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1 | INTRODUCTION

Viruses are the most abundant and genetically diverse life forms in

the ocean. Estimates from direct counts of virus-like particles (VLPs)

Abstract

Marine viruses make up an essential compartment of the marine ecosystem. They are
the most abundant organisms and represent one of the biggest sources of unknown
biodiversity. Viruses also have an important impact on bacterial and algal mortality in
the ocean, and as such have a major influence on microbial diversity and biogeochem-
ical cycling. However, little is known about the abundance and distribution patterns
of viruses across the oceans and seas. Over the last 20 years, flow cytometry has
been the technique of choice to detect and count the viral particles in natural sam-
ples. Nevertheless, due to their small size, the detection of marine viruses is still
extremely challenging. In this article we describe how a new generation of flow
cytometer which uses the side scatter (SSC) of violet photons from a 405 nm laser
beam helps to improve the resolution for detecting marine viruses. To the best of our
knowledge, this is the first report where virioplankton has been detected in aquatic
samples using flow cytometry with a 405 nm violet SSC instead of a 488 nm
blue SSC.
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within seawater samples indicate that the global abundance of free
viruses is at least 10%° individuals in the global ocean, translating into
about 200 Mt of carbon [1]. Virioplankton could affect the marine
biogeochemical cycle and energy flow by regulating the transfer and
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transformation of organic matter in the marine microbial food
web [2].

Detection and accurate, reliable enumeration of virioplankton is
critical for providing essential information about virus abundance, dis-
tribution, production and decay, and understanding their ecological
function in marine biogeochemistry [3, 4]. Abundant VLPs within
aquatic environments were discovered about 30 years ago, using
transmission electronic microscopy (TEM) [5-7]. TEM provides infor-
mation on the shape and size of VLPs, however, it is expensive, time
consuming and lacks precision [2]. With the development of DNA-
binding fluorescent stains such as DAPI (4',6-diamidino-2-phenylin-
dole), SYBR Green |, SYBR Gold, and Yo-Pro-1 as well as high porosity
aluminum oxide anodisc filters (0.02 um pore size), scientists started
to enumerate VLPs using epifluorescence microscopy (EFM) [8, 9].
EFM is cheaper and comparatively faster than TEM, whereas it is diffi-
cult to discriminate large VLPs from small bacteria, leading to counting
errors [2].

Over the past three decades, flow cytometry (FCM) has proven
to be useful in the field of marine environmental microbiology
[10-12], and has led to some fundamental changes in our understand-
ing of the marine biogeochemical cycles and energy flow [13]. The
smallest photoautotroph known to date is Prochlorococcus. It is the
numerically dominant primary producer in open ocean ecosystems
and was discovered by flow cytometry [12]. FCM allows fast analysis
of individual cells/particles according to their light scatter properties
and fluorescence characteristics, providing quantitative information of
marine pico- and nanoplankton [14] as well as virioplankton [15].
FCM has become the preferred method for quantifying VLPs in
aquatic samples due to its advantage in terms of speed, accuracy and
cost [4].

Since the first report using FCM to quantify the abundance of
VLPs in natural seawater [16], there have been a large number of pub-
lications on this subject. Most of the researches use the nucleic acid
dye SYBR Green | (Molecular probes, Eugene, OR), which emits a
broad fluorescence upon excitation with a 488 nm (blue) laser beam,
reaching a maximum at the green wavelength (530 nm) with a high
fluorescence yield [15]. VLPs are identified on the bi-parametric plot
defined by the right angle blue side scatter (BSSC) versus the green
fluorescence of SYBR Green | [15]. According to the literature, in nat-
ural seawater samples, virioplankton can usually be divided into 2 or
3 sub-populations on the basis of their relative green fluorescence
intensity [15, 17-19].

A recent study suggests that the 405 nm violet side scatter
(VSSC) being a shorter wavelength could be superior to BSSC in
detecting metal nanoparticles. Indeed VSSC yielded smaller coefficient
of variations (CVs) and a greater separation index (SI) compared with
blue light excitation [20]. SI was measured using the means and stan-
dard deviations (SD) of two smaller bead peaks (e.g., 200 and 300 nm)
[20]. SI was similar to the Fisher's Discriminant Ratio (Rd) value mea-
surement, which is a measure of the statistical separation between
two populations using their means and standard deviations. In Zucker,
et al. [20], the authors concluded that VSSC yielded smaller CVs and a
greater S| compared with BSSC. This feature has proven useful in the

analysis of microvesicles in biological samples [21, 22]. Observations
show that the diameter of VLPs in aquatic samples falls mainly in the
range of 20-200 nm. Among them, VLPs with a diameter of 30-
70 nm account for more than 65% of the total [23]. Therefore, VLPs
are about the same size as microvesicles or metal nanoparticles men-
tioned above. The aim of this paper is to test if VSSC would be useful

for virioplankton detection in natural seawater samples.

2 | MATERIALS AND METHODS

21 | Sampling

Samples were collected at coastal and oceanic stations in the Western
Pacific (Figure 1). For coastal stations, sampling was conducted from
the 11th to 12th of September, 2017 onboard R/V “Kejiao No.1” in
the Jiaozhou Bay, in the Yellow Sea at 4 stations (Stn. C1 to C4, C:
abbreviation for coastal). Seawater samples were taken with 5 L
Niskin bottles at 1 to 4 depths depending on the water column depth.
For oceanic stations, samples were collected onboard the R/V “Kexue”
in the tropical Western Pacific at 2 stations (Stn. O1 and 02, O: the
abbreviation for oceanic) on August 1st 2017. Samples were collected
at 11 different depths from the surface to about 2700 m. Sampling
was performed using a CTD profiler (Sea-Bird SBE 9) with 10-L Niskin
bottles. At each station, 2 samples of 4 ml of seawater were preserved
with paraformaldehyde (1% final concentration) immediately after
sampling, kept at room temperature in the dark for 15 min to allow
the fixative to operate, and then freeze-trapped in liquid nitrogen until

laboratory analysis onshore [24, 25].
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FIGURE 1 Sampling station. Stns. C1-C4: coastal stations, Stns.
01, O2: oceanic stations [Color figure can be viewed at
wileyonlinelibrary.com]
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22 | FCM counting

VLPs were determined by a CytoFLEX S flow cytometer (Beckman
Coulter). The CytoFLEX S was equipped with violet (405 nm), blue
(488 nm) and red (638 nm) lasers to detect up to 13 fluorescent chan-
nels. The CytoFLEX S used the technology of the Wavelength Divi-
sion Multiplexer (WDM) used in the telecommunications industry to
deconstruct and measure multiple wavelengths of light. This technol-
ogy relies on fiber optics and band pass filters to separate the differ-
ent light wavelengths. Unlike more conventional instruments, the
multiple dichroic filters used to separate and direct the various light
paths are not required. In addition, the WDM on the CytoFLEX S flow
cytometer utilizes Avalanche Photodiode detectors (APD), instead of
the photomultiplier tubes (PMT) found on most flow cytometers (refer
to the Beckman Coulter brochure). APD have a better quantum effi-
ciency than PMT in excess of 80%. [26]. Quantum efficiency, that is,
the photon-electron conversion vyield, is the number of the electron-
hole carrier pairs generated per incident-absorbed photon. This
higher photon-electron conversion yield reduces measurement error
thus facilitating higher sensitivity and resolution. The CytoFLEX S fea-
tures the capability to measure the side scatter of the violet as well as
the blue laser beams. This increases the range of particles that can be
detected as the smaller violet (405 nm) wavelength results in more
orthogonal light scattering at any given particle size compared to the
blue (488 nm) wavelength. To use VSSC to detect VLPs, the filter con-
figuration from a regular CytoFLEX S was changed according to
Zucker, et al. [20]: the 405 nm laser filter position 450/45 nm was
changed to a 405/10 nm band-pass filter in order to collect the violet
photons scattered by the particles. No additional small particles detec-
tor was employed in this study. There was no other special optical
modification.

Fixed samples were thawed in the dark at room temperature and
then filtered through a 100 um mesh to remove large particles
(in order to prevent any clogging). Filtered samples were 10-fold
diluted in 0.22 pm filtered autoclaved TE buffer (Tris-EDTA,
100 mmol L~ Tris-HCI, 10 mmol L~ EDTA, pH = 8.0, Sigma) to
reach an ideal working event rate (200-800 events s~1) and to avoid
electronic coincidences and thus a bias in counts. Diluted samples
were stained with SYBR Green | (Molecular Probes Inc.) at a final con-
centration of 5*10~° dilution of the commercial stock (v/v), vortexed
for 15 s, incubated for 10 min in the dark at 80°C, and then cooled for
5 min prior to analysis [15, 27]. The trigger was set to green fluores-
cence signal, and VLPs could be identified on the basis of VSSC versus
green fluorescence intensities. Data was collected in logarithmic mode
thanks to the CytExpert software (v2.3.0.84, Beckman Coulter). For
daily calibration of the CytoFLEX S, a solution of 2 pm fluorescent
polystyrene beads (Polysciences) was used as the internal standard. In
addition, to detect small changes in instrument performance that
would affect submicron analysis, the use of fluorescent polystyrene
beads (Megamix FSC & SSC Plus, BioCytex) in sizes of 0.1, 0.16, 0.2,
0.24, 0.3, 0.5, and 0.9 pm as described in Wisgrill, et al. [22] is also
recommended for daily calibration of the flow cytometer (Figure S1).
TE-buffer was pre-treated (blanks) and analyzed identically to
samples.

Journal of Quantitative Cell Science

As detection of coincidence (so-called “swarm”) is a huge problem
in small particle detection, the usual approach is to do serial dilution
until the subpopulations of small particles remain stable with further
dilutions. Additional analyses have been performed on both coastal
and oceanic samples by doing serial dilutions (2, 10, 100, 1000 times)
for each. The 2- and 1000- times dilutions were not usable because
the subpopulations were either way too concentrated (leading to pro-
miscuous clusters) or too diluted (no more cluster). However, the 10-
and 100- times dilutions resulted in similar subpopulations of VLPs
(See Figures S1 and S2).

2.3 | EFM counting

For EFM enumeration, a modification of the method of Noble and
Fuhrman [16] was used. About 100 pl of the samples were diluted to
1 ml with 0.02 pm filtered Milli-Q water, then filtered onto a 0.02 pm
anodisc filter (Whatman). Filters were placed on 100 ul of SYBR Green
I solution (final dilution 2.5 x 1072, Molecular Probes), and stained for
20 min in the dark. After staining, excess dye was removed with Kim-
wipes (Kimberly-Clark). The filters were then mounted with 20 ul p-
phenylenediamine (0.1% v/v) anti-fade mounting medium [9]. VLPs
were counted using an epifluorescence microscope (BX51, Olympus;
filter U-MWIB2) equipped with a microscope digital camera (DP80,
Olympus). For each slide, 10-20 randomly chosen views were
counted. At least 200 VLPs, distinguished on the basis of shape and

brightness (Figure 3) [16], were counted for each slide.

2.4 | Statistical analysis

Flow cytometry data were analyzed with CytExpert software
(Beckman Coulter). Statistical analysis and scientific graphing were
conducted using Prism 7 software (GraphPad Software). Pearson cor-
relation analysis and two independent-sample t-tests were used to
compare the VLPs counts using different methods or parameters. S|
was introduced to better prove the efficiency of using VSSC [28]. In
this study, SI was calculated using the VSSC and BSSC median inten-
sity and robust standard deviation (rSD) of VLPs and Non-VLPs (from
Figure 4):

S = (Medianyon-vies—Medianvies ) (9, 5D, )

3 | RESULTS

3.1 | VLPsabundance and sub-clusters

The modification of the CytoFLEX S flow cytometer using a
405/10 nm filter made it possible to record the light scatter from the
violet (405 nm) laser beam in addition to the conventional light scatter
from the blue (488 nm) laser beam. VLPs could thus be simultaneously
gated from bi-parametric plots of VSSC or BSSC versus SYBR Green |
fluorescence (Figure 2A-C). Blanks consisting of TE-buffer were pre-
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treated and analyzed identically to samples, further facilitating the
recognition of VLPs from potential Non-VLPs (Figure 2D).

VLPs abundances in 11 coastal samples ranged from 6.65 x 10°
particles mI™* to 1.90 x 107 particles ml~?, with a mean concentration
of 5.60 + 1.72 x 107 particles ml~* (Table S1). Up to 6 VLPs sub-
clusters (V1-Vé) corresponding to viruses displaying various fluores-
cence intensities could be identified (Figure 2A, E). V2 and V3 sub-
clusters are the most abundant, accounting for 45.43% + 2.89% and
25.43% + 3.20% of VLPs, respectively.

In oceanic samples, VLPs abundances were about one order of
magnitude lower than in coastal samples, ranging from 6.95 x 10°
particles mL™? (Stn. O1, 1000 m) to 4.00 x 10° particles mL™? (Stn.
02, 75 m), with a mean concentration of 2.23 x 10° particles mL™!
(Table S2). For samples from the upper 75 m of the water column,
4 VLPs sub-clusters (V1, V2a, V2b, and V3) could be identified
(Figure 2B, F). Below 100 m, the middle fluorescent sub-clusters, that
is, V2a and V2b in Figure 2B merged into one single V2 sub-cluster,
making a total of 3 VLPs sub-clusters (V1, V2, and V3) for these sam-
ples (Figure 2C, G).

3.2 | Control of FCM and EFM counts

EFM counts (Figure 3A) were performed for coastal samples to com-
pare with the FCM counts. EFM results show that VLPs abundance
was lower but on the same order of magnitude as FCM (Table S1),

ranging from 1.81 x 107 particles ml= to 5.95 x 107 particles ml~2,
with a mean concentration of 3.30 + 1.20 x 107 particles ml~1. As
revealed by Pearson correlation analysis, FCM and EFM counts were
significantly correlated (coefficient = 0.806, p < 0.001 using VSSC,
and 0.698, p < 0.001 using BSSC, respectively), suggesting FCM
using VSSC or BSSC is suitable for the enumeration of viruses
(Figure 3B, C). However, FCM estimates of VLPs abundance were
higher than EFM, by an average factor of 1.64 for VSSC and 1.83
for BSSC.

3.3 | Comparison of VSSC and BSSC

For the purpose of this study, VLPs abundance was determined for
each datafile using both the BSSC and VSSC intensity versus SYBR
Green | fluorescence distribution (Figure 4). For high VLPs abundance
samples, sub-clusters could also be identified with the BSSC cytogram
(Figure 4B) and was similar to the VSSC cytogram (Figure 4A). How-
ever, separation of VLPs from Non-VLPs (in gray on the histograms of
Figure 4C and D) was greater on the VSSC cytogram than the BSSC
cytogram. We observed some Non-VLPs overlap with low fluorescent
VLPs sub-clusters (Figure 4B and D, F and H, J and L), indicating for a
same datafile some overestimation of VLPs counts with BSSC. Indeed,
counts based on BSSC were always higher than those performed with
VSSC, for coastal samples (Figure 5A), by an average factor of 1.12,
even though the difference was not significant (p > 0.05). For oceanic
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samples, the optical resolution of various sub-clusters using BSSC was
less clear (Figure 4F and J). Especially for deep sea samples, it's diffi-
cult to distinguish low fluorescent VLPs from Non-VLPs (Figure 4L,
500 m depth). BSSC counts were also higher than VSSC (Figure 5B
and C), by an average factor of 1.03 for samples in the upper 200 m
water column and 1.45 for deep sea samples, respectively. But neither

difference was statistically significant (p > 0.05). To better prove the
efficiency of using VSSC, the SI was calculated with the VSSC and
BSSC median intensity and robust standard deviation of VLPs and
Non-VLPs according to de Rond et al. [28]. The Sl thereby is a mea-
sure for the separation between VLPs subpopulations and the Non-

VLPs. Figure 6 evidences that for all the samples, both coastal and
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open ocean, the S| of VSSC is superior to BSSC by a factor ranging
from 1.84 to 38.57 (Table S3). Our results show that VSSC is a better
variable than BSSC regarding VLPs counting, especially for low VLPs
abundant samples.

4 | DISCUSSION

For many laboratories, FCM has become the routine method for
quantifying VLPs in aquatic systems because of its high reproducibil-
ity, high sample throughput, and ability to distinguish several sub-
clusters of VLPs [15]. The conventional procedure of VLPs FCM enu-
meration uses the bi-parametric plot of BSSC vs fluorescence from
DNA-binding stains [15, 24]. However, the majority of flow cyt-
ometers are not built for the purpose of detecting nano-sized particles
such as viruses. Due to their small size and low nucleic acid content,
sometimes it's difficult to separate VLPs signals from the Non-VLPs of
the sample. One way to solve this problem is to modify the cyt-
ometers with high-powered lasers (to get more photons scattered),
higher voltage photomultipliers (to amplify the signal), or implement
an extra small-particle detector [29], but all of these modifications can
be expensive and are not available on all flow cytometers.

The 405 nm laser has become common on commercially available
cytometers. Research based on the Mie light scatter theory have
proved that 405 nm VSSC could generate significantly better light
scatter signals than the 488 nm BSSC, increasing the precision and
resolution over instrument noise for nanoparticles or microvesicles
detection [20-22]. Indeed, McVey et al [21] have clearly demon-
strated that side scatter for 405 nm photons is superior to the one for
488 nm photons for the detection of small (100-500 nm) spherical
particles. Because the amount violet (405 nm) photons scattered at
90° is twice as important as the blue (488 nm) photons, the signal
measured by flow cytometry is better for the VSSC. However, the
quantum efficiency of the avalanche photodiode is actually twice as
high (about 80%) for the 488 nm photons as that of the 405 nm pho-
tons (about 40%) [26]. In addition, using shorter wavelength light
increases the instrument's resolving power of similarly sized particles

(Abbe's Law), because the light scattered at lower wavelengths is less

diffused. That is why the optical resolution of the various VLPs clus-
ters looks better (lower CVs) with the 405 nm than the 488 nm laser
beam (Figure 4).

This article aims to describe how the use of VSSC can better char-
acterize, and count VLPs in natural seawater samples. We have dem-
onstrated that the use of VSSC along with a slight modification to the
CytoFLEX S flow cytometer is suitable for enumeration of viruses
from various natural aquatic samples (in coastal or open ocean, from
the surface or deeper). The Sl calculated both for BSSC and VSSC
quantifies the better separation between VLPs subpopulations and
Non-VLPs when using the VSSC. As such, we have demonstrated that
VSSC increased the capacity to resolve VLPs over instrument and
sample Non-VLPs, making it easier to gate VLPs events on cytograms
and eliminating some Non-VLPs overlapping with VLPs when gated
on the BSSC. The VLPs abundance we obtained were around 107 par-
ticles ml~? for coastal and 10° particles ml~! for oceanic samples.
These results are in the range of viral abundance reported in the liter-
ature for similar environments [23]. VLPs abundance acquired using
VSSC are highly correlated with those obtained with BSSC, but more
accurate as some Non-VLPs has not been considered anymore, prov-
ing VSSC is reliable. The counts performed by EFM were in the same
order of magnitude than flow cytometry, they are however lower than
expected (by a factor 1.64 compared to VSSC counts and a factor
1.83 compared to BSSC counts). After staining the sample, 10-20 ran-
domly chosen views were imaged and then analyzed. VLPs were dis-
tinguished and counted on the basis of shape, size, and brightness
(green intensity induced by SYBR Green | dye) from the picture. We
were unable to provide any explanation for that discrepancy in counts
and no other fluorescence methods were evaluated to confirm, defini-
tively, the presence and amount of viruses using EFM. As described in
Kaletta et al., the complex and heterogeneous nature of environmen-
tal water samples, together with a background rather high in abiotic
particles, presents challenges to accurate virus quantification [30].
Interestingly, none of the methods tested in Kaletta et al. [30] was
able to provide reliable accurate absolute values, as the exact concen-
tration of the viral particles in these samples is virtually impossible to
determine. All non-targeted methods such as FCM and EFM used in
this study and Kaletta et al. [30], or nanoparticle tracking analysis
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(NTA) used in Kaletta et al. [30] could only resolve particles based on
nucleic acid stains but not the particles themselves. All methods have
the potential for inaccuracies, that is, through the erroneous quantifi-
cation of small bacteria or extracellular vesicles as described in Breit-
bart et al. [31]. That is why the term VLPs as “virus-like-particles”
rather than viruses sensus stricto was used for the flow cytometry ana-
lyses in this study. EFM has been used extensively in the literature to
count VLPs [23, 29]. Before the invention of automated thresholding
approach, scientists could separate and count VLPs under EFM by
direct visualization (naked eyes) and manual counting. In this research,
no automated thresholding approach was employed. Instead, we used
an epifluorescent microscope equipped with a camera (instead of
naked eye), and performed a manual counting directly from the
images, just as a control to see if the abundances obtained by two
counting methods were within the same range of values. This is the
case, and the lower EFM counts do not impact the aim of this article
as flow cytometry data are self-sufficient to demonstrate the
improvement in the VLPs optical resolution using VSSC rather
than BSSC.

Another important feature of this study is that the 405 nm laser
beam helps to eliminate some of the background noise. Indeed, in nat-
ural samples, BSSC detection of small viruses, that is, with low nucleic
acid dye fluorescence, may overlap with Non-VLPs (Figure 4), and
cause some errors in VLPs abundance estimations. When compared
to BSSC, VSSC improves the optical resolution and thus the precision
in the detection of VLPs against Non-VLPs, for both coastal and oce-
anic samples (Figure 4). One can notice that the Non-VLPs is different
between coastal and oceanic samples (Figure 2). This is likely due to a
different load in very small materials (debris, dissolved organic matter)
that can be either autofluorescent or pass within the laser beams with
some free SYBRGreen molecules around them (SYBR Green is
hydrophobic).

To summarize, the use of VSSC does increase the accuracy of
VLPs abundance estimation in natural marine samples, which is critical
in virus ecology research in order to understand the role of VLPs in
the functioning of the ecosystem.

The innovation of using VSSC on the new generation of flow cyt-
ometer that is equipped with avalanche photodiodes, allows for a sim-
ple, low cost, yet more accurate strategy to enumerate VLPs from
aquatic samples, especially for low virioplankton abundance

environments.
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