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In ecology, the enumeration of living aquatic unicellular protists is a century-old
complicated task. The organisms are small, perhaps motile, and if they are
non-motile their vitality is hard to gauge. A respectable technique still in use
today is the Serial Dilution Culture-Most Probable Number (MPN) assay that
determines the total viable phytoplankton concentration from the highest
sample dilutions that exhibit chlorophyll-fluorescence after incubation.
However, 99% of extant phytoplankton species have not been shown to grow
in MPN tubes (false-negatives) and in ballast water applications, 10-50 pm
species can be outcompeted by <10 pm autotrophs in abundance, biomass,
and chlorophyll-fluorescence (false-positives). In addition, it is shown that after
microscopic identification, contrary to established practice, the concentration of
individual species or species-groups (10-50 pm) cannot be derived from
standard MPN tables. Examples of a corrected derivation are given for simple
(2-3 species) assemblages, but this correction becomes increasingly difficult in
more complex mixtures. The MPN assay should not be used as a quantitative
method in ecological studies or in applications such as ballast water testing.

serial dilution culture-most probable number, SDC-MPN, calculation correction, false-
positives, false-negatives, phytoplankton, model, ballast water

1 Introduction

In ecological studies, establishing if an aquatic unicellular protist is dead or alive is a
difficult task. Microscopic motile organisms may stop moving but even then, just as non-
motile protists, it is difficult to ascertain if the organism is still alive by direct optical
observation. Unless there is obvious damage, stains must be used as a sign of vitality. Such
vitality probes have been tested using living and killed phytoplankton using microscopy or
flow cytometry (Veldhuis et al., 2001; Steinberg et al., 2012). They are indicative of death,
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such as cell membrane permeability or life, such as intracellular
enzyme activity. Unfortunately, there is not one vital stain capable
of probing all phytoplankton species. Their fluorescence intensity
may be difficult or too low to detect, green-fluorescent detritus may
be confusing, and the green fluorescence of the most commonly
used probes as SYTOX and FDA can be mistaken with the green
autofluorescence some species exhibit (Peperzak and Brussaard,
2011; Steinberg et al., 2012; Lundgreen et al., 2019; Tang
et al., 2022).

To reduce the global spread of harmful aquatic organisms,
ships’ ballast water needs to be treated to reduce the abundances of
living organisms in the discharged water to below an international
standard concentration determined by the International Maritime
Organization (IMO) and the United States Coast Guard (USCG)
(USCG, 2012; IMO, 2018). Ballast water treatment consists of two
major groups of technologies. Chemical treatment such as by
chlorine delivers fast death, rapidly reduces the concentration of
organisms and the intact ones are, due to the dissolvement of
detritus, relatively easy identified by vital stains (Stehouwer et al.,
2015). UV treatment leads to direct killing at high doses, and cell
and DNA damage but also possible repair at lower doses (Helbling
et al, 2001; Sinha and Héder, 2002). UV-treated organisms may
retain the capability to enzymatically transform the widely used
stains FDA and CMFDA, produce green fluorescence and appear
vital, while they may not be viable due to treatment-induced DNA
damage (First and Drake, 2014; Maclntyre et al., 2018). In that case,
they too are no longer able to multiply and cause harmful effects and
the goal of treatment has been achieved (Cullen and Maclntyre,
2016; Maclntyre and Cullen, 2016; IMO, 2019).

Aquatic organisms in ballast water are classified by size. The
vitality of the largest (>50 um in “minimum dimension”) organisms
is determined by microscopic observation of movement. The
second class has a size of 210 to 50 um (10-50 pm) with the
lower size limit criticized because the <10 pm size class also contains
harmful eukaryotes as well as viruses (Gollasch et al., 2007, 2012;
Lundgreen et al., 2019). Both IMO and USCG allow microscopic
vital stain analysis of this class, but only IMO has approved the
Serial Dilution Culture-Most Probable Number (SDC-MPN or
MPN) as viability method for 10-50 pm organisms (IMO, 2019).
As will be shown, using MPN for size-restricted phytoplankton
results in an increased risk of false-positives. The <10 pm
regulations only limit three indicator bacteria.

MPN is a form of grow-out assay in stepwise dilution series that
involves weeks of incubation aimed at growing and detecting the
viable organisms (Stehouwer et al., 2015; IMO, 2019). The original
purpose of MPN was to provide material for the isolation,
identification and enumeration of bloom forming species and the
non-preservable fraction of the phytoplankton (Allen, 1919;
Knight-Jones, 1951; Throndsen, 1978; Andersen and Throndsen,
2003). MPN was not intended to measure the abundance of specific
plankton size classes.

The IMO MPN assay aims to detect the chlorophyll-
fluorescence of reproducing autotrophic 10-50 pm organisms.
The most abundant species is expected to grow in the highest
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dilution where in two weeks’ time even one viable cell grows
sufficiently to pass the fluorescence detection limit. The standard
scenario (IMO, 2019) is as follows: make 10-fold dilutions of the
sample, take five draws of 1 mL from each dilution, and mix each
draw with a nutrient culture medium in tubes, then incubate all
tubes in the light to stimulate growth (Figure 1). The assumption is
made that species are homogeneously distributed in the dilutions,
that they are randomly selected and pipetted into tubes and that all
viable cells will grow under the culture conditions offered. The last
assumption led Andersen and Throndsen (2003) to note that MPN
will deliver minimum values because different species may have
various culture requirements. Allen (1919) who performed the first
dilution culture assay already commented that many species could
not be cultured under the conditions he offered.

An approved, fast, and simple method to monitor growth after
experimental manipulation is by measuring chlorophyll-
fluorescence in multiple fluorimeter tubes (Brand et al., 1981;
Peeters and Peperzak, 1990). MPN employs this method and the
number of growth-positive tubes in the highest dilution is used to
calculate the original sample cell concentration according to a table
(Anonymous, 1939; Andersen and Throndsen, 2003), or an Excel ™
calculator (https://standards.iso.org/iso/7218/) (Jarvis et al., 2010).
Several old and new MPN tables and calculators are listed and
compared in Supplementary Table 1. A detailed description of the
MPN method is given by Andersen and Throndsen (2003). The
MPN outcomes are stepwise concentrations, depending on the
dilution factor and the number of tubes per dilution (Figure 2).
This is in contrast to microscopic counting that has increments of 1
¢/mL.

In ballast water testing, a MPN assay is not only used for the 10-
50 pm sized phytoplankton eukaryotes, but also for the enumeration
of two IMO-regulated indicator microbes Escherichia coli and the
enterococci. An important difference in the methods between the
eukaryote and the bacteria MPNGs is that the latter are incubated at
specific temperatures and in growth-specific culture media that
inhibit non-target bacteria. In other words, the bacteria MPN
assays are specifically designed for the growth of one species (E.
coli) or one species-group (enterococci). In contrast, the
phytoplankton eukaryote 10-50 um MPN assay does not
discriminate on the basis of size, which leads to the potential of
false-positive results: <10 um or >50 pm sized phytoplankton that
also produce chlorophyll-fluorescence. Comparably, false-positives
are also possible in the bacteria MPN assays if a non-target species is
not inhibited by the incubation specifics for the target organism
(Peperzak and van Bleijswijk, 2021).

Cullen and MacIntyre (2016) studied a number of assumptions
underlying the MPN method in the enumeration of viable 10-50 pm
autotrophs in natural communities and listed six potential problems:
1) failure of viable cells to grow, 2) failure to detect growth, 3)
competition, 4) grazing, 5) inclusion of nonregulated organisms
(false-positives) and 6) aggregation of phytoplankton cells. In
addition, the authors declared that the mathematics of the method
were not controversial. For items 2, 3, 4 and 6 Cullen and MacIntyre
(2016) convincingly argued these are probably of minor importance.
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Example of the standard MPN matrix with three dilution factors: 1x (undiluted sample), 10x and 100x diluted sample. Each dilution is dispensed in five
tubes with culture medium. The dilutions are made on day 0 when the incubation in the light is started. Tubes are scored positive if the measured
chlorophyl-fluorescence on day 14 is greater than four times the standard deviation of the five initial fluorescence measurements of that dilution. In
this example, two out of five tubes at 100x dilution are positive. Calculation of the total cell concentration is performed by inputting 5-5-2 in a MPN
calculator or table, see Supplementary Table 1, which results in 54 ¢/mL with a lower-higher 95% confidence interval of 16-190 ¢/mL.

However, their arguments for (1) failure of growth and (5) inclusion
of nonregulated organisms or false-positives, appeared less
convincing. In addition, false-positives create a problem with the
mathematics of the MPN method that have hitherto went unnoticed
and that will be addressed later on in this communication.

Based on UVC tests with laboratory cultures Maclntyre et al.
(2018) had concluded that MPN is robust and adaptable for use on
natural phytoplankton. However, recently Romero-Martinez et al.
(2024) found false positive outcomes due to the growth of <10 um
autotrophs, the non-regulated size-class. Of the 80 MPN tubes with
UV-treated sample that were examined by microscope, 21%
contained <10 pm species (Romero-Martinez et al., 2024). False
positive <10 pm organisms may not only lead to non-compliance of
treated ballast water. IMO type approval test water for ballast water
treatment systems (BWTSs) must have at least of 1,000 ¢/mL of 10-
50 um organisms. If MPN is used to verify this minimum, false
positives will overestimate the true concentration and the system
may be tested inappropriately. In addition, IMO allows MPN in the
verification of ballast water Compliance Monitoring Devices
(CMDs) as a reference method (IMO, 2022, 2023). When such
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tests employ ambient (multi-species) water, there is a risk of
including <10 pm and >50 pm autotrophs which may lead to an
aberrant validation.

This communication will focus on failure of species’ growth in
the 10-50 pm size fraction and on <10 pum false-positives,
potentially leading to respectively under- or overestimation of cell
concentrations. In addition, a solution for the MPN calculation of
the concentration of specific species or size-constrained species
groups in mixed phytoplankton assemblages will be presented.

2 Failure of growth

It is improbable that all phytoplankton species can be cultured
and if they will all grow in the standard MPN assay, a fact already
recognized by Allen (1919), Knight-Jones (1951) and emphasized
by Andersen and Throndsen (2003). This is because a species might
be inherently unculturable in vitro or that the laboratory conditions
are too different from nature. MPN uses a general culture medium
and closed small tubes which probably is not conducive for all

frontiersin.org


https://doi.org/10.3389/fmars.2024.1494598
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Peperzak

1,000.00 ¢ .

cells/mL

—-95%

100.00 g
E +95%

1000 E

100 E

MPN calculator cells/mL

0.10 g

0.01

Number of positive tubes

FIGURE 2

Cell concentrations and 95% confidence intervals (+ 95% c.i.) at
increasing number of positive tubes, calculated for a tenfold diluted
sample that is dispensed in 5 tubes. The example in Figure 1 has 12
positive tubes (5 + 5 + 2). The horizontal dashed line in the inset
shows the ballast water non-compliant concentration of 10 ¢/mL,
lying between tubes 8 (9 ¢/mL, +95% c.i. = 30 ¢/mL) and tube 9 (16
c/mL, +95% c.i. = 49 c/mL). Note the log scale in the main figure
and the linear scale in the inset. Also note that the Jarvis et al. (2010)
ISO7218 calculator, see Supplementary Table 1, needs a blank row at
a higher dilution to calculate the concentration (denoted as >) and
+95% c.i. when all five tubes in the highest dilution tested are
positive (e.g. input = 5 + 5 + 540, instead of 5 + 5 + 5), otherwise
the result (at 5 + 5 + 5) will be twice «.

species. A positive (Allee) growth effect occurs when multiple cells
are placed in a fresh suboptimal culture medium instead of a single
one (Courchamp et al., 2008). At high MPN dilutions in fresh
culture medium and thus very low cell concentrations the opposite
may occur, explaining why single phytoplankton cell isolates
incubated in fresh culture medium are not 100% successful
(Peperzak, unpublished).

Failure of growth leading to an MPN underestimation of the
actual phytoplankton concentration was reported previously
(Andersen and Throndsen, 2003; First and Drake, 2014). A
counter argument used by Cullen and MacIntyre (2016) is that
evidence to support the belief that a majority of phytoplankton in
that size class [10-50 pm] cannot be cultured is lacking. However,
apart from the inexplicit term “majority”, in standard hypothesis
testing the null hypothesis would be: the majority of phytoplankton
cannot be cultured. If that hypothesis would be rejected, the
opposite is true.

It is unknown exactly how many phytoplankton species exist,
and how many have been (non)-successfully cultured. Sournia et al.
(1991) estimated there were 5,000 marine phytoplankton species
(Sournia et al,, 1991), the most widely studied group in the ballast
water context. A recent and much higher estimate for extant
marine, freshwater and terrestrial algae is 50,000 (Guiry, 2024).
Of these, ca. 40% or ca. 20,000 are marine species. The question is
how many marine species have been identified in MPN studies?

Unfortunately, many ballast water related MPN validation
studies have used only single species from laboratory cultures
such as Tetraselmis (Sun and Blatchley, 2017). MacIntyre et al.
(2018) used 13 laboratory cultures from 7 phyla. Stephanie
Delacroix and August Tobiesen of NIVA identified 46 species in
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BWTS test water in the 10-50 pm size range growing in MPN tubes.
As a pioneer in MPN, Knight-Jones (1951) reported 26 growing
species, of which 81% were smaller than 10 um. Even if 200 species
would have been observed growing in MPN tubes, that number
would still be 1% of the 20,000 extant species. A comparably low
percentage of culturable species was found in bacteria (Kaeberlein
etal., 2002). It follows that there is not enough data to reject the null
hypothesis that the majority of phytoplankton cannot be cultured.
There is a genuine risk that the MPN technique underestimates the
true 10-50 pm concentration.

3 False-positives
3.1 Introduction

The goal of the ballast water MPN is to measure the abundance
of phytoplankton restricted in and varying by size (10-50 pm). An
ecological rule states that small aquatic organisms are more
abundant than larger ones (Agusti et al., 1987; Trwin et al., 2006).
Autotrophic species > 50 um, present in a few phyla such as diatoms
and dinoflagellates, will thus have a relatively low abundance. On
the other hand, the more diverse <10 um species will be present in
relatively higher abundances. The majority of cells growing in one
of the first MPN’s performed was <10 pm (Knight-Jones, 1951). In
their review of MPN assumptions, Cullen and Maclntyre (2016)
recognized the possibility that <10 um species can lead to an
overestimation of the 10-50 um fraction and suggested that gentle
concentration on a 10 pm mesh would largely reduce the problem
of these false-positives. That separation of the <10 pm species in
MPN is needed was shown by Romero-Martinez et al. (2024) who
found both <10 pm and 10-50 um organisms, and by Casas-Monroy
et al. (2016) who found only <10 um cells, after microscopic
examination of the chlorophyl-positive MPN tubes.

A universal method for the separation of plankton constituents
and subsequent analysis or cultivation is hard to find (Lewin, 1959;
van lerland and Peperzak, 1984; Waterbury and Willey, 1988;
Aguilera et al., 1996; Peperzak and Dyhrman, 2006). When species’
identity or size is required, a per cell analysis using optical methods is
still required (Anderson and Cheng, 1988; Yaginuma et al,, 2014).
Using mesh filters to divide plankton communities into size-fractions
appears a simple and straightforward approach to remove too small,
or too large, false-positives in MPN assays. Cangelosi et al. (2007)
found that plankton removal efficiency by filters was influenced by
biotic factors such as organism morphology and structure and that
particle size itself was not determinative in phytoplankton removal.
This suggests that size-separation by filtration is not that
straightforward (Fogg, 1986) although several attempts have been
made in ballast water testing.

First and Drake (First and Drake, 2014) used filtration to
enhance the concentration of 10-50 pm species for experimental
purposes but did not measure the effect of filtration on the removal
of <10 pm species. Trindade de Castro and Veldhuis (2019) used a
10 um mesh sieve for marine samples and measured that 22% of the
<10 um cells were retained on the mesh while 23% of the 10-50 pm
cells were in the filtrate. An even larger loss of 10-50 um freshwater
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cells due to 10 um mesh filtration, depending on organism
abundance, of 31% to 55% was found by Yardley et al. (2024).
A circa 50% loss was also measured in 10-50 pum marine
phytoplankton, 24 hours after it had been concentrated with a 10
um mesh sieve by First and Drake, (2014). Clearly, filtration is less
than 100% eftective in the removal of <10 pm organisms, and it also
substantially reduces the abundance and survival of the 10-50 pm
cells. Such a loss of 10-50 um cells (20 to 50%) is unacceptable in
quantitative studies and probably therefore, only one ballast water
test facility employed filtration in preparation of the MPN assay.
Two other test facilities that used MPN did not filter samples.

In conclusion, filtration or any other method for separating 10-
50 um species from co-occurring plankton is not straightforward
and is deemed to introduce a significant bias in the actual
concentration of the target organisms. Therefore, the potential
impact of specifically the <10 um autotrophs on the MPN assay
results remains and this impact will be examined in the
next sections.

3.2 Specific species or size-constrained
species groups in mixed phytoplankton
assemblages in the MPN assay

In order to examine and possibly quantify the risk and effect of
<10 pm autotrophs in the MPN assay for enumerating 10-50 pm
organisms in mixed autotroph assemblages, a model was
constructed on the basis of well-established ecological
relationships or allometric equations: between abundance and
size, growth rate and size, size and carbon content and the
carbon: chlorophyll ratio (Supplementary Table 2). Plankton-
Abundance-Size or PAS Model). The PAS model is used to
discuss a number of relevant questions: how abundant are <10
pum autotrophs, can <10 pum autotrophs with a small chlorophyll-
fluorescence signal be detected by a standard fluorimeter after
incubation, and what is the risk of overestimating the 10-50 pm
cell concentration by <10 um autotrophs?

Three major assumptions of the MPN ballast water assay are
that 1) Viable autotrophs are selected randomly, and all will grow
during the MPN incubation, regardless of taxonomy and incubation
circumstances, 2) Viable autotrophs are not prone to predation that
will reduce their abundance and ultimately the final fluorescence
and 3) the MPN assay detects autotrophic organisms in the 10-50
um size range, as required by IMO.

Assumptions 1 and 2 are reviewed extensively elsewhere
(Cullen and MaclIntyre, 2016; Blatchley IIT et al., 2018) and are
considered as correct. Assumption 3 is the one that will be tested.
The null hypothesis is therefore that this assumption is not true.
Rejection of this hypothesis means that the MPN method correctly
detects, and enumerates, cells in the 10-50 um size range.

3.2.1 PAS model

The PAS model shows that the cell concentration exponentially
increases from 1 ¢/mL at the maximum size of 50 um towards 400 ¢/
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FIGURE 3

Phytoplankton cell concentrations as function of their size as
spherical equivalent diameter (1 to 50 ym) according to the PAS
model (0), see Supplementary Table 2, an extension of the original
data (@) of Welschmeyer and Kuo (2016).

mL at 10 pm and 10° ¢/mL at 1 pm (Figure 3). Practical experience
in ballast water testing and analysis (Lundgreen et al., 2019)
(Peperzak, unpublished) agrees that the number of small (near
and below 10 um) organisms is indeed much higher than larger
ones (up to 50 um). In fact, the origin of the MPN assay is to isolate
and cultivate small phytoplankton (Knight-Jones, 1951; Throndsen,
1978). Using MPN, Knight-Jones (1951) measured concentrations
in the 2 to 10 um range of 1,000 up to 10,000 ¢/mL, which for his
smallest cells (2 pm) is a factor of 10 lower than the PAS model.
More recent data obtained by microscopy suggest that picoplankton
(0.2 - 2 um) concentrations are in the order of 10° to 10”7 ¢/mL
(Fogg, 1986), which is in agreement with Figure 3. Although a
natural water sample will not contain one species in every 1 pm
model-increment, the data from Figure 3 will be used as a
theoretical example.

3.2.2 Cell abundance in <10-50 um range

The theoretical cell abundance in the prescribed ballast water
size range (10-50 um) is 1,800 ¢/mL (Figure 3, eq.2 in
Supplementary Table 2), which is relatively close to the minimum
0f 1,000 ¢/mL requirement for BW'TS type approval testing. In other
words, the abundance calculated with the PAS model pertains to
real untreated ballast water values.

In extending the cell abundance below 10 um, a minimum value
of 4 pm was chosen. If the nanoplankton (0.2 to 2 pm) and all the
picoplankton (2 to 20 pm) would be included, the abundance of the
1-9 um organisms would lead to a large relative underestimation of
the 10-50 um cell abundance. Second, ballast water uptake in
harbors is often in nutrient-rich coastal waters that may have
relatively higher abundances of larger plankton then in off-shore
regions. Third, 4 pm is the minimum dimension (width) of the
cyanobacteria Phormidium sp., found in MPN tubes containing
natural Wadden Sea UV-treated samples (Romero-Martinez et al.,
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2024). In a freshwater plankton filtration study Cangelosi et al.
(2007) found that the minimum dimension of the filamentous
cyanobacteria was uniform at 5 pm, close to the width of the
marine Phormidium (Cangelosi et al., 2007). Using 4 um instead of
the PAS minimum of 1 um (Figure 3) means that the potential false-
positive effect of the small (<10 pm) species in the MPN assay will
not be overestimated.

The result of applying a = 4 yum and b = 50 pm (eq.2 in
Supplementary Table 2) resulted in a sum of 25,500 ¢/mL (including
1,800 ¢/mL in the 10-50 um range). This means that of the total (4-
50 pum) abundance, 93% has a size below 10 um. This high
percentage emphasizes the potential impact of <10 um species on
MPN analyses. Even if a separation technique could remove the <10
pm cells with an efficiency of 95%, there concentration would still be
ca. 1,200 ¢/mL, in the same order as the 10-50 pm cells.
Unfortunately, the <10 um filtration efficiency as measured by
Trindade de Castro and Veldhuis (2019) was less than 80%. Also
considering the measured 20-50% loss of 10-50 pm cells by
filtration, this technique does not seem suitable for quantitatively

separating organisms.

3.2.3 Chance of finding a >10 pym cell as
determinant of the MPN concentration

The chance of finding a cell of the required ballast water size
range (10-50 um) in the highest MPN dilution where growth will
occur is dependent on the MPN matrix, the 4-50 pum cell
concentration of 25,500 ¢/mL and their size distribution
(Figure 3). Because the concentration of cells decreases with
increasing size, the chance of finding one cell with a specific size
210 um is only P < 0.02 (Figure 4). The cumulative chance of
finding one cell in the 10 to 50 um size range is also quite small at
P = 0.07 (Figure 4). In other words, there is a very high theoretical
probability that a cell with size < 10 um is influential in determining
the MPN outcome as total ¢/mL.

1.0

09 F
o P
08

P_cumulative

0 10 20 30 40 50 60
sed (um)

FIGURE 4

The chance P (0) of finding a cell of a specific size (4 to 50 um sed)
as well as the cumulative chance (line) in the highest MPN dilution.
The cumulative chance is the addition of chances of finding a cell at
50 ym and downwards. At sed = 4 um, P_cumulative = 1.
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Cell abundance (@) and total cell volume (o) in an MPN tube,
starting with 1 cell, after 14 days incubation growing at maximum
growth rate as function of cell size.

3.2.4 Can small cells reach sufficient biomass to
reach the fluorometer detection limit?

The relation between growth rate and cell size (Supplementary
Table 2, eq.3) yields growth rates in the 4 to 50 um range of 1.89 (4
um) to 0.26 d' (50 um)(Figure 5). This range is acceptable. For
example: the calculated growth rate of 8 ym cells of 1.1 d* (eq. 3) is
intermediate to values reported of the 8 um-sized (Peperzak et al.,
2000a) prymnesiophyte Phaeocystis globosa: 0.7 ' (Peperzak et al.,
2000b) to 1.4 d* (Peperzak, 2002).

Using the standard incubation time for MPN assays (14 days)
and an optimal incubation scenario with no lag-phase and a
constant maximum growth rate, the number of cells
(Supplementary Table 2, eq.4) in an MPN tube increases with
decreasing cell size (Figure 5). There is a steep increase in both
concentration and biovolume (calculated from concentration and
the sed) below 20 um. A check on the plausibility of such high
abundances can again be made with the 8 um sed P. globosa that has
a calculated (e = 1.1 day ™' (Supplementary Table 4, eq. 4). After
14 days of incubation the calculated abundance is 5 x 10° cells
(Figure 5) per tube (6 mL medium), i.e. ~10° per mL, which is the
maximum P. globosa concentration found in nature (Cadée and
Hegeman, 1986). The increase in biovolume is noteworthy because
it determines the chlorophyll content, and the intensity of the
chlorophyll-fluorescence will determine if a tube scores negative
or positive for growth.

In the next and final step, the plausibility is calculated that cells,
especially those <10 um, can surpass a fluorometer detection limit
after 14 days incubation and score a positive tube. To calculate
carbon from volume two equations are used, one for protists in
general and one specific for diatoms that have relatively low carbon
contents (Supplementary Table 2, eq.5a+b). The results for each of
the two species groups was then converted to chlorophyll
(Supplementary Table 2, eq. 6) using a ratio of 33 for both
(Riemann et al., 1989), and the chlorophyll concentration in the
MPN tube was calculated. As expected, both the protists and the
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Protist (@) and diatom (o) chlorophyll concentrations in MPN tubes
after 14 days incubation growing at maximum growth rate.

diatom chlorophyll concentrations increase exponentially with
decreasing size (Figure 6).

The frequently-used Turner 10-AU fluorometer in MPN assays
has a detection limit of 0.025 pg/L in the lowest calibration range for
extracted chlorophyll a using EPA Method 445.0. (https://
www.turnerdesigns.com/10au-field-laboratory-fluorometer,
assessed 1-11-2023). Figure 6 shows that the minimum chlorophyll
concentrations are 1 pg/L and 0.2 pg/L for the largest protists and
diatoms respectively, both above the detection limit. To compare
the values in Figure 6 with real world data: in eutrophic coastal
Dutch waters the maximum chlorophyll concentrations in diatom-
Phaeocystis blooms were between 100 and 200 pg/L (L. Peperzak,
unpublished). In Figure 6, values above 200 pg/L are reached by
small (<10 pm) cells. Although such high chlorophyll
concentrations (>1,000 pg/L, Figure 6) in an MPN tube are
unrealistically high it is clear that, according to the model, cells of
all sizes can be detected in the standard MPN by a fluorometer.

Figure 6 also makes clear that the smaller cells contribute
severely to the chlorophyl concentration compared to the larger
organisms. The consequence is that in a mixture of species, the
more abundant smaller ones not only have a higher chance of
ending up in a tube at higher dilutions, but they are also very likely
to be detected. This means that the chance to use false positive (<10
pm) tubes in the MPN calculator or table is not reduced by the cell’s
low individual chlorophyll content.

3.3 Calculation of species and groups in
mixed assemblages

If the purpose of an MPN assay is to measure the concentration of
a specific size group, such as the 10-50 pm ballast water autotrophs,
there is a considerable chance that <10 um species are included in the
assay. As discussed, there are no 100% effective methods to isolate
species or species groups from such assemblages. Even simple mesh
filtration reduces the abundance of 10-50 pm species and does not
effectively remove the <10 pum ones. The presence of <10 pm
phytoplankton adds to the total concentration, of all species,
measured in the MPN assay and because the smallest ones are the
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most abundant, it is likely that they are present in the highest dilution
and end up in one or more of the five tubes inoculated from that
dilution. This means that by applying the standard IMO protocol
(IMO, 2019), with chlorophyll-fluorescence growth detection only, the
concentration of the 10-50 pm autotrophic organisms is overestimated
if there is no correction for the <10 pum viable phytoplankton.

A simple solution for overestimation seems to check the tubes
from the highest dilution with a microscope, and to simply exclude
the false-positive tubes with <10 pum species from the MPN
calculation. Suppose that in Figure 1, one of the two positive
tubes in the 100x dilution (scenario 5-5-2) has only a <10 pm
species, and the second tube only a species from the 10-50 pm
group. The obvious way to go forward is, for each species, to exclude
one tube from the scenario so that it becomes a 5-5-1 calculation for
both, not 5-5-1 for one and 5-5-2 for the other because the order is
random. However, the 5-5-1 scenario for both is also incorrect
because the abundances of all species, in all dilutions and in all
MPN tubes, constitute the calculated total phytoplankton
concentration. Therefore, it is also incorrect to directly look-up or
calculate the concentration of a specific microscopically identified
species at any dilution, from the number of species-positive tubes at
that dilution. It appears that already Knight-Jones (1951) employed
this intuitive but erroneous method because most of his reported
concentrations can be found in the MPN tables he used
(Anonymous, 1939). Although the most abundant species has the
highest concentration, this is not the value from the MPN calculator
or MPN table. Some examples will clarify this.

Imagine first that in the MPN assay only chlorophyll-
fluorescence is measured (Figure 1). The only information
available is the number of positive tubes, five in dilutions 1x and
10x and two in the 100x dilution (scenario 5-5-2), which yields 54 ¢/
mL. Second, suppose that the sample contains only one species, and
the scenario remains 5-5-2. It is as if “chlorophyll” is replaced by
“one species” and the outcome remains identical: the one-species
concentration is also 54 ¢/mL. Third, as a thought experiment,
suppose now that there is not one but that there are 11 species, each
at 5 ¢/mL. According to the MPN table, a single species of 5 ¢/mL
would end up in two tubes in the 10x dilution (scenario 5-2-0). But
not all 11 species can end up in two tubes in the 10x dilution and
yield 5 ¢/mL. The species are not individually diluted and pipetted
into MPN tubes. The assemblage is diluted and pipetted and its total
concentration is still 11 x 5 = 55 ¢/mL. The MPN dilution, pipetting
and tube inoculation method is ‘blind’ for which species are present.

Another way to look at the working of the MPN is to calculate the
cell concentrations in the dilutions. If the original sample (1x dilution)
has 54 ¢/mL (27 A/mL and 27 B/mL), the 10x and 100x dilution of that
sample have 5.4 ¢/mL and 0.54 ¢/mL. If that last dilution has a volume
of 10 mL, the number of cells in that volume is rounded to 5. In the
standard MPN, five draws of 1 mL give a considerable chance (P =
0.32, Table 1, Supplementary Table 3) that two of the draws contain a
cell that will end in the two tubes derived from this 100x dilution, hence
scenario 5-5-2. Because the diluting and pipetting work randomly, it
does not matter if the cells belong to one, two or more species: the result
(5-5-2) will be equal. It is clear that the outcome of scenario 5-5-2 in the
MPN calculation or table is the total sample concentration of all
growing species dispersed in all the positive tubes.
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In the 11 species at 5 ¢/mL thought experiment above, the
consequence of randomness is that there is a considerable chance
(P = 0.28, Table 2, Supplementary Table 3) that two species are
present in the two tubes at the 100x dilution of the 5-5-2 scenario.
Nevertheless, all 11 are still present in the MPN tubes from the 1x
and 10x dilution. If the identity of the two species in the two tubes at
100x dilution is known, the concentration of each species would
each be calculated from the 5-5-1 scenario (1 positive tube in the
100x dilution = 35 ¢/mL). Both concentrations added would be 70 ¢/
mL which is already more than the sum (55 ¢/mL) of all 11 species
which cannot be correct. In addition, we know in this thought
experiment there are also nine other species at 5 ¢/mL each, or 45 ¢/
mL summed. However, the grand total of the two and nine species
respectively is not 70 + 45 = 115 ¢/mL, it should be 55 ¢/mL.
Consequently, if the concentration of two species in a mixture
cannot be estimated correctly, this must apply to all species in that
mixture. There is no recognition in the literature of this
complication in calculating specific species or species-groups in
mixed assemblages. The question is if it is possible to correct the
MPN estimates in mixed assemblages.

The correction of the MPN estimate in mixed assemblages will be
examined in a simple example. Suppose that two viable species are
present in a test sample in equal concentrations, which means they
have the same chance of ending-up in the final tube(s) of the highest
dilution showing growth. The chlorophyll-fluorescence MPN
example in Figure 1 is used in Figure 7 that now presents the two
species scenario. Species A and B, both at 27 ¢/mL, have a total
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concentration of 54 ¢/mL. According to the MPN table there are two
tubes at 100x dilution that will be positive after incubation. If the
MPN assay is made with the purpose of estimating the concentration
of both species, a microscopic examination of all tubes must be made.
Suppose that at 100x dilution each species is found in one tube and
three tubes are negative (scenario 5-5-2, Figure 7). Note that other
combinations A, B and “no cell” are also possible and that in this
example the order of A, B and negative tubes in the highest dilution is
random: any combination (n = 20) of A, B and the three negative
tubes is possible (Supplementary Table 3).

How to calculate concentration of B if this is the species of
interest? What lies in reason, and has been common practice, is to
discard one tube (here with species A) and to perform a new MPN
calculation for species B using scenario 5-5-1, which yields 35 ¢/mL.
Naturally, if the calculation is repeated for A (also with 5-5-1) this
also yields 35 ¢/mL. This seems correct because both species were
present in equal amounts (each one tube in the final dilution).
However, the total of A and B then would be 70 ¢/mL, which cannot
be true because the total MPN is 54 ¢/mL.

The solution to arrive at the corrected concentrations of A and
B is to calculate the fractions of the species present in the Total
Intermediate (adding 2x scenario 5-5-1), and to multiply these
fractions with the first, Total MPN concentration of 54 ¢/mL
(Figure 7). This will result in the correct 27 ¢/mL for both A and
B. In this example the calculations seem trivial because it is clear
that A and B, each in one tube, should make up 50% of the MPN
calculated concentration. However, there are more common and

Organism A =27 ¢/mL (50%)
Organism B = 27 ¢/mL (50%)

Positive tubes MPN input: 5-5-2 -> 54 ¢/mL

Organism A: 5-5-1->35 ¢/mL
Organism B: 5-5-1-> 35 ¢/mL

Total Intermediate = 70 ¢/mL (?)

Calculate fractions:
Fraction A=35/70=0.5
Fraction B=35/70=0.5

Calculate corrected concentrations:
Organism A: 0.5 x 54 ¢/mL =27 ¢/mL
Organism B: 0.5 x 54 ¢/mL =27 ¢/mL

Total = 54 ¢/mL

Calculation of the corrected concentrations of species A and B, each at an equal sample concentration of 27 c/mL, hence a Total MPN of 54 c/mL.
If only positive growth is monitored, such as chlorophyll fluorescence (Figure 1), the MPN calculator or table input is 5-5-2. Because the species
have an equal concentration the odds are that one cell of A and one cell of B ended in two of the five tubes in the 100x dilution. If after incubation
microscopic observation reveals one tube with A and one with B, and the MPN calculation is repeated for both A and B with 5-5-1, then the Total
Intermediate (A+B) concentration = 2 x 35 = 70 ¢/mL, which contradicts 54 c/mL. By calculating the fractions of species present from the Total
Intermediate, and by multiplying with the Total MPN concentration, corrected concentrations for both A and B are found
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variable combinations of species possible where a more elaborate
calculation, based on the Intermediate Total, is needed.

Because uncorrected MPN outcomes cannot be added
(Intermediate A ¢/mL + Intermediate B ¢/mL # Total MPN ¢/mL,
Figure 7), A or B can also not be subtracted from the total. This
means that leaving out unwanted (non-target) positive tubes from
the MPN scenario and to do the calculation with only the wanted
(target) positive tubes, can lead to serious aberrations. The
subtraction must take place after the correction.

Subtraction is important in the case of a three species mixture,
when the concentration of a specific species (say C) needs to be
estimated. All positive MPN tubes should then be examined for
species composition and the straightforward approach and
common practice would be to input all positive tubes with species
C in the MPN calculator or table (Knight-Jones, 1951). For instance,
if in the mix with species A and B (scenario 5-5-2, 54 ¢/mlL,
Figure 7), species C would be present in three tubes of dilution
10x (input 5-3-0), the MPN calculator yields C = 9 ¢/mL. The
Intermediate Total is A+B+C = 35 + 35 + 9 = 79 ¢/mL. The
correction would be that C is present as 9/79 of the Total MPN
concentration (54 ¢/mL) = 6 ¢/mL instead of 9 ¢/mL. Note that A
and B now also need to be corrected to 35/79 x 54 ¢/mL = 24 ¢/mL
each. Although the correction for C is -33%, it seems trivial
considering it is only -3 ¢/mL and given that the MPN confidence
intervals are large (Figure 2). However, if increasing numbers of
species are present, the fractions of the total concentration they
occupy makes the downward correction more relevant. In ballast
water testing a correction of 3 ¢/mL can make the difference
between compliance (<10 ¢/mL) and non-compliance (> 10 ¢/mL).

The calculation of separate species concentrations with the
fractions of the Intermediate Total does not always give exact
outcomes in all mixtures. In simulations with uneven and different
fractions of two species (A and B), the Total MPN outcome results in
slight under- and overestimations of A and B respectively
(Supplementary Table 4). This effect is inherent to the stepwise and
non-linear increase in the MPN-calculator concentrations.

In the case of more than three species, such as the 11 species at 5
¢/mL example, it is improbable that all 11 are present in the final
two tubes of the 100x dilution. In fact, it is probable that only two
species are present in the 100x dilution and all of them in the 10x
and 1x dilutions. The two random species in the 100x dilution will
yield the highest concentrations, while the other nine will yield 10x
lower estimate, which would be incorrect. If all 11 species are
present in all five tubes in the penultimate dilution, they cannot be
treated as the maximum of the 5-5-0 scenario, which is 24 ¢/mL,
because that would lead to 24/11 = 2 ¢/mL per species. The
consequence seems to be that the suggested correction, using the
fractions of species abundances (Figure 7) is possible in simple
mixtures such as two or three species, but that it becomes
increasingly difficult or even impossible in more complex
mixtures. If an attempt is going to be made to correct the
concentrations of species or species-groups in mixtures, at least
information on the relative abundance of all species in the tubes of
at least the (pen)-ultimate dilutions (10x, 100x) should be obtained.
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The contribution of species present only in tubes with less diluted
sample (1x) to the total concentration would be negligible.

Another method to achieve the correct species concentrations
from the Total MPN outcome is to measure the relative abundances
or fractions of all species on day 0 of the MPN assay. This means
detailed microscopic counting of all viable species. This information
cannot be obtained on day 14 from the 1x dilution of the MPN assay
because the organisms present at the start of the incubation, with
their various growth rates, will have changed the original relative
species composition. To establish the relative abundances of all
species beforehand seems a formidable task. It would involve
detailed microscopic counting of all presumed viable species
which would be time-consuming, prone to errors, and is counter
to the essence of the MPN assay itself. In practice, absolute or
relative species abundances have never been measured beforehand
which means that published species-specific MPN concentrations
cannot be corrected. The semi-quantitative approach suggested by
Throndsen (Throndsen, 1982), to report MPN-derived cell
concentrations in factor of 10 steps, appears to be the highest
accuracy feasible.

4 MPN and microscopy

The difference between significantly compliant or non-
compliant ballast water seems trivial, but it is not: is the a priori
presumption of the analyst that the water is compliant or non-
compliant? The null-hypothesis chosen here, laying the burden of
proof on the BWTS that is tested (Miller et al., 2011), is that the test
water is non-compliant (210 ¢/mL). This is also the approach of the
Dutch Port State Control (PSC). When this hypothesis is rejected,
the opposite is true, i.e. the test water is compliant (<10 ¢/mL). In
the case of the standard MPN assay, the lowest concentration that is
compliant is 9 ¢/mL (Figure 2), but because the +95% c.i. is 30 ¢/mL
the null-hypothesis cannot be rejected at this concentration. The
+95% c.i. should be <10 ¢/mL, and this is reached in the standard
matrix in scenario 5-0, at 2 ¢/mL (+95% c.i. = 7 ¢/mL). This appears
to make the MPN detection limit for non-compliance much lower
than for microscopic counts, that can achieve 9 ¢/mL.

However, microscopic enumerations also have an error and
associated 95% c.i. around the calculated concentration. For a single
count yielding n cells, assuming a Poisson distribution and the
standard deviation s = Vn and the 95% c.i.’s approximated by 2*s,
the concentration at which the null-hypothesis can be rejected is 5
¢/mL (+95% c.i. = 4 ¢/mL). For multiple counts this will depend on
their number (m), the standard deviation between them (s) and the
mean concentration. The 95% c.i. of multiple counts is calculated as:
s * t/\ m, where t is the t-value for m-1 counts at o, = 0.05. For three
counts for instance, the +95% c.i. = s * 4.3/1.7 = 2.5 * s. Because s = 1
if two counts are -1 and +1 ¢/mL of the middle value, +95% c.i. = 3,
which means the concentration at which the null-hypothesis can be
rejected is 6 ¢/mL.

In reality, and when the treatment is not 100% effective, the
counts are expected to vary more than +1 ¢/mL. An extreme case is
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when 0, 9 and 18 ¢/mL yield a mean of 9 ¢/mL, s =9 and the +95%
.. =22 ¢/mL. Test facilities are not required to report the calculated
confidence limits because neither IMO nor USCG have offered
guidance in that respect (Miller et al., 2011). In case of doubt, such
as in this extreme example, a test facility will immediately choose to
make more microscopic counts in that particular sample to gain
more certainty. Therefore, the actual confidence limits of
microscopic counts will vary per sample depending on cell
abundance, counting variability and the number of counts, and
they remain unknown if not reported. Although the MPN assay
appears to have an a priori low rejection limit (2 ¢/mL), in practice
the a posteriori microscopic limit (<6 ¢/mL) may not fair
much better.

5 Discussion and conclusions

The estimation of planktonic cell concentrations has a long
history and was approached with many techniques such as
microscopy, serial dilution culture, sensing-zone counters, flow
cytometry and holography (Knight-Jones, 1951; Utermohl, 1958;
Sournia, 1978; Throndsen, 1978; Hofstraat et al., 1990; Nir et al.,
1990; Wietzorrek et al., 1994; Veldhuis and Kraay, 2000; Stehouwer
et al., 2013; Romero-Martinez et al., 2017; Peperzak et al., 2020). The
quest for the correct concentration becomes even more daunting
when the enumeration involves a specific size class, such as the IMO
10-50 um “minimum dimension”, and when the species need to be
categorized as live or dead, viable or non-viable. Regardless of the
enumeration technique, a statistical evaluation of the final cell
concentration is needed to ascertain how reliable the end result is.

In comparison with other techniques, the MPN assay is peculiar
because the calculated concentrations and their 95% confidence
intervals, the 95% chance that the true sample concentration lies
within that interval, go up stepwise. For every MPN matrix and for
every concentration estimate, these intervals are known a priori. A
disadvantage in microscopy and other counting techniques, is that
the confidence intervals are calculated a posteriori. In the case of
ballast water testing, there is a time limit of eight hours to
microscopically count the live organisms in fresh samples. As in
other biological tests, counting cannot be extended for days until a
statistically satisfying result is obtained. Here, another advantage of
the MPN assay is that, although the end result will take two weeks at
minimum, diluting, pipetting and the start of the incubation can be
performed relatively easy and fast, even at sea. Regardless of which
counting technique is used in ballast water testing, the confidence
interval of the calculated mean cell concentration is rarely used to
infer if the tested ballast water was significantly compliant or
significantly non-compliant.

Viably reproducing planktonic autotrophs lay at the heart of the
MPN assay and it has been used to estimate cell concentrations of
previously unknown and often small species and to bring them into
cultivation (Knight-Jones, 1951; Throndsen, 1978, 1982; Andersen and
Throndsen, 2003). However, when the MPN technique is to be applied
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to estimate the concentration of species, singly or in a specific category
as size (10-50 pm), a number of shortcomings emerge.

First, only 1% of the extant phytoplankton species has been
shown to grow in MPN assays. No growth can mean a cell is non-
viable but also that it is unable to grow under the culture conditions
offered (Allen, 1919; Andersen and Throndsen, 2003). Second, the
more abundant <10 pum species are included in the total MPN cell
count (Casas-Monroy et al., 2018; Romero-Martinez et al., 2024).
The standard method to prove growth in the MPN assay is by
chlorophyll fluorescence and that signal can emanate from both
target and non-target species. Without optical confirmation that
only the target species are growing in the positive MPN tubes, the
MPN result will only indicate the total concentration of all viable
and culturable species in the sample. Third, the MPN results have a
large 95% confidence interval leading Throndsen (1982) to interpret
the assay as a semiquantitative method with results to be presented
as orders of magnitude (100 ¢/mL, 1,000 ¢/mL, etc.). Unless the
assay is extended enormously with smaller (<10x) dilutions steps
and more tubes at each dilution, the MPN assay seems inadequate
for IMO regulations that prescribe 1 ¢/mL accuracy: 9 ¢/mL is
compliant, 10 ¢/mL is non-compliant (IMO, 2018). Fourth and
practical, PSC officers who monitor discharged ballast water for
compliance with IMO regulations, need analysis methods that turn
out results within hours, not after 14 days. The MPN assay is not
practical for routine shipboard ballast water testing.

Several studies have shown that after UV-treatment, the
concentration of MPN cell concentrations are <10 ¢/mL,
regardless of size, i.e. numerically compliant with IMO’s
requirement (Casas-Monroy et al., 2016; IMO, 2018; Romero-
Martinez et al., 2024). Such outcomes have been interpreted as a
successful treatment. This might well be the case but what if a large
number of species in the sample did not grow because they are
unculturable? One can argue that such non-growing species are so
sensitive or need such specific growth requirements that, after
deballasting, it might be unlikely that they will multiply and pose
a threat to their new environment. The problem is that there is no
exact answer to these questions. It is improbable that all extant
phytoplankton species will be tested to prove they can grow in MPN
assays. And it appears impossible to prove that unculturable species
cannot be transferred successfully into a new habitat by ballast
water discharges. The MPN assay in IMO ballast water testing
(IMO, 2019) is a technique that is and probably will
remain unvalidated.

One could interpret compliant, <10 ¢/mL MPN outcomes, as an
indication that ballast water treatment has been successful. But
authorities in type approval of BWTS or CMDs are not satisfied
with an indication. In addition, when the MPN technique has been
used to test the minimum 10-50 um organism concentration in the
test water that was used in approving BWTS or CMDs, there is a
chance that this water did not meet that requirement. The approval
might therefore be based on incorrect data. In this light, the stand of
the USCG, that only the microscopic count of vital (FDA/CMFDA)
organisms is allowed in ballast water testing, is a safer choice than
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the IMO MPN viability assay. Even if the FDA/CMFDA vitality
method means that higher UV-doses need to be applied at ballast
water treatment to kill vital but non-vital cells, the reliability of
discharging compliant ballast water is higher.

The co-occurrence of multiple species in MPN sample tubes has
been recognized but has not lead to an adaptation of the calculation
of the target species only (Throndsen, 1978; Andersen and
Throndsen, 2003). Here, the multiple species examples made clear
that a correction is necessary to avoid erroneous concentrations of
specific species or species-groups. By calculating intermediate
concentrations for each species and to use these to obtain the
fractions of each species, better estimates of their concentrations
can be calculated from the total MPN count. The downside is that
more work is involved due to microscopy and calculations,
especially when large numbers of tubes are used, or when several
species are present. In addition, as the number of species increases,
the correction of the concentrations by using their fractions of the
total MPN concentration becomes uncertain or even impossible. In
cases with multiple autotrophs present in a ballast water sample,
and when only chlorophyll fluorescence is measured, the MPN
assay is not a detailed quantitative method.

In conclusion, the advantages of the MPN assay are that it is
relatively easy and fast to start and that for every concentration
estimate the 95% confidence intervals are known a priori. On the
other hand, it takes weeks of incubation before an estimate
can be made, estimates are non-linear stepwise concentrations,
the 95% confidence intervals are large, only 1% of the extant
phytoplankton species has been shown to grow in MPN assays and
without optical confirmation that only the target species
are growing, the MPN result will only indicate the total
concentration of the subset of all autotrophs present in the
original sample: the viable and culturable species. In addition,
the mathematics underlying the MPN method are more intricate
than hitherto realized and to avoid calculating erroneous
concentrations of specific species in that subset a correction is
necessary. However, this correction becomes uncertain or even
impossible with increasing numbers of species. The MPN assay
should not be used as a quantitative method in ecological studies
or in applications such as ballast water testing.
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