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Abstract

Propidium monoazide (PMA) is a highly selective dye that penetrates only membrane-com-
promised, dead microbial cells and inhibits both DNA extraction and amplification. PMA has
been widely used for discrimination between living and dead microbial cells; however, the
application of PMA in phytoplankton studies has been limited. In this study, we attempted to
evaluate its applicability for the discrimination of viable phytoplankton. We tested PMA on
seven phytoplankton species, Microcystis aeruginosa, Anabaena sp., Aphanizomenon sp.,
Synechocystis sp., Cryptomonas ovata, Scenedesmus obliquus, and Nitzschia apiculata as
representatives of the major phytoplankton taxa Cyanobacteria (first four species), Chloro-
phyta, Cryptophyta, and Bacillariophyta, respectively. Our results showed that application of
PMA to phytoplankton living in freshwater has the potential to distinguish viable from dead
cells as in microbial studies. Particularly, PMA differentiated viable from dead cells in cyano-
bacterial species rather than in other phytoplankton taxa under our experimental conditions.
However, our results also showed that it may be necessary to adjust various conditions
affecting PMA treatment efficiency to expand its applicability to other phytoplankton.
Although all factors contributing to the effects of PMA could not be evaluated, our study
showed the applicability of PMA-based molecular approaches, which can be convenient
quantitative methods for distinguishing living from dead phytoplankton in freshwater ecosys-
tems. Setting optimal treatment conditions for other phytoplankton species may increase
the efficacy of PMA-based molecular approaches.

Introduction

Discrimination between viable and dead phytoplankton cells can provide novel perspectives in
ecological research [1-3]. In terms of energy flows, viability of phytoplankton could serve as
one of the main factors determining seston food quality for zooplankton [4-6]. For example,
some calanoids, such as Eucalanus pileatus, can discriminate between the food quality of dif-
ferent particles and prefer living rather than dead phytoplankton cells [7, 8]. In addition, detec-
tion of viable phytoplankton species is essential to prevent the spread of non-indigenous
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species transported in the ballast water of ships [9, 10]. Various methods have been tested to
reduce the number of viable organisms in ballast water, and the potential survival and
regrowth of harmful organisms should be measured after treatment in accordance with the
guidelines of the Ballast Water Convention adopted by the International Maritime Organiza-
tion (IMO) [11-13].

Regarding methodological aspects, many attempts to discriminate between living and dead
phytoplankton have been undertaken. The general method used to determine cell viability is
plating the culture and subsequent cells for counting [14, 15]. However, this method is time-
consuming because it requires at least 1 week for plate preparation and cell identification. As
an alternative, fluorescence staining, including microscopic and flow cytometric approaches,
has been widely used for cell viability determination [16, 17]. These approaches have the
advantages of being less time-consuming and more reliable than the previous methods, but
have lower identification resolution than DNA-based identification. A cell digesting assay
(CDA), a non-staining method, was used to identify living cells in cultured and natural phyto-
plankton populations [18, 19]. CDA is based on the selective digestion of dead cells by diges-
tive enzymes (DNAse I and trypsin) while leaving living cells intact and countable [15].
However, this method also requires additional microscopic observation or flow cytometry for
counting and identifying living cells.

Propidium monoazide (PMA) is a high-affinity photoreactive DNA-intercalating agent
[20]. PMA dye is highly membrane impermeable in living cells and only permeable in mem-
brane-compromised dead cells. It selectively combines only with exposed DNA from dead
cells. PMA preferentially binds to double-stranded DNA with high affinity upon photolysis
and prevents DNA extraction or amplification by PCR [20]. Recently, many studies using
PMA for discrimination between living and dead cells have been reported in various fields
[21-24]. Roth et al. [25] proposed the applicability of PMA for discerning viable benthic dia-
tom community structure. Nocker et al. [26] showed that PMA treatment in seawater samples
reduced the relative abundance of chloroplasts in heat-exposed samples using 454 pyrosequen-
cing. However, there was no satisfactory explanation regarding phytoplankton. The authors
documented the largest and most obvious effect involved in sequences corresponding to cya-
nobacterial rRNA or plastids in eukaryotic algae because of the sequence similarity of the tar-
get genes.

Our study aimed to evaluate the potential applicability of PMA to various phytoplankton
species. We tested the discriminatory ability of PMA in seven different phytoplankton species
as representatives of four phyla (four cyanobacterial species and one species each for Chloro-
phyta, Cryptophyta, and Bacillariophyta). In addition, we examined whether PMA treatment
could reflect defined proportions of living and dead cells of Microcystis aeruginosa, a major
cyanobacterial species causing water blooms, as the representative strain.

Materials and methods
Sample preparation and culture conditions

Two phytoplankton species, M. aeruginosa (UTEX 2385) and Cryptomonas ovata (UTEX
LB2783), were obtained from the Culture Collection of Algae at the University of Texas at Aus-
tin (UTEX, USA). In addition, Scenedesmus obliquus (KMMCC-1234) and Nitzschia apiculata
(KMMCC-1209) were obtained from the Korea Marine Microalgae Culture Center (KMMCC,
South Korea). Three cyanobacterial species, Anabaena sp., Aphanizomenon sp., and Synecho-
cystis sp. were isolated from the Han River, South Korea by the Eco-healing Laboratory of
Konkuk University. All phytoplankton species was cultured in Bold 3N medium and main-
tained in the exponential growth phase by weekly sub-culturing at 25°C under fluorescent
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lights at 40 umol photons m ™ s™ in a light/dark cycle of 16:8 h. They were maintained at 25°C
in a temperature-controlled chamber under a 16:8 h light:dark cycle.

Killing conditions

To set various ratios of experimental conditions, we killed the cultured phytoplankton before
PMA treatment. Six phytoplankton species, except for N. apiculata, were exposed to 60°C at
750 rpm for 5 min using the Thermomixer Comfort (Eppendorf, Germany). As an alternative
to the heat exposure treatment, N. apiculata was killed by exposure to liquid nitrogen for 5
min because heat exposure, as observed in a preliminary experiment, causes loss of DNA.

PMA treatment

To concentrate the phytoplankton species, 400 ml of cultured phytoplankton strains was trans-
ferred into eight 50 ml conical tubes and harvested by centrifugation at 3,000 x g for 15 min.
After removing the supernatant, the cells were resuspended with 500 ul of distilled water and
transferred to 2 ml Eppendorf tubes. PMA was mixed with 500 pl of each sample at a final con-
centration of 50 uM. After incubation for 5 min in the dark at room temperature, the samples
were placed horizontally on ice and then light-exposed for 5 min using 300W x 2 halogen
lamps (Osram 64705) at a distance of approximately 20 cm from the sample tubes. Each sam-
ple was harvested by centrifugation (5,000 x g for 5 min) before DNA extraction.

DNA isolation, PCR amplification, and quantification

Genomic DNA was extracted using the FastDNA SPIN Kit for Soil (MP Biomedicals, USA)
according to the manufacturer’s protocols, except for the lysis step. For sufficient homogeniza-
tion, we increased the shaking on a Mixer Mill (Retsch, Germany) to 20 Hz for 2 min after 29
Hz for 1 min during the homogenization step. Except for cyanobacterial species, both 18S
ribosomal RNA (18S rRNA) from eukaryotic algae and 16S ribosomal RNA (16S rRNA) of
plastids were used as the target genes to compare the effect of PMA based on target regions. In
each PCR amplification, 1 pl of extracted DNA was added to 24 pl of the amplification mixture,
resulting in final concentrations of 1x Ex Taq Buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, 0.2 uM
of each primers (18S rRNA: primer A, 5'-AAC CTG GTT GAT CTT GCC AGT-3'and
primer B, 5’-TGA TCC TTC TGC AGG TTC ACC TAC-3’,[27]; 16S rRNA: PSf, 5'-GGG
ATT AGA TAC CCC WGT AGT CCT-3"and Ur, 5'~TAC GGY TAC CTT GTT ACG ACT
T -3,[28],and 1 U of Ex Tag DNA polymerase (Takara, Japan), in a final reaction volume of
25 ul. PCR conditions were as follows: an initial denaturation at 95°C for 4 min, 25 cycles of
denaturation at 95°C for 30 s; annealing at 60°C for 30 s; elongation at 72°C for 1 min 30s,
and a final extension step at 72°C for 7 min. In the case of Anabaena sp., the amplification
cycles were increased to 30 because of the low initial DNA concentration. DNA quantification
was conducted using the PicoGreen quantification solution (Molecular Probes Inc., USA) and
a SPECTRA max GEMINI XS microplate spectrofluorometer (Molecular Devices, Sunnyvale,
CA, USA).

Quantitative PCR

Quantitative PCR (qPCR) was conducted in mixtures with defined ratios of living and dead M.
aeruginosa targeting the 16S rRNA gene. Two microliters of extracted DNA was added to 18 ul
of the PCR amplification mixture containing iQ SYBR Green Supermix (Bio-Rad, USA) and
0.2 uM of each primers in a final reaction volume of 25 pl. PCR conditions were the same as

PLOS ONE | https://doi.org/10.1371/journal.pone.0218924  June 25, 2019 3/10


https://doi.org/10.1371/journal.pone.0218924

@ PLOS | O N E Applicability of PMA for distinguishing living phytoplankton cells

described above, except that the amplification cycles were extended to 45 cycles. PCR was per-
formed using a CFX96 C1000 thermal cycler (Bio-Rad, USA).

Statistical analysis

The correlation between the DNA concentration and the cycle of threshold (C,) value after
qPCR was calculated using the R software [29]. All statistical analyses were performed using
the R software (stats-package) [29].

Results
Effects of PMA treatment on various phytoplankton species

DNA yield was measured for seven different phytoplankton species as representatives of phy-
toplankton phyla after PMA treatment (Table 1). Regardless of the target genes, PMA treat-
ment significantly reduced the DNA yields in dead phytoplankton (Table 1). DNA yields in
PMA-treated dead cells were less than 10% in most cases, except for two species, N. apiculata
(11.1% and 26.5% yield in both target regions, respectively) and Synechocystis sp. (19.8% yield
in the case of 16S rRNA). In most cyanobacterial species, DNA yield was slightly reduced less
than 3% for PMA-treated living cells (Table 1). However, one cyanobacterial species, Synecho-
cystis sp., showed a 14.2% decrease as compared with non-PMA treatment conditions

(Table 1). In case of C. ovata and N. apiculate, DNA yields under PMA-treated living cell con-
ditions decreased more than 25% regardless of the target regions (Table 1).

DNA yield of PCR products were generally well reflected in those of genomic DNA mea-
sured after the DNA extraction process and PMA treatment (Fig 1). However, some species
also exhibited skewed ratios based on genomic DNA yield or the target gene. In case of Ana-
baena sp., DNA yield of PCR products were slightly overestimated under low gDNA yield con-
ditions; however, the same for S. obliquus was overestimated under high gDNA yield
conditions in both target genes.

Effects of PMA treatment on the defined ratios of living and dead M.
aeruginosa

Total DNA vyield was measured in mixtures with defined ratios of living and dead M. aerugi-
nosa after PMA treatment (Fig 2A). The genomic DNA yield increased with increasing

Table 1. Effects of PMA treatment on the relative DNA vyield of living and dead cells from five phytoplankton species after PCR.

Species 16S rRNA genes 18S rRNA genes
L L+P D D+P L L+P D D+P
Anabaena sp. 100(1.8) 99.2(2.9) 99.9(2.2) 3.8(0.2)
Aphanizomenon sp. 100(9.4) * 97.8(9.2) * 112.9(6.9) * 7.2(0.19)®
M. aeruginosa 100(2.9) ® 97.3(3.3)° 95.0(1.0) ** 3.3(0.1)°
Synechocystis sp. 100(6.6) * 85.8(4.7) 94.2(3.5)? 19.8(1.8)°
C. ovata 100(8.4) * 70.0(2.2) *° 92.4(9.6)® 5.1(0.4) ® 100(2.5) * 73.1(13.1) *® 96.2(2.6) * 2.9(0.2)°
S. obliquus 100(17.0) * 114.3(5.3) 86.5(19.0) *° 59(2.3)° 100(2.6) 99.8(9.2) 94.2(14.4) 3.0(0.0)
N. apiculata 100(8.5) 2 54.9(12.6) *° 79.4(0.7) ® 11.1(1.1) ® 100(17.5) 60.9(8.5) *° 84.8(11.0)* 26.5(1.8) °

The effect of PMA was tested using two different target genes: 18S rRNA from eukaryotic algae and cyanobacterial, and plastidial 16S rRNA. In the case of the four
cyanobacterial species, PMA efficacy was tested only on cyanobacterial 16S rRNA. Parentheses represent the standard deviations from three independent replicates. L:
only living organisms; D: dead organisms; P: PMA dye treatment.

The significant differences between treatment groups were analyzed by Kruskal-Wallis test with post hoc Dunn’s multiple comparisons tests and expressed using
different letters (P < 0.05).

https://doi.org/10.1371/journal.pone.0218924.t001
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Fig 1. Relationship between the percentage of the amplified DNA yield and genomic DNA yield after PMA treatment. The line represents the identical ratio, and
error bars represent the standard deviations from three independent replicates. (A) Amplified cyanobacterial and plastidial 16S rRNA and (B) amplified 18S rRNA from
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https://doi.org/10.1371/journal.pone.0218924.9001

proportions of living M. aeruginosa upon PMA treatment (Fig 2B). However, in most condi-
tions, DNA yield tended to be overestimated compared to the defined ratios (Fig 2B). The
DNA yield after PCR showed similar increasing patterns at high genomic DNA concentrations
after PMA treatment, whereas they were overestimated when the percentage of living cells was
low (Fig 2C). However, PCR bias was reduced by decreasing the initial DNA concentration (1/
10 dilution) in the PCR (Fig 2C). Quantitative PCR showed that the C, values after PMA treat-
ment decreased with increases in the proportions of living cells. The DNA yield and C, values
showed a significantly linear correlation: y = —0.206x + 7.488, r* = 0.997, P < 0.001 (Fig 2D).

Discussion

Until recently, PMA treatment has been used in microbiological studies, especially for detect-
ing viable bacteria, but a few studies have applied PMA dye for phytoplankton in freshwater
ecosystems. The main purpose of this study was to evaluate the potential applicability of PMA
for discriminating living phytoplankton from four major phytoplankton phyla in freshwater
ecosystems. Our results showed that application of PMA for phytoplankton in freshwater can
potentially distinguish viable from dead cells as in microbial studies. In particular, PMA treat-
ment could differentiate viable from dead cells in cyanobacterial species rather than other phy-
toplankton taxa under our experimental conditions. However, to apply PMA to all
phytoplankton species, it may be necessary to adjust various conditions affecting PMA treat-
ment efficiency.

Regarding methodological aspects, the best advantage of PMA application for phytoplank-
ton studies is that it can be directly applied downstream of molecular approaches, such as
qPCR, denaturing gradient gel electrophoresis (DGGE), microarray analysis, and high
throughput sequencing [26, 30-33]. A recent study compared commonly used techniques to
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https://doi.org/10.1371/journal.pone.0218924.9002

identify living and/or dead cells and those applicable to microbial communities [34]. They
explained that PMA application is compatible with many DNA-based techniques and rela-
tively easy and fast to perform compared with other viability dyes. However, other morpholog-
ical character-based methods, which are commonly used in phytoplankton studies, such as cell
staining methods and CDA, are mainly focused on cell counting and quantification of living
cells and have limitations regarding the discrimination of viable cells. These strategies might
show relatively lower identification resolution than molecular-based approaches because of
ambiguities in the fluorescence signals for living and dead cells [19, 35]. In particular, auto
fluorescence of chlorophyll could disrupt the recognition of the fluorescent signals of the target
cells (living or dead cells) by dyes and cause quantitative errors in flow cytometry approaches.
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Fittipaldi et al. [36] reviewed the current knowledge on the use of viability dyes containing
PMA and reported that the length of the target gene can influence the inhibition effects of via-
bility dyes. Previous studies on bacteria reported that increasing PCR amplicon length effi-
ciently caused the exclusion of dead cell signals because long PCR amplicon length increases
the probability of PMA binding to the target DNA in dead cells [37-40]. Although we did not
compare the effect of PMA based on length differences, primer sets used in this study ampli-
fied long DNA fragments (approximately 1.6 kb from 18S rRNA and longer than 700 bp from
16S rRNA) compared to those employed in previous studies. We considered that it was suffi-
cient to overcome the limitation of short length effects.

Our results suggest that applying PMA is sufficient to screen for viable cells, especially in
cyanobacterial species. However, our results also showed limitations wherein PMA treatment
reduced DNA yields from non-dead cells up to 54.9% of untreated living cells, especially in
diatom species. We assumed that these observations are due to the limitations of different
dynamics of cell death depending on phytoplankton species in the experimental design. Lee
and Rhee [35] mentioned that the dynamics of cell death may vary between phytoplankton
species. Likewise, phytoplankton cell mortality can be affected by the growth stage and culture
conditions [41]. Even though we cultured all the phytoplankton cells under appropriate culture
conditions and used only cells in the exponential phase, the actual growth rates and cell mor-
talities in each phase might vary among the phytoplankton species during the experiment.
Likewise, the membrane integrity and susceptibility to stress might vary among species and
could affect the uptake of PMA because PMA treatment can only exclude membrane-compro-
mised cells [17]. Additionally, Nocker and Camper et al. [42] noted differences in the killing
efficacy by various killing methods, which induce membrane damage in their mini review.
This means that heat-killing methods used in this study may induce different killing efficacy
depending on the susceptibility of different phytoplankton species. For diatom species, we
used exposure to liquid nitrogen as the killing method, whereas we used heat-killing methods
for the other phytoplankton taxa. In preliminary experiments, heat-killing methods under our
experimental condition showed low killing efficacy than exposure to liquid nitrogen for dia-
toms. In a recent study, diatom cells were successfully killed with heat-killing methods, but the
temperature was increased to 80°C and exposure time to 2 h [25]. To apply PMA assays for
other phytoplankton species, it may be necessary to validate treatment conditions, which influ-
ence the efficacy of PMA containing physical and chemical factors, such as incubation time
and temperature, light exposure time, turbidity, and pH [43].

In general, the 18S rRNA gene has been widely used to study eukaryotic microorganisms,
and considerable sequence information has been accumulated in public sequence databases
[44-46]. The “universal” 18S rDNA primers used in this study can target all the phototrophic
eukaryotes but cannot detect cyanobacterial species [28]. However, the phyto-specific (PS)
primers used in this study were designed to recover the diversity of cyanobacterial species
without detecting most of the non-photosynthetic bacteria. They also selectively amplify a
broad diversity of microalgae in mixed environmental samples, while reducing the number of
bacterial species detected [28, 47]. For this reason, at least with respect to identifying cyanobac-
terial species, the PS primers may have been more appropriate for the selective detection of
cyanobacterial species in environmental samples.

To date, despite the many achievements of PMA-based methods in microbial studies, PMA
has rarely been used for phytoplankton studies in freshwater ecosystems. Our results showed
that PMA assays can be a novel approach that is most effective in discriminating living and
dead cyanobacterial species. Although all the factors contributing to the effect of PMA could
not be evaluated in this study, further studies overcoming the current limitations and setting
optimal treatment conditions for other phytoplankton species will increase the applicability of
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PMA-based molecular approaches as convenient and quantitative methods for understanding
the dynamics of phytoplankton community structure.
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