and G. W. Kraay. 2000. Application of
flow cytometry in marine phytoplankton research: Cur-
rent applications and future perspectives. Sci. Mar. 64:
121-134. doi:10.3989/scimar.2000.64n2121

Yentsch, C. M., L. Cucci, and U. D. Phinney. 1984. Flow cyto-
metry and cell sorting: Problems and promises for biologi-
cal ocean science research, p. 141-155. In Marine
phytoplankton and productivity. Springer.

Zhaxybayeva, O., W. F. Doolittle, R. T. Papke, and J. P.
Gogarten. 2009. Intertwined evolutionary histories of
marine Synechococcus and Prochlorococcus marinus. Genome
Biol. Evol. 1: 25-339. d0i:10.1093/gbe/evp032

Acknowledgments

| gratefully acknowledge the Hawaii Ocean Time-series project Principle
Investigator Dr. Angelicque White, Dr. Fernando Santiago-Mandujano and HOT
312 cruise Chief Scientist Dan Sadler for providing bunk space and allowing me
to collect water for this study during HOT 312. This is SOEST contribution
no. 11360. Funding to acquire the flow cytometer (Beckman Coulter CytoFLEX
S) used in this research was provided by the School of Ocean and Earth Science
and Technology at the University of Hawaii at Manoa to KES. Gulf of Mexico
sample collection and data analyses were funded by the National Oceanic and
Atmospheric Administration Restore Science Program, for the project, “Effects of
Nitrogen Sources and Plankton Food-Web Dynamics on Habitat Quality for the
Larvae of Atlantic Bluefin Tuna in the Gulf of Mexico,” NOAA JIMAR Cooperative
Agreement, award# NAT6NMF4320058. Development of this method was
also partially supported by National Science Foundation grant OCE-1756465 to
KES for the project, “Collaborative Research: Quantifying Trophic Roles and
Food Web Ecology of Salp Blooms of the Chatham Rise.” CCE-LTER sample
acquisition and data analyses were funded by National Science Foundation
grant OCE-1614359 to the CCE-LTER site.

Submitted 11 February 2021
Revised 04 June 2021
Accepted 23 July 2021

Associate editor: Christian Fritsen


https://doi.org/10.1073/pnas.93.20.11126
https://doi.org/10.1097/01.AACN.0000318125.41512.a3
https://doi.org/10.1097/01.AACN.0000318125.41512.a3
https://doi.org/10.1016/j.dsr2.2008.02.001
https://doi.org/10.1016/j.dsr2.2010.08.011
https://doi.org/10.1002/cyto.a.20595
https://doi.org/10.1128/aem.59.3.905-911.1993
https://doi.org/10.1016/0022-0981(83)90155-7
https://doi.org/10.1128/MMBR.63.1.106-127.1999
https://doi.org/10.1128/MMBR.63.1.106-127.1999
https://doi.org/10.1016/j.dsr2.2010.08.014
https://doi.org/10.1093/plankt/fbab006
https://doi.org/10.1002/1097-0320(20010601)44:2%3C133::aid-cyto1092%3E3.0.co;2-s
https://doi.org/10.1002/1097-0320(20010601)44:2%3C133::aid-cyto1092%3E3.0.co;2-s
https://doi.org/10.1002/cpcy.30
https://doi.org/10.3354/meps12526
https://doi.org/10.3989/scimar.2000.64n2121
https://doi.org/10.1093/gbe/evp032

	 Enumeration of marine microbial organisms by flow cytometry using near-UV excitation of Hoechst 34580-stained DNA
	Materials and procedures
	Assessments
	Population definitions
	Precision and stability tests
	Method comparisons

	Discussion
	References


