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Abstract. Nuclepore filters of 0.6-1.0 um pore size have been used to
prepare ““protist-free” water for a number of studies in microbial ecology.
This procedure has been called into question by a recent study claiming
that a significant portion of bacterial loss in filtrates could be due to un-
characterized predators passing through 0.6 um filters. We were unable to
directly observe protists in 0.6 um filtrates using phase contrast, epifluo-
rescence, or transmission electron microscopy. Using the culture techniques
of rice grain enrichment and most probable number, however, we were
able to observe and quantify several species of bacterivorous nanoflagellates
that developed not only in 0.6 um, but also in 0.4 um seawater filtrates.
The ability of predacious nanoflagellates to squeeze through bacteria-sized
pores questions studies of bacterial production and chemical cycling that
have assumed protist-free filtrates.

Introduction

Abplastidic (=apochlorotic) flagellates in the nanoplankton size range (2-20 pm)
[28] are abundant in marine waters [3, 29] and are significant consumers of
the bacteria in the picoplankton size fraction (0.2-2 um) [12, 16]. These nan-
oplankters are intimately associated with changes in the total picoplankton [5,
6, 12], and their small size, feeding efficiency, and high growth yield make them
a potentially important trophic link between the picoplankton and microzoo-
plankton. Measurements of bacterial production and nutrient recycling are
influenced by nanoflagellates. For example, bacterial production in the Black
Sea was 45-50% lower in samples containing flagellates as compared with
samples from which they were removed [22].

Filtration of seawater through 0.6-1.0 um filters has been used to prepare
“protist-free” water for studies of bacterial predation and productivity [1, 9,
17, 19, 25]. These techniques have been called into question by results of a
recent study by Fuhrman and McManus [18]. This study indicated that agents
responsible for 50% (= 9 x 10° bacteria/ml decrease over 22 hours) of bacterial
grazing in coastal waters were able to pass through 0.6 um Nuclepore filters.



282 F. J. Cynar et al.

They postulated that bacteria-sized or very flexible protists were responsible,
though they were not directly observed, nor was their presence demonstrated.

Materials and Methods

Seawater was collected on 6 dates from July to September 1984 from Narragansett Bay, Rhode
Island, at the Graduate School of Oceanography. Each sample was divided into 3 subsamples and
filtered through 0.6, 0.4, or 0.2 pm Nuclepore polycarbonate filters, respectively, with a vacuum
of <10 cm Hg. Each filtrate was immediately examined for the presence of protists using phase
contrast light microscopy and epifluorescence microscopy. Live wet mounts were examined using
phase-contrast with a Zeiss photomicroscope. Samples for epifluorescence microscopy were pre-
served with formalin (2% v/v), stained with primulin [7] or acridine orange [11, 20], concentrated
onto Irgalan black-stained 0.2 um Nuclepore filters, and viewed with an Olympus Vanox epiflu-
orescence microscope at 400 and 1,000 X magnification. Preserved subsamples of each filtrate were
also dried onto formvar-coated electron microscope grids for examination using whole mount
transmission electron microscopy (TEM) [13].

Protist enrichment cultures were prepared by pipetting 20 m! of each filtrate (0.2, 0.4, and 0.6
p#m) into sterile, 50 ml plastic tissue-culture flasks containing sterile rice grains for enrichment of
bacterial prey. Twelve enrichment cultures were made for the July 17th sample; all others consisted
of 6 enrichments. Enrichments made from 0.2, 0.4, and 0.6 um filtrates were incubated in the dark
at 19°C and examined for flagellates every 1-4 days. A positive enrichment was determined by
the presence of at least one motile nanoflagellate in 25 fields, using a Zeiss IM35 Photoinvertoscope
at 400 X magnification. Grids for whole mount TEM of enriched protist cultures were prepared as
described above. Thin sections of flagellates from positive enrichment cultures were prepared as
described in Johnson and Sieburth [21].

In order to determine the number of cells passing through 0.6 um filters, most probable number
(MPN) estimates were calculated using enrichment cultures on four dates during August and
September. MPN estimates were determined using freshly collected seawater filtered through sterile
0.6 um Nuclepore filters. Tenfold dilutions of the filtrate were made by adding 0.2, 2, and 20 ml
of the 0.6 um filtrate to 19.8, 18, and 0 ml of autoclaved seawater, respectively. Five sterile, 50
ml tissue-culture flasks with sterile rice grains were used for each dilution. Enrichments were
incubated in the dark at 19°C and examined for flagellates every 1-4 days for 2-3 weeks. MPN
estimates were calculated using a computer program developed by Clarke and Owens [10].

For both enrichment cultures and MPN assays, a minimum of six sterile controls were prepared
identically to cultures described previously, with the exception of the filtrate inocula. Each of these
controls were examined at the same time intervals as other cultures. To insure that positive cultures
did not result from contamination, all filtration apparatus was autoclaved prior to use, and all
filtrations and inoculations were carried out using sterile, disposable pipettes in a laminar flow
hood.

Results

Protists were never observed in freshly prepared filtrates, stained with either
of the fluorescent stains. They also could not be observed using wet mount
light microscopy or whole mount TEM. Abundant nanoflagellate populations
were detected, however, in 71% (0-100%) of the 0.6 um and 24% (0-67%) of
the 0.4 um, but in none of the 0.2 pum enrichment cultures (Table 1). All of
the 0.6 and 0.4 and approximately 50% of the 0.2 um enrichments contained
bacteria. The lag time between inoculation and detection of nanoflagellates was
generally shorter for the 0.6 um enrichments than for the 0.4 ym enrichments
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Table1l, The enrichment ofbacterivorous nanoflagellates from sea-
water passing 0.4 and 0.6 um Nuclepore filters

No. 0.4 um pass 0.6 pm pass
days
Inoculation incu- No. positive No. positive
date bated percent percent
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suggesting that more flagellates passed through the 0.6 um filters than the 0.4
um filters. On two dates, positive 0.6 pm enrichments were refiltered through
0.6 um filters and again enriched with a rice grain. Half of these enrichments
contained detectable flagellate populations after only 1-2 days. Decreased time
for detection of positive flagellate enrichments was probably due to a larger
population, preselected for smaller forms by the original filtration.

At least eight morphologically distinct forms, including several biflagellates
and a single monoflagellate, were present in the enrichment cultures examined
with the light microscope. Cell sizes, measured when nanoflagellates were first
detected, ranged from 1-4 um wide and 2-7 um long. Three of the biflagellates
are tentatively described as Bodo species, B. designis and two undescribed species
(Table 2). Whole mount TEM of selected cultures revealed a spherical mon-
oflagellate with a single flagellum, without mastigonemes, ending in a terminal
polar filament (Fig. 1A). This extremely small flagellate (1-2 pm) was only
slightly larger than the accompanying bacteria (Fig. 1B) and closely resembles
an undescribed pelagic species.

Biflagellates present in whole mount TEM were long, narrow species (1.5 x
4 pm) whose smallest dimension was equal to the diameter of the spherical
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Table 2. Morphology and tentative identification of nanoflagellates
from enrichment cultures prepared from 0.6 and 0.4 um seawater

filtrates

Morphology and motility

Tentative
identifi-
cation

Size (um)

Filtration
porosity
(um)

Pleomorphic, elongate cell
with 2 forward directed
flagella, rotational
swimming

Biflagellated, spherical
cell, slow steady swim-
ming

Bean-shaped cell with 1
forward and 2 trailing
flagellum, slow steady
swimming

Elongate cell with 2 for-
ward directed flagella

Spherical monoflagellate,

Bodo sp.

Bodo
designis

25 x170

3.5 x 4.0

2.0 x 3.0

3.0 x 5.0

1.0-2.0

0.6

0.6

0.6

0.6

0.4 & 0.6

slow tumbling swim-
ming
Elongate, flexible cell with —
2 forward directed fla-
gella, fast swimming

1.5 x 5.0 0.4 x0.6

Aspherical biflagellate, 3.5 x50 04&0.6
jerky, side to side swim-

ming

Bodo sp.

Irregularly spherical bi- — 4.0-5.0 0.4
flagellate, jerky, side to

side swimming

monoflagellate (Fig. 1C). The bacterivorous nature of these flagellates was con-
firmed using TEM of thin sections that clearly showed the presence of food
vacuoles containing bacteria. Bacterial prey were identified by their typical
procaryotic ultrastructure and were enclosed in typical protistan food vacuoles.
Most nanoflagellate cells contained several food vacuoles, and their bacterial
contents were in various states of digestion (Fig. 1D, E).

The MPN assay revealed that a small number of flagellates passed through
the 0.6 um filters. Lower dilutions of the MPN cultures were positive in as
few as 6 days. MPN’s averaged 0.07 cells/ml (95% confidence interval range =
0.002-0.44 cells/ml) (Table 3).

Discussion
Protists of several species appear to pass through filters that are intended to

exclude them. The mechanism enabling these flagellates to pass through pores
0.4 gm in diameter is not known, but plasticity of sufficiently small cells seems
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Fig. 1. Bacterivorous nanoflagellates from rice-grain enrichment cultures of 0.4 and 0.6 um
Nuclepore filtrates as shown in transmission electron micrographs of whole mounts (A-C) and
thin sections (D, E). Monoflagellates from 0.4 um filtrate (A) and 0.6 um filtrate (B) enrichments.
Bodo-like biflagellate from 0.4 um filtrate enrichment (C) with adjacent bacterium. The ultrastruc-
ture of these nanoflagellates with their bacteria-containing food vacuoles demonstrates their pha-
gotrophic nutrition; flagellate from 0.4 um (D) and 0.6 um (E) filtrate enrichments. All marker
bars equal 1 um; b = bacterium, f = flagellum, k = kinetosome, m = mitochondrion, n = nucleus.

very plausible. At the onset of starvation, species of Ochromonas and Pseu-
dobodo tremulans undergo 1 or 2 divisions resulting in 2 or 4 smailer cells,
respectively [15]. A flagellate of 2 um diameter undergoing two divisions (with-
out growth) would yield four smaller cells of 1.26 um diameter. Protists of this
size squeezing through 0.4 or 0.6 um pores were probably the progenitors of
the 1-5 um cells on our TEM grids. Protistan cysts, which have been observed
in a number of species [4], could have been responsible for these results, but
sufficiently small cysts have never been observed. In addition, the rigidity of
cyst walls makes their passage through small pores unlikely. Since overlapping
pores are commonly observed on the surface of Nuclepore filters, this appears



286 F. J. Cynar et al.

Table 3. Most probable number estimate of nanoflagellates passing
through 0.6 pm filters

No.

days MPN

incu- per 100 95% confidence
Inoculation date bated mls limits (min./max.)

August 6, 1984 3 <1.0

6 6.4 2.3 17.8
8 6.4 2.3 17.8

. August 15 2 <1.0 - -
4 3.9 1.2 12.4
6 15.7 5.5 44.3

August 24 8 <1.0 - -
11 1.0 0.2 7.3

September 12 2 <1.0 - -
4 1.0 0.2 7.3
9 39 1.2 12.4
12 6.4 2.3 17.8

to be an alternative explanation. However, since the pores are collimated to
+34° during manufacture, the probability that a cluster of 0.4 or 0.6 um pores
would be adjacent through the 10 um thickness of the polycarbonate membrane
is extremely low [2].

Results of the MPN assay indicate that an average of only 70 flagellates per
liter pass through 0.6 um filters. The MPN assay is known to underestimate
the actual number of organisms in a sample by 1-3 orders of magnitude,
primarily as a result of the inability of some species 1o grow in laboratory
culture [8, 12, 24]. Even when this underestimation is taken into account, can
we predict whether protists pass these filters in sufficient numbers to affect
experimental work?

Assuming published mean values for grazing rate, G (119.3 bacteria/flagel-
late/hour), growth rate, x (0.192 flagellates/hour) [14], and the grazing observed
by Fuhrman and McManus [18] (9 x 10° bacteria/ml/22 hours), the total
amount of grazing, G7, by flagellates in a 0.6 um filtrate can be modeled using
the equation:

22
GT = D) C;G/2%
=0
When this equation is summed over values of t from 0-22 hours, it is satisfied
with values of C; (concentration after 22 hours) = 975 flagellates/ml. Assuming
this value for C;, the initial concentration, C; of nanoflagellates passing a filter
can be calculated using the equation:

C, = C/(2%) = 52 flagellates/ml

Considering the inherent underestimation of the MPN assay, this value of
C; is reasonably close to our MPN value of 0.07 flagellates/ml. Even when
present at these low numbers, flagellates present in 0.6 um filtrates accounted
for up to 60% of the total whole water bacterial predation at 22 hours [18].
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It is not surprising that neither Fuhrman and McManus nor we were able to
detect flagellates in freshly prepared filtrates. At the concentration calculated
using the model above, a slide prepared with 10 ml of the 0.6 um filtrate and
examined at 1,000 % with the light microscope would contain 7 x 10 bacteria
and 1 flagellate per 20 microscope fields. Bacterial-sized flagellates present at
this concentration would be masked by the more numerous bacteria and would
therefore be undetectable by microscopy [27, 30].

The occurrence of eucaryotes in bacterial-dominated filtrates is not entirely
unexpected, as plastidic eucaryotes have been reported previously in fixed
picoplankton preparations [21]. Bacterivorous nanoflagellates in filtrates thought
to be predator-free could affect estimates of bacterial numbers, production and
activities, particularly in experiments whose time courses are measured over
several days. Similarly, the passage of plastidic protists in the nanoplankton
size range through filters intended to exclude them may be responsible for a
portion of the high primary production ascribed to natural populations of
oceanic phototrophic picoplankton [23, 26]. Assumptions of protist-free fil-
trates should be based on a variety of techniques, including enrichment culture,
rather than relying on microscopy alone.
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